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1.0 Introduction
1.1 Background

A majority of highway bridges within the United States are composed of multiple
span steel or prestressed concrete girders, which are simply supported at piers or bents.
These girders support cast-in-place concrete decks to from a composite bridge deck
system. A mechanical expansion joint was typically installed at the end of these simple
span decks to allow for deck deformations imposed by deflection, concrete shrinkage,
and temperature variations. These bridge deck joints are expensive to install and maintain,
and deterioration of joint performance can lead to severe damage of the bridge deck,
beam end, and substructure. The durability of beam ends, girder bearings, and supporting
structures can be compromised by water leaking and the flow of deicing chemicals
through the joints.

A possible approach to alleviate this problem is the elimination of mechanical
deck joints in multispan bridges. This has been proposed by a number of researchers
through the use of link slab elements within the bridge deck, which move expansion
joints off the bridge deck away from the piers thereby creating a continuous, and
therefore more durable, deck surface. The section of the deck connecting the two
adjacent simple-span girders is called the link slab. Caner and Zia (1998) experimentally
analyzed the performance of jointless bridge decks and proposed design methods for such
a link slab. These investigations showed that the link slab was subjected to bending loads
under traffic conditions. Tensile cracks were observed at the top of the link slab under
service conditions due to a negative moment. This work also concluded that additional
tensile stress may be imposed on the link slabs due to shrinkage, creep, and temperature
loading, and that crack widths must be carefully controlled. Recommendations were
made to use epoxy coated reinforcing bars in the link slab to avoid reinforcement
corrosion, along with reducing the stiffness of the link slab by debonding the link slab
from the girder near the joint for a length equal to 5% of each girder span. This link slab
concept can be used for new bridge decks and also for replacement of deteriorated joints

of existing bridge decks.
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Figure 1.1 Uniaxial Tensile Response of ECC Material.

Engineered Cementitious Composites (ECC) are a high performance fiber
reinforced cementitious composite designed to resist tensile and shear forces while
remaining compatible with concrete in almost all other respects (Li, 2002). Figure 1.1
shows the uniaxial tensile response of an ECC reinforced with Polyvinyl Alcohol (PVA)
fiber. After first cracking, the composite undergoes plastic yielding and strain-hardening
to a tensile strain of 3.5% prior to developing a macroscopic crack. This tensile strain
capacity is about 350 times that of normal concrete (0.01%). ECC achieves strain-
hardening using only a moderate amount of fibers (typically 2% by volume) compared to
other high performance fiber reinforced concretes. This is particularly important for
practical field applications such as those examined in this report, where the mixing and
placing processes must be simple and similar to that used in mixing and placing of
conventional concrete. Based upon the superior performance of ECC materials in
tension-critical applications, the introduction of ECC into link slab construction will

likely lead to a highly durable bridge deck system.



1.2 Goal and Impact

The goal of this research is to complete the engineering design, construction, and
field testing of an ECC link slab as based on laboratory experiments conducted
previously. To achieve this goal a number of requirements must be met. These include
the authoring of detailed design guidelines, sample design drawings, material
specifications, and contractual special provisions. Additionally, the laboratory mixing
quantities and batching procedures must be scaled up and proven effective in large
commercial concrete plants. Once mixed, the construction of an ECC link slab can
proceed under the close supervision of research personnel. Finally, the completed bridge
must be load tested to quantify the impact of the link slab on overall bridge structural
performance.

The implementation of ECC link slabs for retrofitting simple span bridges is
expected to remedy a number of deterioration problems experienced by Michigan bridges,
particularly those related to deck joints. It is expected that the high resistance to cracking
in ECC and its ability to accommodate deformation imposed by shrinkage, thermal
variation, and live load will lead to crack free decks, effectively prolonging the life of
bridge decks while minimizing the cost and inconvenience to the motorist public of
periodic maintenance.

The research program is expected to significantly impact the aged infrastructure
locally and nationally. It directly addresses Item 2 (Methods to eliminate or improve
bridge joints) identified as focus areas beneficial to the Michigan Department of
Transportation (MDOT) in the document entitled “Strategic Research Program for Next
Five Years — Bridges and Structures”. This research also contributes to address Item 5
(Methods to increase life of bridge decks from 30 years to 75 years) and Item 7 (High
performance concrete). The cost effective, maintenance-free ECC link slab may greatly

improve the durability and service life of the country’s bridges.

1.3 Overview
In section two, the current implementation of link slabs within the State of
Michigan will be discussed and examined. This will form the basis of initial

implementation methods for ECC link slab technology. Due to the distinctly different



approach used for the design and construction of an ECC link slab, a number of design
guidelines, sample design drawings, material specifications, and contractual special
provisions were authored. These allowed for the completion of a link slab design by
Michigan Department of Transportation designers, and construction by a lowest-bidder
contractor. The ECC link slab design example is presented in section three while all
supporting documents and provisions are presented in appendices B through D.

In addition to the location and construction process of the link slab itself, the
scaling up of ECC mixing and batching technologies is critical to ultimate structural
performance. While the tensile response of ECC materials processed in the laboratory
has proven exceptional, there exist few large scale mixing applications worldwide and
none within the United States. These applications include the construction of the cable-
stayed Mihara Bridge in Hokkaido, Japan, the repair of a large earth retaining wall in
Gifu, Japan, and the repair of Mitaka Dam near Hiroshima, Japan. This portion of the
work will be discussed in section four. Following the scaling up process, construction
began with the approval of submittals, demonstration mixes by the general contractor and
materials supplier, and finally placing of the link slab in two phases due to partial-width
construction as will be detailed in sections five and six.

Finally, to validate the performance of the ECC link slab and to guarantee public
safety, a series of load tests using HS-25 equivalent truck loads were carried out. These
tests were essential to both calm the fears concerning the new material application, along
with giving the researchers a complete picture of the performance qualities of the in-situ
link slab. These load tests are highlighted in section seven. The overall conclusions of

the project are presented in section eight.



2.0 Literature Review of Current Link Slab Implementation

Current link slab design guidelines proposed by the Michigan Department of
Transportation (MDOT) are primarily based on investigations carried out by Zia et al
(1995) and Caner & Zia (1998) in conjunction with the North Carolina Department of
Transportation. This previous research was based on both theoretical analysis and
laboratory experiments of simple span bridges (both steel and prestressed concrete
girders) utilizing concrete link slabs to create jointless bridge decks. The complete
theoretical evaluation of these design guidelines for application to ECC link slabs can be
found in work preceding this field demonstration study (Li et al, 2003). The Caner and
Zia design procedure has been adopted by MDOT both for preliminary laboratory
investigations and field applications.
2.1 Current MDOT link slab design criteria

Currently, MDOT designers have two link slab design examples authored by the
MDOT Construction and Technology Division for use by designers when designing link
slab structures. One example is for bridges constructed of steel girders and the other for
bridges constructed of prestressed concrete beams, but are quite similar in form. These
examples begin with a number of fixed design conditions. These fixed conditions are

mainly concerned with geometry of the existing bridge scheduled for retrofit with link

slabs.
1. Span length
2. Beam Spacing
3. Longitudinal gap between beams
4. Girder dimensions and material properties
5. Deck dimensions and material properties

Once the link slab location is selected and these preliminary inputs are
determined, the design of link slabs proceeds similarly for both steel and prestressed
concrete bridges. This design includes 8 major sequential steps to complete the design of
a concrete link slab in addition to additional design checks. These steps are shown below

for comparison to the ECC link slab design example included within section three.
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Girder Distribution Factor (GDF)

Impact Load Factor

Length of link slab

Composite Moment of Inertia (Icomp)

Beam rotation due to deck dead load

Beam rotation due to live load

Moment induced due to beam rotation due to dead and live load

Check crack width criterion

In addition to these design calculations, there are a number of checks that the

designer must perform prior to completing the design.

2.2

I.

The designer must verify that the existing abutments can withstand additional
thermal movement if all existing expansion joints are removed. If this is not the
case, the existing backwall must be replaced with a sliding backwall.

The designer must verify that the existing pier columns can withstand additional
thermal movement if all the existing expansion joints are removed.

Existing bearings must be checked to verify they can accommodate additional
movements.

For precast concrete bridge superstructures, the designer must evaluate the

existing beam ends to determine if they require end repair.

Current MDOT link slab implementation
Currently, eight concrete link slabs have been constructed by MDOT (Giliani and

Jansson, 2004). The two oldest are on northbound I-75 over 13 Mile Road in Madison
Heights, Michigan (S04 of 63147) and on westbound [-496 over 1-96 east of Lansing,

Michigan (S02 of 23081). These structures experience average daily traffic (ADT) of
163,000 and 24,700 vehicles, respectively (MDOT, 2003). Both structures were designed
by MDOT engineers in 2001 and consequently built in late 2001 and 2002. Per site visits



performed by the investigators, both of these structures appear to be in good riding
condition, however both of these structures are currently only about two years old.

In the case of northbound I-75 in Madison Heights, Michigan the existing bridge
is constructed of prestressed concrete [-beams. This structure consists of 3 spans of 38’-
11” (Span 1), 63’-6” (Span 2), and 38’-11” (Span 3) joined by two 5’-0” long link slabs
joining spans 1 & 2 and spans 2 & 3. The 9 concrete girders are spaced transversely at
6’-4 and there is a 0°-00’-00” design skew angle. Overall work for this project included
deck replacement (night pours), widening of the traffic lanes, substructure repair, and
concrete beam end repair. Traffic was also maintained during the construction schedule.
To facilitate debonding of the link slab from the concrete girders, slab ties were removed
over the length of the link slab, and 2 layers of 6 mil plastic sheet were secured to the top
of the girders before pouring the link slab.

In the case of westbound [-496 near Lansing, Michigan the existing bridge is
constructed of steel plate girders (3°-6” deep). This structure consists of 4 spans of 36’-
3” (Span 1), 81°-6” (Span 2), 81°-6” (Span 3), and 34’-3” (Span 4). This bridge is
constructed of pin-and-hanger type construction with expansion joints located between
spans 1 & 2 and spans 3 & 4. The joint between spans 2 & 3 is a fixed-fixed joint over
the top of the center pier. This fixed-fixed joint is the location of the 8’-3” link slab
(Figure 2.1) The 6 steel plate girders are spaced transversely at 7°-9” and there is a 1°-
47°-45” design skew angle. Overall work for this project included deck replacement
(night pours), pin-and-hanger replacement, painting of existing structural steel, and
substructure patching repairs. Traffic was maintained during the course of partial width
construction. To facilitate debonding over the length of the link slab, existing shear
developers (studs) along the top of the plate girder were removed and ground smooth.

Two layers of 0.31b/ft* (30#) roofing paper was secured to the top flange of the beams.

Link Slab Location
Span 1 Span 2 / Span 3 Span 4

FIX EXP EXP FIX FIX EXP EXP FIX

Figure 2.1. Schematic of link slab on westbound [-496 near Lansing, Michigan.



The other six concrete link slabs have all been built on steel girder bridges with
span lengths ranging from approximately 39 feet up to 82 feet. Of most note is the high
skew angle of one of these structures, 1-94 under Harper Road (S15 of 82025)
constructed in 2001. The skew angle for this bridge is 45°. While the absence of truck
traffic on this structure does not allow us to discount the effect of high skew on link slabs
under heavy service loads, the adequate performance of this concrete link slab does
provide some insight into the effect of skew on the construction of the link slab. For the
Harper Road link slab, no construction sequencing was in place to minimize the dead
load moment on the link slab. Regardless, all cracking within the Harper Road link slab
remains below 0.004 inches, verifying that it is possible to construct a link slab at high
skew angles without the effect of the skew causing detrimental cracking during or shortly
after construction. Previous concerns regarding cracking due to torsional effects of high
skew angles during construction will likely be minimal for an ECC link slab as well.
While the monitoring report proposes a possible limit of 25 degrees on skew angles for
link slab bridge applications, this recommendation is based primarily on a lack of
knowledge of the performance of concrete link slabs at high skew angles and not based
on actual poor field performance of link slabs or theoretical calculations. Therefore,
construction of an ECC link slab on a highly skewed bridge, as is currently planned on
Grove Street over [-94 (S02 of 81063), may be unaffected by the skew angle.

In addition to the adequate performance of the Harper Road link slab, five others
(six out of eight in total) are noted as performing satisfactorily or better. Evaluation of
these link slabs is based both on crack density and maximum crack widths present within
the concrete link slab. On all six of these bridges, hairline cracks within the concrete
links slabs remain less than 0.004 inches wide. Of the two bridges which are not
performing satisfactorily, the cause of this poor performance is cited as likely being due
to improper design or construction. This poor performance leads directly to poor
serviceability and the need for increased maintenance of the link slab, and the overall
bridge. Poor performance of this nature completely negates the concept of the link slab,
which is to replace mechanical expansion joints which currently require frequent

maintenance. In all cases currently constructed within Michigan, it appears that the



serviceability failure mode (i.e. maximum crack width) supersedes the structural failure
mode (i.e. load resistance) within concrete link slabs.

The extent of cracking within concrete link slabs is very sensitive to the amount
of longitudinal reinforcing steel. If the improper amount of reinforcement is used, or
placed incorrectly, cracking in the link slab under service is likely, resulting in a
serviceability failure. This is due to the well known dependence of controlled crack
widths in reinforced concrete upon high reinforcement ratios to bridge traction-free
cracks and hold the crack widths tight. Historically, crack width criteria in both the
AASHTO (1998) and ACI (1995) design codes have depended upon high levels of
reinforcement to keep cracks widths small. Within the poorest performing MDOT
concrete link slab (SO5 of 82025), it was found that the amount of longitudinal
reinforcing steel in place within the link slab was approximately 50% of what is required
for proper design. Due to this, the majority of crack widths within this link slab range
between 0.01 inches and 0.02 inches, far above the 0.004 inch serviceability limit. But
due to the linear strain distribution within the link slabs, the likelihood of these cracks
penetrating the full depth of the link slab is minimal, so the impact on serviceability of
the overall structures is somewhat diminished. Regardless, any cracks above the 0.004
inch limit can be considered a serviceability failure.

While the effect of improper design and placement of reinforcing steel within
concrete link slabs remains a large concern for their overall performance, this is not the
case within ECC link slabs. As noted in previous MDOT work (Li et al, 2004) crack
widths within ECC material are not a function of reinforcement ratio as in reinforced
concrete, but are rather an inherent material property similar to compressive strength or
elastic modulus. As reinforced concrete undergoes tensile deformation, there is a brief
initial period during which both the concrete and reinforcing steel deform compatibly in
an elastic nature prior to first cracking within the concrete. Following the formation of
the first crack, all subsequent tensile deformation is localized at this crack face, resulting
in a wider crack as the deformation increases. In ECC material, however, tensile
deformation is accommodated by numerous hairline cracks approximately 0.002 inches
wide. As tensile deformation increases, these cracks do not widen, but rather additional

microcracks form to “strain” the material. The maximum width of these cracks is a



function of the cementitious matrix, the fibers within the composite, and the interfacial
interaction between these two phases, rather than structural variables such as
reinforcement ratio or fiber volume fraction. Due to this unique response, nearly all
inadequacies within the design and construction procedure of ECC link slabs can be
overcome with an intrinsic material solution (i.e. inherently tight crack widths) rather
than intentional overdesign or careful design checks and intensive construction
inspection. While the need for proper design and construction of any structure cannot be
overstressed, the ability of ECC material to overcome any shortfalls within this process is
an additional source of safety for the designer, the owner, and the public.

A number of recommendations are made within the MDOT link slab report for

future construction of concrete link slabs.

1. Pay close attention to design and construction procedures of concrete

link slabs to ensure correct amount and spacing of longitudinal steel.

2. Develop a simpler design process (i.e. nomograph-based) for concrete
link slabs.
3. Do not terminate longitudinal reinforcement at the middle of the link

slab near the sawcut.

Specify pour sequence to minimize dead load moment within link slab.
Provide the transverse sawcut in a timely manner after construction.
Stagger any bar terminations and splices.

Place longitudinal bars on top of transverse bars.

e A A

Possible skew limit of 25 degrees on link slab applications.

Aside from the last recommendation, all of these concerns are accounted for in the
design and construction of an ECC link slab. The simple design process and inherent
material performance make the design and construction of ECC link slabs relatively
straightforward. Contrary to concrete link slabs, a transverse sawcut is not recommended
within an ECC link slab. Further, no longitudinal bars are terminated within an ECC link
slab, and all splices are staggered according to standard MDOT procedure. A pour

sequence limiting dead load moment is also required. Finally, it is recommended that
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longitudinal bars are placed on top of transverse bars. Due to these improvements upon
current MDOT design and construction practice, in addition to the high performance of
the ECC material, the implementation of ECC link slabs looks to be a solution to not only
conventional joint maintenance, but also problems with concrete link slabs currently in

use.

2.3  Large scale mixing of ECC material

Some experimental research work has been done on large scale mixing of
engineered cementitious composites (ECC), but this work has progressed primarily in
Japan. Due to the major differences in construction practices between Japan and the
United States, little of the information gained from these investigations is directly
applicable to this project. However, this work may still give good insight into large scale
mixing processes for ECC material.

Investigations done by Kanda et al (2003) studied the tensile properties of ECC
material in full scale production. ECC compositions containing ordinary Portland cement
(OPC) and moderate-heat Portland cement were tested for large scale production at
ambient temperatures ranging from 63°F to 68°F (summer conditions) and 48°F to 61°F
(winter conditions). ECC test mixes were mixed at a precast plant using a 1.3 cubic yard
omni-mixer. This mixer can be considered a type of force based mixer which uses
external mixing paddles to deform a rubber mixing drum containing the cementitious
material. This is shown schematically in Figure 2.2. This mixing equipment is
substantially different than gravity mixers which rely mainly on gravity to mix a viscous
liquid (paddles within the rotating drum lift the material and agitate it by dropping the
material inside the drum). Typically, force based mixers are much more efficient in
achieving homogeneity within concrete mixes due to the high amount of mixing agitation.
While these are common at precast concrete plants, they are very uncommon on
construction sites. Typical construction site equipment uses gravity mixers due to their

portability, or in the case of concrete ready-mix trucks, screw based mixers.
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Vertical Drum Motion

Rubber Mixing Drum

Figure 2.2. Photograph and Schematic of Omni-mixer

ECC material in the Kanda et al investigation was tested in the fresh state for
yield, ECC temperature, specific gravity, air content, and self-consolidation. Mechanical
properties tested in the hardened state include compressive strength, elastic modulus,
ultimate tensile strength, and ultimate tensile strain capacity. Eleven ECC batches
ranging in size from 18 cubic feet to 28 cubic feet were mixed. The mix designs for this
version of ECC (Kanda et al) are shown in Table 2.1, along with the previous proposed
mix designs for MDOT link slab use (M45) (Li et al, 2003). Within this document and
all attached appendices, the reporting of all water to cement ratios does not include fly
ash as would be included if water to cementitious ratios were being reported. Water to
cement (w/c) ratios for ECC materials typically range from 0.55 to 0.60. This translates

into a water to cementitious (w/cm) ratio of between 0.25 and 0.27.

Table 2.1. ECC Mixing Proportions

Kanda et al [M45
Cement 1.0 1.0
Sand 0.91 0.8
Fly Ash 0.43 1.2
Water 0.65 0.53
HRWR* 0.0 0.03
AS** 0.027 0.0
Fiber (vol %) 0.02 0.02

* High Range Water Reducer
**Anti-shinkage Agent
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Of most interest is the ultimate strain capacity of the trial mixes. Typical stress-
strain curves for these 11 ECC mixes are shown in Figure 2.3. Tensile coupon test
specimens had dimensions of 6.3” X 1.2” X 0.5” and were tested in uniaxial tension.
Shown in Figure 2.4 are the mean, standard deviation, and 96% lower limit confidence
interval for the tested ECC mixes. The TC results represent tensile coupon tests (6.3” X
1.2” X 0.5”) while TP results represent tests performed on tensile prisms with specimen
dimensions of 15.7” X 4” X 2.4” tested in uniaxial tension. While the tensile stress-
strain curves are similar to those for M45 ECC material proposed previously for MDOT
for link slab use, the 96% lower limit confidence interval shows an ultimate strain
capacity of only 1.3%, significantly lower than typically sought for the link slab

application. This concern will be addressed in full scale mixing tests for this field

demonstration.
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values

Kanda et al concluded that full scale production of ECC is possible and the
material performance can be mechanically similar to that in the lab. Futher, the quality
control of ECC in large scale mixing can be controlled and confidence intervals can be
formed to statistically manage the performance of the material. In addition to this study,
additional work was done by Kanda et al (2003) using both gravity and omni-mixers to
process ECC material for spraying applications. The conclusions of that limited study
showed that mechanical performance of ECC was similar when produced using either an

omni-mixer or a ordinary concrete gravity mixer.
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In focusing on the mix design and rheology of ECC materials, Fischer et al (2003)
have proposed a set of design procedures for processing and workability requirements.
The objective of this methodology is to optimize the grain size distribution of the various
ECC matrix components to produce a free-flowing mixture inside the mixing equipment,
and a self-consolidating material during placing. This concept relies heavily on
optimization of the combined grain sized distributions of all the matrix components and
achieving a highly dense and closely packed material matrix. This is analogous to
densely packed soils that are subject to liquifaction under earthquake vibration. Just as
these soils turn liquid under the slight aggitation of an earthquake, the fresh matrix of
closely packed, specifically graded particles easily liquifies from the agitation of a

concrete gravity mixer.

One historical gradation curve prone to liquefaction was determined by Fuller and

Thompson (1907). This gradation curve is shown as Equation 1.

0.5
£ =100 d Equation 2-1
’ d

max

Where,
fy = Fraction of Particles Smaller than d
d =Particle Size Smaller than d (in)

dmax = Maximum Particle Size (in)

Since the Fuller Curve (Equation 2-1) was developed, more optimal gradations
have been proposed (Ortega et al, 1999; Funk and Dinger, 1994). These new gradations
are the base of further optimization of fresh ECC for large scale mixing. To be discussed
in section 4.1, this approach builds the required mixing characteristics into the material,

rather than forcing modifications of mixing equipment.
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3.0 ECC Link Slab Design Example, Theoretical Design Basis (Appendix B),
Design Flow Chart (Appendix B), and Design Overview (Appendix B)
The design guidelines for an ECC link slab were laid out previously in Li et al
(2003). The following is a design example of ECC link slab based on the concrete link
slab design example provided to MDOT designers by the MDOT Construction &

Technology Division to aid in link slab design.
Given:
Centerline to Centerline Bearing=L =L, =L, =61"-0"
Beam Spacing =S = 6’-0”
Gap Between Opposing Beam Ends = GAP =27
Elastic Modulus of Reinforcing Steel = Egee1 = 29,000 ksi
Elastic Modulus of ECC = Egcc = 2900 ksi
Deck Thickness =t;=9”
TensileYield Strength of ECC = f*; = 500 psi
Yield Strain of ECC Material = 0.02%

Haunch =1

Length of Link Slab and Length of Link Slab Debond Zone:

L, =0.075-(L, +L,)+GAP=0.075-(732"+732")+2"=111.8"  Equation 3-1
L, =0.05-(L, +L,)+GAP=0.075-(732"+732") +2"=75.2" Equation 3-2

Where,
Lis = Length of Link Slab (in)
L4, = Length of Link Slab Debond Zone (in)

L; = Length of First Adjacent Span (in)
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L, = Length of Second Adjacent Span (in)

End Rotation Angle of Adjacent Spans:

A

emax = %e Equation 3-3
L .
A = 200 (AASHTO LRFD 2.5.2.6.2) Equation 3-4
0. =4 . EREN A 0.00375rad Equation 3-5
L 800 \ L
Where,

Omax = Maximum End Rotation Angle Imposed on Link Slab
0 = Acutal End Rotation Angle Imposed on Link Slab

Amax = Maximum Allowable Bridge Span Deflection (in)

A = Actual Bridge Span Deflection (in)

L = Bridge Span Length (in)

Determine Uncracked Moment of Inertia of Link Slab (per foot width of bridge deck):

3 nom)3
I, = Byt = 129" =729in* Equation 3-6
12 12
Where,

I;s = Moment of Inertia of Link Slab (in4)
Bjs = Transverse Width of Link Slab (in) (Assumed per foot width)

ts = Slab Thickness
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Determine the Moment Developed at O, (per foot width of bridge deck):

_ 2Bl _2-2900ksi-729in’

max 0.00375 = 210.9kip -in  Equation 3-7
L, 75.2"

Mjs = Moment Induced in the Link Slab due to End Rotation (kip-in)
Egcc = Elastic Modulus of ECC Material (ksi)

I;s = Moment of Inertia of Link Slab (in4)

Lg4, = Length of Link Slab Debond Zone (in)

Omax = Maximum End Rotation Imposed on Link Slab

Determine Required Longitudinal Reinforcement Ratio:

The amount of reinforcement is calculated by non-linear sectional analysis. This
is based on the assumption that ECC material is elastic-perfectly plastic. While ECC
material typically does show some strain hardening characteristics after first cracking

(Figure 3.1), this phenomenon will not be relied upon for conservative design practice.

The “yield strain” of the ECC material is set to 0.02%. From a pool of tensile test
results, this value is chosen as a fair representative for the first cracking strain of ECC
M45 material. The “yield stress” of the ECC material is chosen to be 500psi. While the
actual ultimate strength is typically above this value, 500psi was again chosen as a fair
representative value from a pool of M45 tests. See Appendix A for statistical information

on assumed M45 design values.
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Figure 3.1. Stress-Strain Curve of ECC M45 and Idealized Elastic-Perfectly Plastic Behavior

As proposed by Caner and Zia (1998), a conservative working stress of 40% of
the yield strength of the reinforcment is used for design. Unlike the design assumptions
for concrete, in which no tensile force is carried by the concrete, a substantial stress of
500psi is assumed to be carried by the ECC up to failure between 3% and 4% strain.
Using non-linear sectional analysis, the moment capcity of the section can be computed
for any reinforcing ratio. The reinforcement ratio is then adjusted accordingly to resist
the moment due to maximum end rotation computed earlier (Equation 3-7). Figure 3.2
shows the cross sectional stress and strain distributions of a reinforced concrete link slab

(R/C) and a reinforced ECC link slab (R/ECC) (Li et al, 2003).
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Initially, a reinforcement ratio is selected.

R/C
A &E;
o
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(b)
Figure 3.2. Schematic Stress and Strain Distributions in a Cross Section of (a)

Reinforced Concrete (R/C) and (b) Reinforced ECC (R/ECC) Link Slab

Looking at the stress distribution for the reinforced ECC cross section, a simple
force balance is performed equating the compression forces and tension forces in the

section. The section dimensions used in this calculation are shown in Figure 3.3.
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Figure 3.3. Section Dimension Used in Non-linear Sectional Analysis

The yield strain in the steel is assumed to be 0.08%. This is derived by taking
40% of the yield stress of the reinforcing steel and multiplying by the elastic modulus of

steel.

0.4-60ksi 0

8y—steel = W =0.08% Equation 3-8
, S1

Knowing the yield strain (first cracking strain) of the ECC the yield strain ratio

can be determined, n, to find the location of the kink in the tensile stress distribution.

€, 0.02%
n, =% = =0.25 ion 3-
. 0.08% Equation 3-9

y—steel

To calculate the forces, the cross section is divided up into four regions. These

are schematically shown in Figure 3.4.
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Figure 3.4. Discritization of the Stress Distribution in Non-linear Sectional Analysis

Computing the force for each of these four sections individually (per foot width of

deck)

Tstecl = (O'4fy—steel )pts Equation 3-10a
Tece =1 ((1 —n )d+ C) Equation 3-10b
Tece , = (%jf‘t n.d Equation 3-10c
Crec = 1 f', 1L (ts —d—c)z Equation 3-10d
2 n, \d
Where,

Tseel = Tension Force in Reinforcing Steel (kip)
fy-sieet = Yield Strength of Reinforcing Steel (ksi)
p = Reinforcement Ratio

ts = Slab Thickness (in)

Tgcc-1 = Tension Force in ECC Section 1 (kip)

£’y = Design Tensile Strength of ECC (ksi)
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ne = Yield Strain Ratio

d = Distance from Neutral Axis to Centroid of Reinforcing Steel (in)
¢ = Distance from Tensile Face to Centroid of Reinforcing Steel (in)
Tgcc2= Tension Force in ECC Section 2 (kip)

Cgcc = Compression Force in ECC (kip)

To compute the section properties, the forces are balanced on each side of the

neutral axis.
Tsieer + Tecoo + Toceor =Cree =0 Equation 3-10e

Finally, to compute the moment capacity of the section, the moment of the four

forces is summed about the neutral axis.

S

1—n )d + 2 2
M=T,, d+ TECC(% +n,- dj + TECCZ(EJngd + CECC(Ej(H —d—c) Equation3-11

Where,

M = Moment Resistance of the Link Slab (kip-in)

Once the moment resistance of the section is calculated for a particular
reinforcement ratio, if the resistance is less than the moment developed in the link slab
due to end rotation, My, a higher reinforcement ratio is selected. Since this process can
involve a number of iterations when determining the reinforcement ratio, a design chart
has been adapted from that given previously by Li et al (2003). This chart is shown as
Figure 3.5.

Assumptions in Design Chart:

Working Stress Factor = 40%
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Yield Strain of Steel = 0.08%
Yield Strain of ECC = 0.02%
Yield Strength of Steel = 60 ksi
Yield Strength of ECC = 500 psi

Distance from Tensile Face to Centroid of Reinforcing Steel, ¢ = 3”

450

ts= 10"
400 /
350

ts =97
300 |

Width), kip-in

—_—
o
S
Il
s
I
~

N
o
o

Link Slab Moment Resistance (Per Foot
n
o

o

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Reinforcement Ratio, p

Figure 3.5. Link Slab Reinforcement Ratio Design Chart

From previous calculations (Equation 3-7), the moment exerted on the link slab
due to end rotations is 210.9 kip-in per foot width of the bridge deck. For a deck

thickness of 9, the corrsponding reinforcement ratio is 0.003.

Determine the required reinforcement spacing:

= Equation 3-12

-23 -



Where,
s = bar spacing (in)
Aypar = Cross Sectional Area of Selected Bar Size (in2)

p = Calculated Reinforcement Ratio

ts = Slab Thickness (in)

Try #3 bars (Apar = 0.1 linz) s =4” (too small)

Try #5 bars (Aper = 0.31in?) s= 11" (selected)

Regardless of girder material (steel or prestressed concrete) the design procedure
is the same. While the overall treatment of the design may be slightly different between
the two scenarios (i.e. checking beam end conditions, construction methods), these must
be evaluated by the designer on a case by case basis. Due to the inherently small crack
width of ECC materials (the crack width in ECC is independent of steel reinforcement),

there is no need to additionally check any crack width criterion.

It must be noted that inherently assumed in this design example is a deck pour
schedule that places the ECC link slab last. This is due to the fact that the maximum end
rotation of the link slab is calculated using only the maximum allowable deflection under
live load (Amax = L/800). If the link slab is cast before all dead loads are applied to the
adjacent spans, the combined dead load end rotation and live load end rotation may
exceed the allowable 0.00375rad. To this end, care must be taken during construction to

place all dead loads on adjacent spans prior to ECC link slab casting.

In addition to the ECC link slab design example shown above, a number of
documents have been authored in order to aid MDOT design engineers in the design of
an ECC link slab. Among these documents are an extended ECC link slab design
example, which includes greater detail regarding the theoretical design assumptions made

during the design process. These additions to the extended design example were made
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following recommendations made by the MDOT research advisory panel. This extended
design example is included in Appendix B. Additionally, at the request of the MDOT
research advisory panel, a flow chart was produced outlining the ECC link slab design
procedure along with a corresponding short overview of the design procedure, including
all necessary equations and checks for use as a quick reference for designers. These
supplemental design documents are also included in Appendix B.

In cooperation with MDOT Construction and Technology Division engineers and
designers, design calculations were completed and submitted for the Grove Street Bridge
ECC link slab (S02 of 81063), which is the structure selected for the ECC link slab
demonstration project.  Along with the design calculations, sample details for
construction plan detailing of the ECC link slab were also prepared. These details show
the extents of the various portions of the ECC link slab, the detailing of shear connectors
with the ECC link slab transition and debond zones, the detailing of reinforcing steel, and
outlining of construction sequencing. The Grove Street Bridge design calculations and
the accompanying example ECC link slab detail are included as Appendix C.

To allow for letting of the construction documents, a special provision for use of
ECC material in MDOT projects was prepared. This special provision is included as
Appendix D. This special provision outlines the procuring of specific ECC component
materials (i.e. fibers, sand, admixtures), sample mix design parameters, minimum
material properties for acceptance, placement and curing procedures, along with quality
assurance procedures and testing schemes. This ECC special provision allows for the use
of ECC material not only in the link slab application, but will prove invaluable in the
incorporation of ECC material into future MDOT applications such as bridge and

pavement patching if proven advantageous.
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4.0 Scaling of ECC Mixing Procedures for Large Infrastructure Applications
4.1 Grain Size Distribution Analysis

As mentioned from literature, prior to conducting large scale ECC mixing trials,
the fresh rheology of the mix may have to be further optimized to allow for the greatest
chance of success in large mixers. To achieve this rheology, an optimal grain size
distribution is required to promote a highly liquid fresh state while still in the mixing
equipment. In particular, the Alfred grain size distribution curve (Funk and Dinger,
1994) has been proven sucessful for this analysis. This grain size distribution is given as

Equation 4-1.

D?-D{
CPFT = lOO[mj Equation 4-1
L s

Where,
CPFT = Cummulative Percent of Particles Finer
D = Particle Diameter Size (in)
D, = Diameter of Smallest Particle in Distribution (in)
Dy = Diameter of Largest Particle in Distribution (in)

q = Distribution Modulus

From theory (Funk and Dinger, 1994), the optimal distribution is achieved with a
distribution modulus equal to 0.37. This idealized particle distribution is then compared
with the current M45 particle distribution to evaluate the performance and look for

improvements. This comparison is shown in Figure 4.1.
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Figure 4.1. Optimal and M45 Grain Size Distribution Curves

From this analysis, it can be seen that the grain size distribution for M45 is quite

close, but not equivalent to the optimal solution. To take advantage of this, new versions

of ECC designated M45-X1, M45-X2, and M45-X3 were designed to more closely match

the optimal Alfred curve (i.e. “q” in equation 4-1 equal to 0.37). The mix proportions of
ECC M45 and all three M45-X series are given in Table 4.1. The grain size distribution
curves of M45, M45-X1, M45-X2, and M45-X3 are also shown in Figure 4.2. The fiber

used in each of these mixes is 0.33 inches long.

Table 4.1. ECC Mix Design Proportions for ECC M45 and M45-X

Mix Designation | Cement| Fly Ash | Sand Water SP Fiber (vol%)
M45 1.0 1.2 0.8 0.56 0.012 0.02
M45-X1 1.0 1.2 1.2 0.58 0.012 0.02
M45-X2 1.0 1.2 14 0.59 0.012 0.02
M45-X3 1.0 1.2 1.6 0.60 0.012 0.02
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Figure 4.2. M45, Optimal, and M45-X Grain Size Distribution Curves

To evaluate the effect of this change in particle size distribution, a flowability test
is performed on the fresh ECC immediately after processing of the material. This test is
outlined in Kong et al (2003). To perform this test, a standard concrete slump cone is
filled with fresh ECC material and emptied onto a level Plexiglas or glass plate. The
flowable ECC material flattens into a large pancake-shaped mass. Two orthogonal
diameters of this “pancake” are measured and a characteristic flowability factor, denoted

by I, is calculated using Equation 4-2.

_ (Dl _Do)
Do

r Equation 4-2

Where,
I' = Fresh ECC Deformability Factor
D, = Average of two orthogonal “pancake” diameter measurements

Dy = Diameter of bottom of slump cone

Essentially, this I" factor captures the overall deformability, or flowability, of the

material in the fresh state regardless of flow cone size and is therefore applicable to both
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standard size slump cones and the smaller ASTM designated flow cones for matrix

materials. The experimental setup and an example flowability “pancake” is shown in

Figure 4.3a and 4.3b respectively.

Figure 4.3a. Deformability test setup Figure 4.4b. Completed deformability test

As shown in Table 4.1, along with an increase in sand, the amount of water was
also increased correspondingly. If the water to cementitious ratio were not increased with
each increase of sand content, the flowability of the fresh ECC would be expected to drop
rapidly with each increase in sand proportion due to the inherently dry nature of the
mixture. To minimize the variables among the experimental mixes, the amount of
additional water was calculated to correspond approximately to the amount needed to
bring the additional dry sand to the saturated surface dry state.

The overall impact of changing the amount of sand is minimal over the
experimental mix designs investigated. The difference in I" factors over M45, M45-X1,
and M45-X2 is not significant to draw any conclusions regarding any benefits of higher
sand content. Further, the mechanical performance in the hardened state (i.e. strain
capacity) does not alter significantly. These results are summarized in Table 4.2 (ranges
shown are standard deviation). Uniaxial tension tests were performed in accordance with
testing procedures outlined in the Special Provision for ECC Materials, included as
Appendix D in this report. Due to the lack of improvement with the increase of sand

content, it is recommended that the original M45 mix design be used for further large
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scale mixing tests. Additionally, since this was the mix design, which was used for all
preceding experimental MDOT studies, the continual use of this standard mix design
minimizes any concern over mix design changes in this late stage of the demonstration

project.

Table 4.2. Fresh Deformability and Strain Capacity of ECC M45 and M45-X series (See Appendix D for

Uniaxial Tensile Testing Parameters)

Average Ultimate Tensile No. of
Mix Designation Diameter (in) r Strain (%) Specimens
M45 35+3 34+04 29+04 3
M45 - X1 37+4 3.6+0.5 29+0.5 3
M45 - X2 33+3 32+04 27+04 3
M45 - X3 28+3 25+04 22+0.6 3

4.2  Fiber Length Change

In addition to increasing the amount of sand to increase the flowability of the
material, a change of fiber length was also examined. The standard poly-vinyl-alcohol
(PVA) fibers which are used in ECC material measure 0.5 inches long and 1.5 mils in
diameter. After to the addition of fibers to the fresh matrix, a significant increase in
viscosity of the material is seen, as is completely expected. To help increase the
flowability of the fresh ECC material, shorter PVA fibers measuring 0.33 inches long and
1.5 mils in diameter were investigated. These fibers are identical in every way to the
longer fibers (i.e. fiber surface coating, chemical composition, strength, modulus) but

have an overall shorter length. Both the long and short fibers are shown in Figure 4.5.
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0.5 inch fiber 0.33 inch fiber

Figure 4.5. 0.5 inch and 0.33 inch PVA fiber
In this investigation, both the fresh state flowabiltiy of the ECC material and the

hardened mechanical properties were considered. Prior to testing it was expected to see
an increase in the flowabiltiy of the fresh ECC material using the shorter fibers.
However, the hardened properties were not expected to change significantly. From the
micromechanical models used to develop ECC material, it can be shown that the critical
fiber length, or the fiber embedment length necessary to allow for adequate fiber pullout
and therefore strain hardening performance, is less than either the 0.25 inches or 0.165
inches (half of fiber length) provided by either the long or short PVA fibers. The longer
PVA fibers are typically used since they may provide a more robust ECC material when
high strain capacities are needed (i.e. greater than 3.5% strain), but since these high
strains are not needed for the link slab application, the change to a shorter fiber to
improve the fresh state properties was considered.

The short and long fibers were tested in the standard M45 mortar matrix. The mix
proportions of this material are shown in Table 4.1. In the fresh state, the flowability test
outlined previously and shown in Figure 4.4 was used to evaluate the material. The use
of the shorter 0.33 inch fibers showed a significant improvement in the flowability of the
fresh ECC material, improving the I factor from 3.0 to 3.4. This additional flowability
of the material should allow for easier mixing in large capacity mixers and easier

placement once on the construction site. Further, by exhibiting a higher initial
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flowability, it is likely that the fresh ECC material with shorter fibers will maintain self-
consolidating properties longer without the use of large amounts of retarding admixtures.
To evaluate effect of shorter fibers on the hardened tensile properties of ECC, tensile
coupon tests were run according to uniaxial testing requirements in Appendix D on M45
specimens with short fibers for comparison to previous results using longer fibers. These
tests were run both at early age (10 days) and after full strength gain (28 days). As
shown in the Figure 4.6, the effect of shorter fibers is a slight decrease of ultimate strain
capacity from 3.1% to 2.8%. However, this small reduction is not a large concern since
the strain capacity of the ECC material is still far above the 2% minimum required by the
link slab application. All of the characteristic tensile material properties are summarized
in Table 4.3 (ranges shown are standard deviation). Ultimately, due to the mechanical
similarity between ECC composites using 0.5 and 0.33” fibers, the decision was made to

use 0.33” fibers to facilitate easier large scale mixing.
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Figure 4.6a. Tensile stress-strain response of M45 with 0.5 inch PVA fiber
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Figure 4.6b. Tensile stress-strain response of M45 with 0.33 inch PVA fiber

Table 4.3. Characteristic Tensile Material Properties for M45 — 0.5 and M45 — 0.33”

Cracking Ultimate Ultimate Tensile No. of
Mix Designation Age (days) Strength (psi) | Strength (psi) Strain (%) Specimens
M45 -0.5" 10 550 +45 620+ 70 33+£0.6 3
M45 - 0.5" 28 640 £ 43 765 £ 50 3104 3
M45 -0.33" 10 515+35 570 + 55 29+0.7 3
M45 -0.33" 28 575+45 650 £ 75 2.8+04 3
4.3 Hydration Stablizing Admixtures

As specified in the special provision for ECC material (Appendix D) the material
supplier is allowed one hour following batching to discharge the ECC material from the
truck at the jobsite. In the typical laboratory situation, due to the high cement content of
ECC material, the time during which the material is flowable and workable is on the
order of 20 minutes. Therefore, a retarding admixture is required to delay hydration and
extend the time to setting. A number of hydration retarders are available commercially,
and this instance two were selected for investigation. One is retarder is Delvo®
Stabilizer produced by Degaussa and the other is Daratard® 17 produced by W.R. Grace.
Within the special provision, the W.R. Grace retarder is mentioned specifically as a

potential admixture, however either of these commercial hydration stabilizers perform

equally as well.
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There exist two major concerns with the use of a hydration stabilizer in ECC
material. The first is the ability of the stabilizer to adequately retard the hydration
process to allow for adequate time for deliver to the jobsite. Due to the high cement
content of ECC material, the dosage of the retarding admixture will be relatively high.
However, since these admixtures have proven very effective in nearly any concrete
application, their ability to retard the setting of ECC material is virtually guaranteed. Of
more concern is the effect of these chemical admixtures on the strain capacity of the
hardened ECC material. Due to the careful chemical tailoring of the interfacial region
between the PVA fibers and the mortar matrix within ECC, any chemical admixtures that
are added to the mix must be evaluated in the hardened state to be certain they do not
interfere with the composite tensile properties.

Dosages for both the Degaussa and W.R. Grace products in the testing series
followed the manufacturers recommendations. For both products, a range of dosage rates
is provided. As mentioned previously, ECC has a high cement content compared to
concrete, and therefore a high dosage rate within the specified range was used. In the
case of both Delvo® Stabilizer and Daratard® 17, the dosage rate was 5 fl 0z/100lb of
ECC cementitious material. The addition of either hydration stabilizer resulted in a
significant increase in setting time, extending the fresh self-consolidating properties of
the ECC material beyond the one hour time limit specified in the special provision. The
development of flowability with respect to time is shown in Figure 4.7. The reported
average deformation diameter is the average of two orthogonal diameter measurements of
the “pancake” formed during flowability testing as outlined in section 4.1. The retarding
admixture tests were performed with M45 containing 0.33 inch fibers. As can be seen,
M45 without any retarding admixture exhibits a fairly rapid loss of self-consolidating
characteristics and after 30-35 minutes becomes unworkable. However, for both ECC
mixtures containing the Degaussa and W.R. Grace products, a high workability and self-

consolidating nature is exhibited beyond the one hour time limit.
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Figure 4.7. Loss of Deformability of M45 ECC with and without hydration stabilizers

As mentioned, in addition to the fresh properties, the hardened tensile properties
were also examined. The tensile stress-strain curves for ECC mixtures containing both
the Degaussa and W.R. Grace retarders are shown in Figure 4.8 and summarized in Table
4.4 (ranges shown are standard deviation). As can be seen, there is no significant impact
on the tensile strain response of the composite with the addition of the retarders. Due to
this, it is recommended that a hydration stabilizer be used if the jobsite is farther than 30
minutes from the ECC batching plant, or in case the delivery may be delayed due to
traffic or jobsite congestion. According to the manufacturer’s directions, if additional
working time is deemed necessary, the dosage may be increased to further delay setting
time without any adverse effects on the composite. As described in section 4.8, one large
trial mix incorporated very high levels of hydration stabilizer to allow for greatly
extended working times. While this did have an effect on the early age mechanical
performance of the material, there were no lingering effects on the ECC performance (i.e.
after 7 days). Any recommendations the manufacturer may make regarding higher
dosages of hydration stabilizer can be applied to the composite mix design with

acceptable performance of ECC material to be expected.
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Figure 4.8. Effect of hydration stabilizers on tensile stress-strain response

Table 4.4. Characteristic Tensile Material Properties for M45 with Degaussa and W.R. Grace Stabilizers

| Cracking Ultimate Ultimate Tensile No. of
Mix Designation Age (days) Strength (psi) | Strength (psi) Strain (%) Specimens
M45 -0.33" 28 575 +45 650+ 75 28+04 3
M45 (Degaussa) 28 590 + 65 660 + 70 3.05+£0.5 3
M45 (W.R. Grace) 28 570 + 50 645+ 75 29+0.5 3

4.4  Batching Sequence — Laboratory Findings

To scale the batching of ECC material up from small laboratory mixers into large
gravity or screw mixers, the sequence of mixing must be optimized to promote the best
homogeneity of the material when discharging the material from the concrete truck. In a
typical laboratory setting, during which force-based mixers are commonly used, all of the
dry components of the matrix (cement, fly ash, and sand) are initially added and mixed
together. Following a complete blending of these materials, the water is slowly added to
gradually turn the mixture more liquid. After the majority of the water is added, a high
range water reducer (superplasticizer) is added, along with the remaining water. Finally,
the fibers are slowly added and dispersed throughout the mixture. The overall mixing

sequence lasts between 10 and 15 minutes.
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For large scale applications however, this mixing sequence is not possible. The
addition of all the dry components followed by small amounts of water creates a large
mass of very dry material that is extremely difficult for a gravity or screw mixer to
process. It is essential that the mixture remain as liquid as possible throughout the
mixing process and attain its most viscous state at the very end of mixing (with the
addition of the fibers). To examine the effect of the mixing sequence on the processing
of ECC material, two gravity-based mixers were used. One smaller mixer was used for
initial investigations ranging up to 1 cubic foot, and a larger mixer was used for
investigations up to 7 cubic feet in volume. In all mixing sequence testing, 0.33 inch
PVA fibers were used.

Seven various mixing sequences were investigated in the smaller mixer, of which
three were successful enough to warrant testing in the larger mixer. Three objectives
were sought when performing this mixing. First, the material must remain nearly liquid
throughout the entire mixing process up until the addition of fibers. Second, the mortar
matrix should be nearly homogenous after a short mixing time immediately prior to
adding fibers. Third, the mixing sequence should allow for as short a mixing time as
possible. The mixing sequences tested, and the results of these tests are shown in Table

4.5.

Table 4.5. ECC Mixing Sequences and Mixing Results
C=Cement ; S = Sand ; FA = Fly Ash ; W = Water ; SP = Superplasticizer ; PVA = PVA Fiber

Trial # Sequence Mixer Size Mlxmg Time

11 7 (min)

1 |C+S+FA ; W (95%) ; SP; W (5%) ; PVA Clumping NA NA

2 |C; W (50%); S+FA ; W (50%) ; SP ; PVA Clumping NA NA

3 |C(50%); W ; S+FA ; C (50%) ; PVA Clumping NA NA

4 |W;C+S+FA ;SP; PVA Passed | Long mixing time 25

5 [WHSP (50%) ; C+S+FA ; W+SP (50%) ; PVA | Passed | Minor clumping 14

6 |S; W+SP; C+FA ; PVA Passed Passed 12

7 |[FA; W+SP; C+S; PVA Clumping NA NA

As can be seen from Table 4.5, the most successful mixing sequence is trial 6
which begins with the addition of all the dry sand, along with the addition of all the water
and superplasticizer. Once these three components are well mixed (1-2 minutes), all
other dry components are added (cement and fly ash). The complete mortar matrix is

then allowed for mix for approximately 3-4 minutes or until the material is homogenous
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and sufficiently liquid. After this mortar mixing time, the fibers are simply added
gradually into the mixture and the complete ECC composite is mixed for an additional 5-
6 minutes or until the fibers are well dispersed throughout the composite. This mixing
sequence results in an overall mixing time between 9 and 12 minutes, which should be
adequate for field applications. However, adjustments can be made in the field if other

sequences are found more practical.

4.5  Mixing Plant Site Visit

In anticipation of large scale mixing, a site visit was conducted to the ready mix
concrete provider, which will be assisting in the large scale mixing of ECC in this project.
Brighton Block and Concrete was chosen as an excellent provider for this material.
Further, Brighton Block and Concrete is an MDOT approved concrete material provider.
Tours were conducted of the batching facilities, storage facilites, and dispatch facilities.
Proactive troubleshooting conversations held with Brighton Block and Concrete
employees yielded a number of concerns with batching ECC from a commercial concrete

plant.

1. Short working time due to high cement content.

Possible Solution: Using a retarding agent to increase setting time.

2. Clumping of cement due to high cement content.
Possible Solution: Careful addition of water and superplasticizer
simultaneously at the batching plant, along with adding most of the sand

before cement.

3. Fibers clumping mix during transit.
Possible Solution: Adding fibers onsite prior to discharging the mix, and

mixing vigorously to disperse the fibers

4.6 Batching Sequence — Field Findings
Large scale mixing in concrete trucks was completed in cooperation with

Brighton Block and Concrete. This MDOT approved redi-mix concrete supplier, based
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in Brighton, Michigan, has agreed to allow the use of concrete mixing trucks for batching,
mixing, and discharging of ECC material.

As directed in the special provision for ECC materials, fine graded sand, PVA
fibers, ASTM C150 Type I cement, Type F Normal fly ash, water, polycarboxylate
superplasticizer, and a retarding admixture were initially batched according to the
provided mix design parameter within the ECC special provision. The batching sequence
progressed identical to that used for the largest laboratory mixes, and is shown in Table
4.6. The elapsed time shown in the table is the recommended time for execution of each

of these activities at the time of batching.

Table 4.6. Large Scale ECC Batching Sequence Times

Elapsed
Activity Time (min)
1. Charge all sand 2
2. Charge portion of mixing water, all HRWR, and all hydration stabilizer 2
3. Charge all fly ash 2
4. Charge all cement 2
5. Charge remaining mixing water to wash drum fins 4
6. Mix at high speed RPM for approximately 5-10 minutes or until material is
homogenous 5
7. Bring flowable ECC material to top of mixing drum 2
8. Charge fibers and mix at high RPM for approximately 5-10 minutes or
until material is homogenous 5
Total 24

As was expected, with the absence of large aggregate to agitate the materials
within the mixing drum, a significant amount of mixing time is needed between charging
of the matrix materials and the fibers. This 5-10 minutes of mixing time provides
significant agitation and time for the large quantity of superplasticizer to liquefy the
material. It is suggested that this mixing time may take place in transit, and once having
arrived at the site, the material be brought to the top of the drum, visually inspected for
homogeneity, and fibers added. The fibers are then mixed into the matrix (at high RPM)
onsite. Within the ECC special provision, a time of one hour is allowed between
charging at the concrete plant and full discharge of the material. This hour begins at the

addition of the final portion of the mixing water (Activity 5 in Table 4.6).

-39 -



4.7 Large Scale Trial Mixes

Large scale mixes proceeded after long lead times for both material purchasing
and coordination with a material supplier. Further, it was found to be more realistic to
conduct these trials in warmer summer weather, similar to conditions that may be
encountered during a summer construction project using ECC material. Three large scale
trial mixes of one, two, and four cubic yards were planned. The one yard trial mixing
was conducted on April 8, 2005, the four yard trial was conducted on April 18, 2005, and
the final large scale trial mix, two yards in volume, was completed in cooperation with
Brighton Block and Concrete on Friday, April 22, 2005. The conditions on both one
cubic and four cubic yard days were sunny, with high temperatures of 62° F and 77 °F for
each mix, respectively. Conditions for the two yard mix were a light rain with
temperatures between 45°F and 50°F. The three trials were initially intended to progress
in order of increasing size, but due to the possibility of using the four yard mix material
for an outside project with a limited time schedule, the two and four yard trial schedules

were switched.

4.7.1 One Cubic Yard Trial

With the incorporation of a number of raw materials not typically stored in
concrete batching towers within Michigan (i.e. fine silica sand, Type F fly ash) into the
mix, it was not practical to charge the concrete mixing truck from the charging tower
during the large scale mixing trials. Therefore, the sand, fly ash, fibers, and admixtures
were manually charged into the batching funnel (Figure 4.9) according to the batching
sequence (Table 4.6), while cement and mixing water were charged using the batching
tower (Figure 4.10). While this does not exactly duplicate the charging times expressed
in Table 4.6, this scenario was as close as possible to reality. The initial batching was
done according to the batch weights set forth in Table 4.7. These mixing weights do not
exactly reflect those in Appendix D (ECC Special Provision) as the mixing weights in the
special provision incorporate all mix design changes adopted throughout construction

phases of this demonstration project.

- 40 -



Table 4.7. Large Scale Trial ECC Mixing Proportions and Batching Weights

Material Proportion Amount (Ibs/cyd)

Cement 1.0 974
Water 0.59 563

Fly Ash 1.20 1169
Sand 0.80 779
HRWR 0.014 13.6
Fiber (vol %) 0.02 43.8
Stabilizer - 1cyd trial 0.006 5.4

Stabilizer - 4cyd trial 0.013 12.4
Stabilizer - 2cyd trial 0.008 8.1

Figure 4.9. Manual Charging Figure 4.10. Tower Charging

During the one yard mixing trial, a number of initial hurdles were overcome. One
such example occurred during the mixing stage due to significant clumping of the cement
into impermeable balls within the matrix material after addition of fly ash and cement and

2-3 minutes of high speed mixing (Figure 4.11a & 4.11Db).
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Figure 4.11a. Cement Balls Formed Figure 4.11b. Close-up view of Cement
During Mixing. Balls Formed During Mixing

From the appearance of the balls, it could be seen that much of the
superplasticizer was collecting on the surface of the balls and not penetrating into them,
and therefore not effective. After attempting to break up the balls with further high speed
mixing (and additional 5 minutes), no change was seen. Rather than add additional
superplasticizer, which would simply further congregate on the surface of the balls,
additional water was added to attempt to break up the conglomerates. An additional eight
gallons of water (66.64 1bs) were added and the mixture was further agitated for 10
minutes. After this addition of water and mixing, the characteristic creamy appearance of
ECC mortar matrix was achieved (Figure 4.12) and the fibers added (Figure 4.13). This

raised the overall water to cement ratio from 0.59 to 0.66.

Figure 4.12. Creamy ECC Mortar Matrix Figure 4.13. ECC Material in Mixer
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One likely reason for the need of this addition of water may be due to the fact that
at the beginning of mixing, the concrete mixing drum was dry. The initial wetting of the
drum face and fins takes water from the ECC material, requiring additional overall water
for mixing and hydration. Wetting the surfaces of large concrete drum requires a
significant amount of water. While this addition of water may be of some concern, of
most importance is the ability of the mortar matrix to exhibit the proper viscosity for
effective dispersion of the fibers during mixing, allowance for proper placement and
finishing of the ECC material at the job site, and ultimately the mechanical performance
(i.e. strength and strain capacity) of the hardened material. Further, in later trials the
drum will be pre-wetted to ensure that no water is absorbed in this fashion.

As was noted by the staff at Brighton Block and Concrete, the appearance and
fresh properties of ECC are remarkably different than that of concrete. Their
inexperience with this material often lead them to doubt the quality of the material in the
fresh state, and ultimately its mechanical ability in service. Due to this reason, it is
apparently critical to have the concrete/ECC material provider well trained in the mixing
of ECC material. First hand knowledge of the fresh properties necessary to achieve
adequate fiber dispersion is of utmost importance. Along with this is needed the
experience in knowing what alterations can be made to the ECC mixture to allow for
proper processing without compromising mechanical performance. The experience
learned from large scale mixing reinforces the requirement within the ECC special
provision that “The Contractor will appoint a technical representative capable of making
adjustments to the batching and mixing of ECC material. This representative should be
familiar with the mixing, batching, and placement of ECC material.”

Following the charging of the truck and final mixing of the material a high speed
to fully homogenize the ECC, the drum was rotated at low speed for one hour to simulate
travel time to the jobsite. During this time, the fresh properties of the material were
evaluated every 15 minutes to determine the degradation of flowability over time.
Further, compressive cylinder and uniaxial tension plates were cast at the same 15 minute
time intervals to determine any change in hardened material performance over this one

hour of mixing time.
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4.7.2 Four Cubic Yard Trial

A number of lessons which were learned in the first mixing trial were put into
practice for the second trial. Foremost among these lessons was the pre-wetting of the
drum prior to the initiation of mixing. Due to the lack of use of the truck used before the
first mix trial, the drum was allowed to completely dry before the trial. Having just
returned from another delivery, the truck used for the four yard trial, while completely
empty, had wet fins and drum sides. As was done in the one yard trial, batching of the
four yard trial proceeded with the addition of sand, the majority of mixing water (90%),
admixtures (i.e. high range water reducer, hydration stabilizer) Type F fly ash, cement,
and finally the balance of the mixing water. In this case, only 10% of the mixing water
was reserved for the final charging rather than 20% as was done for the one yard trial.
The intent of this water is to be used for washing of all dry matrix materials off of the
drum fins and down into the truck. For the one yard mix, reserving 20% of the mixing
water resulted in roughly 16 gallons for washing purposes. However, for the four yard
mix this would have given nearly 60 gallons for washing. This was deemed excessive
and the reserved mixing water was reduced to 10%, or roughly 30 gallons of water. As
batch sizes grow, this percentage may be reduced even further. It is recommended, to
keep the size of this reserved mixing water reasonable, that for a full truckload of ECC
material (assumed to be approximately 8 cubic yards) only 5% of the mixing water needs
to be reserved for drum washing.

Using the same mixing scheme as shown in Table 4.6, and the same mixing
proportions as shown in Table 4.7, an acceptable fresh material resulted. This required
no additional water, or additional admixtures. The four yard trial mix showed excellent
fresh properties, including fiber dispersion, flowability, and homogeneity as shown in
Figure 4.14. The material mixed for the four cubic yard test was also used in the
fabrication of an architectural focal element on the University of Michigan’s North
Campus (Figure 4.15). This project location in Ann Arbor, Michigan is roughly 30
minutes driving time from the batching plant in Brighton, Michigan. This project gave a
good indication of the behavior of the ECC material after transport and slow mixing for

an extended period of time.
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Staggered within the transport and placement of the ECC material, flowability
tests were conducted to determine the degradation of fresh properties of the material, as
was done for the one yard trial mix. These results of these tests are presented in section
4.8. Further, compression cylinders were cast and were evaluated at 4, 7, 14, and 28 days
after casting to determine the ultimate strength and rate of strength gain over time along

with uniaxial tension testing plates.

Figure 4.14. Homogeneous matrix material Figure 4.15. Delivery of ECC to jobsite

4.7.3 Two Cubic Yard Trial

As was done in the previous two large scale trials, the raw materials within ECC
not typically kept in the commercial plant charging tower were charged by hand. Similar
to before, the sand, fly ash, fibers, and admixtures were manually charged into the
batching funnel according to the previously outlined batching sequence, while cement
and mixing water were charged using the batching tower. Batching was done according
to the weights shown in Table 4.6. The ECC material mixed in this trial was used to
complete the sculpture on the University of Michigan’s North Campus and delivered in a
similar fashion as the four yard trial mix.

Once again, 10% of the mixing water was reserved for washout purposes. This
amounted to approximately 15 gallons of water for the two yard load. During the course
of washing, all 15 gallons of this reserve water were added back into the truck. This
amount was recorded using the water gauge on the truck itself.

As in the four yard trial, a number of lessons which were learned in the previous

mixing trials were put into practice. One such lesson learned from the four yard trial was
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a more appropriate dosage of hydration stabilizers for ECC material. Following
conversations with the manufacturer, it was decided that dosages for hydration stabilizer
should be based on only a portion of the total amounts of cementitious material per cubic
yard. Due to the large amount of fly ash within ECC material, as compared with concrete,
dosing based upon the full quantity of cementitious materials results in very high dosages
of hydration stabilizer. The effect of these high dosages was observed in the four yard
trial setting times and early age strength gain. Therefore, for the two yard trial, the
dosage was reduced and based only upon the cement content per cubic yard within the
ECC material. Using this dosage, a reasonable working time was achieved, while early
age compressive strength gains were not excessively delayed as was seen in the four
cubic yard trial. Additionally, the batching sequence was slightly altered to charge water
into the truck first, followed by silica sand. This changes the sequence such that the first
two mixing materials were switched. No negative effects were seen during the mixing
process. Therefore, as long as the both the sand and water are in the mixing drum prior to
cement and fly ash, successful processing of the material can be accomplished.

As mentioned previously, the ECC material mixed during both the four yard and
two yard trial mixes was brought back to Ann Arbor for casting of a free standing
sculpture on the University of Michigan’s North Campus. During the four yard trial mix,
the ECC material was checked for homogeneity and overall consistency before leaving
the batching plant in Brighton, Michigan. Upon arrival at the job site, a small amount of
high speed mixing was performed and the material was discharged from the truck.
However, the homogeneity of the material had degraded from the batching plant
condition. Fiber bundles had started to form and the overall consistency of the material
was degraded. Therefore, during the two yard trial the material was mixed at high speed
for 3-5 minutes on site before discharge to fully homogenize the material and break up
any fiber clumping. The result of this additional mixing was a final product which more
closely resembled the conditions at the batching plant, and laboratory grade ECC material.

As done previously, staggered within the transport and placement of the ECC
material, flowability tests were conducted to determine the degradation of fresh
properties of the material, as was done for the one and four yard trial mixes. These

results of these tests are presented below. Further, compression cylinders were cast and
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were evaluated at 4, 7, 14, and 28 days after casting to determine the ultimate strength

and rate of strength gain over time along with uniaxial tension testing plates.

4.8  Evaluation and Testing of Fresh Properties

As required by the ECC link slab special provision, upon completion of the
mixing the material for both large scale trials was evaluated for “fiber dispersion,
flowability, and mixture rheology.” Fiber dispersion is evaluated through visual
inspection and random sampling of the material to look for pockets or conglomerates of
unmixed matrix materials or fiber bundles. As mentioned previously, in its most
desirable state, the texture of ECC material has a flowing, smooth, creamy viscosity.
Overall mixture rheology is evaluated in much the same way by an experienced
individual examining the homogeneity of the complete material, ensuring that the
material has not segregated.

Quantitative evaluation of the fresh ECC is done through flowability testing of the
material. This is test utilizes a standard concrete slump cone which is filled with
material. Once the cone is removed, the highly flowable material forms a “pancake”. As
stipulated in the special provision, this pancake must form a minimum average diameter
of 30 inches throughout the one hour of mixing time that is allowed. As also allowed by
the provision, a hydration stabilizer was used to help meet this requirement. The results
of flowability tests for both large scale trials conducted thus far are shown in Figure 4.16,
along with the flowability test results from a laboratory mix of ECC M45, which did not

include the hydration stabilizer.
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Figure 4.16. Flowability of ECC vs. Time

Figure 4.17. One yard flowability test (1 Figure 4.18. Four yard flowability test (5 minute)
hour)

For the one cubic yard large scale mixing trial, it can be seen that initially the
material meets the flowability requirement of 30 inches. However, after approximately
35 minutes of mixing the deformability falls below this minimum (Figure 4.17). This
indicated a slight change in the dosage of retarder was needed in future large scale mixes.
As it was a cooler morning (62°F), the amount of retarder for the one yard trial was

reduced within the trial mix to 5.4 lbs/cyd (4 fl oz per 100 lbs cement), which was
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reduced from 6.8 Ibs/cyd (5 fl oz per 100 lbs cement) as specified by manufacturer’s
literature as to not delay the setting of the material any more than necessary. Smaller
scale work performed previously on 7 ft® batches of ECC showed acceptable flowability
with slightly lower retarder dosage rates well past 90 minutes of mixing time. However,
due to more controlled laboratory settings, these mixes started with a deformation
diameter above 35 inches. Ultimately, the first one cubic yard trial did not meet the
minimum flowability of 30 inches for the required one hour after batching. In subsequent
large scale mixes, the amount of retarder was adjusted to achieve the necessary initial
flowability to maintain high liquidity throughout the one hour of mixing time.

Following new recommendations from the manufacturer made for dosage rates of
5 fl oz of stabilizer for every 100 lbs of cementitious material in ECC (due to the high
proportion of fly ash within ECC as compared to normal concrete) the stabilizer
proportion was raised to 12.4 Ibs/cyd for the second large scale trial. Likely due to the
improved control of net mixing water (i.e. a pre-wetted mixing drum), the four yard trial
mix initially exhibited a flowability deformation diameter of 36 inches (Figure 4.18).
This was significantly higher than the 32 inches exhibited by the one yard trial batch, and
showed good promise for meeting the minimum flowability throughout the one hour
mixing time. This high flowability was maintained, likely attributable to the higher
stabilizer dosage, throughout the required mixing time, and well past the mandatory one
hour, even considering it was a significantly warmer day (77° F).

Of considerable note is the fact that due to a number of difficulties in casting the
architectural work at U of M (i.e. poor construction of formwork, etc.), the ECC material
was required to stay in a workable, flowable state for up to 3 hours after initial batching.
While controlled testing of fresh properties of the four cubic yard mix was concluded at
90 minutes, the fresh properties of the material were closely observed long after that time
limit. At an age of approximately 90 — 120 minutes, the overall fresh state of the material
began to change. After this time, clumping of fibers begins to develop, along with
formation of small pockets of hardened material. This may likely be due both to the
increased number of mixing rotations within the mixing truck, in addition to the initial
signs of setting. However, this observation is primarily academic in nature, as the

contractor is allowed only one hour after batching to completely discharge the ECC
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material at the job site. No problems of fiber dispersion or signs of initial setting were
observed within this time limit.

For the two cubic yard mix, a dosage rate of 8.1 Ibs/cyd (6 fl oz per 100 lbs of
cement) was used. This is only slightly higher than manufacturer’s recommendations to
account for the large amount of fly ash used within ECC materials. As seen in Figure
4.16, this dosage provided an adequate working time and remained above the minimum
30 inch specified spread for the 1 hour time limit.

The final appearance of the architectural element cast with the trial ECC material
mixes is shown in Figures 4.19 and 4.20. Due to the small cross sections (i.e. a
continuous 4” thick wall), it was impossible to create this sculpture with traditional
reinforced concrete materials. Further, due to the demanding flowability requirements as
a result of the casting process, a traditional fiber reinforced concrete could not be used.
The superior performance of ECC materials in both the fresh and hardened state made the

realization of this artwork possible.

Figure 4.19 Completed ECC sculpture of UM Figure 4.20 Completed ECC sculpture of UM
North Campus — front view North Campus — back view

4.9  Evaluation and Testing of Hardened Properties

Testing of hardened ECC from large scale mixing trials consisted of both
compressive testing of standard cylinders and uniaxial tension testing of prescribed plate
specimens. All testing was performed in accordance with the ECC special provision for

this link slab project (Appendix D).
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4.9.1 Compression Testing

During each of the large scale trials, a series of twelve cylinders were cast of

ECC materials. For both the four yard trial and two yard trial, 4” x 8” cylinders were

used rather than the 6” x 12” cylinders used for the one yard trial.

Of these twelve

cylinders, three were cast immediately after initial batching, three more after 30 minutes,

and the final six after 1 hour of mixing. This series of cylinders allows for not only an

evaluation of compressive strength gain over time, but also insight into any differences in

the material which may exist over the one hour of mixing time.
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Figure 4.21. Compressive Strength Gain of Large Scale ECC Trial Mixes (Sorted by Trial)

Table 4.8. Statistical Parameters of Compressive Testing (Sorted by Trial)

Trial Age (days) | Average Strength (KSI) | Standard Deviation (KSI) | No. of Samples
4 4.73 0.438 3
1 cyd 7 7.56 0.513 3
14 9.18 0.451 3
28 9.78 0.478 3
4 3.193 0.641 3
4 cyd 7 7.947 0.295 3
14 8.760 0.368 3
28 9.05 0.286 3
4 5.267 0.225 3
2 oyd 7 7.102 0.478 3
14 8.830 0.326 3
28 9.105 0.397 3
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Figure 4.22. Compressive Strength Gain of Large Scale ECC Trial Mixes (Sorted by Sampling Time)

Compressive tests were performed on one cylinder from each time group (i.e.
immediately after batching, 30 minute, and 60 minute sample groups) on all four of the
predetermined testing days (i.e. 4 days, 7days, 14 days, 28 days). The results from
compressive tests are shown in Figure 4.21, along with a standard ECC M45 compressive
strength development curve for comparison. Statistical data is shown in Table 4.8.

As seen, the strength gain of the trial mix material is similar to that of the
laboratory material. Ultimately, the large scale mixing material shows a compressive
strength of between 9ksi and 10ksi, close to laboratory grade material. The average
strength of the material after 4 days of curing is of important note. Within the ECC
special provision, heavy equipment is not allowed on the link slab until after 4 days of
curing, and even then not until the specified 28-day strength of the material has been
achieved. With a required 28-day strength of 4.5ksi, the large scale trail ECC material
passes this requirement after 4 days for two of the three mixes, allowing for faster
construction scheduling and contractor cost savings. The primary reason for the four
yard trials not passing this mark is the overdose of hydration stabilizer mentioned earlier.

It can also be seen from Figure 4.22 that although the specimens from each trial
were cast at a different time during the required one hour of mixing time, there is similar
variation in compressive strength gain. Therefore, regardless of how long the material

mixes within the truck, as long as it is discharged before the one hour time limit has
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expired, good confidence can be held in the hardened mechanical properties of the

material.

4.9.2 Uniaxial Tension Testing

Uniaxial tension plates were also cast during the one hour of large scale mixing.

Eight plates were cast at each time interval of 5-15 minutes, 30 minutes, and 60 minutes.

Two plates from each sampling time (six from each trial mix) are tested at an age of 4

days, 7 days, 14 days, and 28 days.

This testing scheme is very similar to the

compressive strength scheme in that it not only gives good insight into the tensile

behavior of the large scale trial material over time, but also a good comparison of the

material throughout the mixing time. Representative tensile test curves for each of the

sample times (i.e. 5-15 minutes, 30 minutes, and 60 minutes) are shown at an age of 4, 7,

14, and 28 days in Figures 4.23 — 4.25. Statistical variation and analysis of the results are

shown in Table 4.9.
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Figure 4.23b. Tensile Stress Strain Response of One Cubic Yard Trial at 7 Days
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Figure 4.23c. Tensile Stress Strain Response of One Cubic Yard Trial at 14 Days
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Figure 4.23d. Tensile Stress Strain Response of One Cubic Yard Trial at 28 Days
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Figure 4.24a. Tensile Stress Strain Response of Four Cubic Yard Trial at 4 Days
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Figure 4.24b. Tensile Stress Strain Response of Four Cubic Yard Trial at 7 Days

1000
900

800 s
700 g el 1

i \
600 \o
500 -
400 -
300
200
100

Stress, ¢ (PSI)

—— 15 Min
30 Min
60 Min

Strain, ¢ (%)

Figure 4.24c¢. Tensile Stress Strain Response of Four Cubic Yard Trial at 14 Days
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Figure 4.24d. Tensile Stress Strain Response of Four Cubic Yard Trial at 28 Days
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Figure 4.25a. Tensile Stress Strain Response of Two Cubic Yard Trial at 4 Days
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Figure 4.25b. Tensile Stress Strain Response of Two Cubic Yard Trial at 7 Days
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Figure 4.25d. Tensile Stress Strain Response of Two Cubic Yard Trial at 28 Days

Table 4.9. Statistical Parameters of Tensile Testing (Sorted by Age)

Age (Days) | First Cracking Strength Ultimate Strength Strain Capacity No. of Specimens
Ave (PSI) | St Dev (PSI) | Ave (PSI) | St Dev (PSI) | Ave (%) St Dev (%)
4 572 37 696 32 24 0.41 9
7 640 30 774 69 23 0.16 9
14 694 53 802 83 22 0.2 9
28 695 46 862 73 22 0.17 9

As can be seen from Figures 4.23 — 4.25, the tensile response of the large scale
trial materials shows the characteristic strain hardening behavior of ECC. While the
strain capacity is lower than typical for laboratory versions of the material in most cases,
it still meets the requirements of 500 PSI strength and a minimum of 2% ultimate strain
capacity at 4, 7, 14, and 28 days of aging. Once again, acceptable variation is seen
among specimens cast at different times throughout the mixing time. The results of
these 36 specimens that were tested, in addition to the 30 laboratory M45 tensile response
curves used for material characterization for design procedures, begin to approach the
number of specimens necessary for reliable statistical validation of the large scale trial
material.

While the strain capacity is below the typical expected values associate with ECC

material, this outcome is not totally unexpected as discussed in the context of the findings
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of Kanda et al (2003). It can also be seen that the overall tensile response of the material
improved over the three trials, signifying improvements made from lessons learned while
mixing. These improvements are expected to be magnified as more large scale mixing
experience is accumulated. However, even at this stage the material continues to meet

the necessary minimum requirements imposed by the special provision.

4.10 Placing of ECC Material

In response to previous concerns by the research advisory panel, an additional test
on ECC material in the fresh state was carried out in conjunction with the one yard trial
mix. As shown earlier, fresh ECC is a very flowable material. The ability of this very
flowable material to be cast easily onto a bridge deck with a 2% cross-sloped crown can
be questioned. To investigate the ability of ECC to be cast on a slight slope, a large form
measuring 4’ x 8 was built, which could be used to cast an ECC slab up to 9 inches

thick. This formwork is schematically shown in Figure 4.26.

iy I~

Figure 4.26. Schematic of formwork constructed to verify casting potential of ECC

As shown in Figure 4.27 and Figure 4.28, the ECC material in the fresh state,

even after 1 hour, shows excellent flowabiltiy and is able to fill the formwork well.
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Figure 4.26 ECC Filling Formwork

Figure 4.25 ECC Pouring into Formwork

Ultimately, the finishing of the ECC material, while not easy, was also not
difficult. The ability of the material to hold to a sloped surface was validated. The form
was filled to a depth of approximately 7 inches so that a uniform gap of 2 inches between
the top of the formwork and the ECC top surface existed around the entire rim of the slab.
The form was not completely filled in case the material did eventually slump down the
slope. After hardening, the same 2 inch gap was observed around the entire slab,
verifying the ability of the material to hold a constant cross slope. However, it must be
mentioned that the research team did have some difficulty in finishing this large area of
material to a smooth finish, as commonly seen on most pavements and bridge decks.
However, this is more likely due to the inexperience of the finishers than a problem for

any experienced concrete contractor.
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5.0 ECC Link Slab Construction Preparation

Prior to beginning construction of the ECC link slab, a large degree of
coordination was established among University of Michigan personnel, MDOT
inspectors, private consultants, the general contractor, and any subcontractors or material
suppliers that may be involved with the construction process. Without this cooperation,

the likelihood of success for this project would have been decreased.

5.1 Informational Meetings

Two informational meeting were held on May 31, 2005 and June 3, 2005 to
introduce the various parties involved with the link slab project to the development of
ECC material, the theory behind the link slab replacement of expansion joints, and to
answer any general questions they might have before the construction work began.
Those in attendance, in addition to University of Michigan personnel, were MDOT,
HNTB® Engineers, Inc. (project managers), NTH® Consultants, Ltd. (consultant),
Construction Technology Laboratories, Inc. (CTL) (testing consultants), Midwest Bridge
(bridge contractor), and Clawson Concrete (concrete material supplier).

The meeting on May 31, 2005 was primarily for local MDOT transportation
service center personnel and HNTB project managers to become acquainted with the
specifics behind ECC. The minutes for this meeting are included in Appendix E. The
meeting on June 3, 2005 included testing consultants, the bridge contractor, and the
material supplier. This meeting was held primarily in the concrete mixing lab at the
University of Michigan Department of Civil and Environmental Engineering to show the
actual mixing procedure of the material in a small gravity mixer and allow construction
workers to become familiar with the fresh material properties first hand. This was
especially important for the material supplier, as it was a different company than
participated in the large scale trial batches. Therefore, all lessons learned during these
three trials would have to be directly communicated through the University of Michigan

researchers during meetings such as these.
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5.2 Approval of Equals Submitted by General Contractor as Substitute ECC
Raw Materials

Consistent with the ECC special provision (Appendix D), substitute raw materials
were allowed for use in the link slab provided that they showed similar composite
properties in both the fresh and hardened states. Two substitute materials were submitted
by Clawson Concrete for evaluation. These were a different high range water reducer,
and fly ash from a different material supplier. Flow, compressive strength, and uniaxial
tension tests were performed on ECC materials using both of these replacements. To
shorten investigation times, and extended material lead times, these replacements were
not evaluated individually to determine the impact of each on the composite. As they
were intended by the material supplier to be used in tandem, they were only tested as
such. In the event the combined replacements had performed poorly, each would have
been investigated individually to determine the source of poorer performance.

High range water reducer from Euclid© Company with the trade name Plastol®
5000 was submitted as a replacement for the W.R. Grace product specified within the
special provision. This product is a polycarboxylate-based water reducer similar in
chemical composition to both the W.R. Grace and Degaussa products previously
approved. Additionally, Type F fly ash produced by Headwaters Companies in Eastlake,
Ohio was submitted as an alternative to the Type F fly ash specified by Boral Materials
Technologies in San Antonio, Texas. Material samples of each of these materials were
provided by the manufacturer and tested as a direct replacement (i.e. identical mix
design) for the specified material. Results of flow tests (Figure 5.1), compressive
strength tests (Figure 5.2 and Table 5.1), and uniaxial tension tests (Figure 5.3 and Table

5.2) are shown in the referenced figures and tables.
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Table 5.1. Statistical Parameters of Compressive Testing of ECC for Submission Approval

Age (days)| Average Strength (PSI) | Standard Deviation (PSI) | No. of Samples
7 6019 291 6
14 6355 382 6
28 6927 483 6
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Figure 5.3. Representative Tensile Response of ECC Using Substitute Material for Submission Approval

Table 5.2. Statistical Parameters of Tensile Testing of ECC for Submission Approval

Age (Days)| First Cracking Strength Ultimate Strength Strain Capacity No. of Specimens
Ave (PSI) | St Dev (PSI) | Ave (PSI)| St Dev (PSl)| Ave (%) | St Dev (%)
7 568 39 660 43 29 0.3 6
14 630 36 770 44 2.3 0.2 6
28 653 20 840 36 22 0.1 6

From these results, the overall composition was approved using Plastol® 5000 as
a replacement for the W.R. Grace product and Type F fly ash produced by Headwaters
Companies in Eastlake, Ohio as an alternative to the Type F fly ash specified by Boral
Materials Technologies in San Antonio, Texas. However, the mechanical performance of
the two materials is slightly different. The fly ash from Ohio, while meeting the
specifications for Type F ash, contains significantly less pozzolanic material that that
from Texas. Due to this, both the first cracking strengths and compressive strengths for

the substituted mixes are lower. Specifically, average 28 day compressive strength
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dropped from 9.3ksi to 6.9ksi, tensile first cracking strength dropped from 695psi to
653psi, and ultimate tensile strength dropped from 862psi to 840psi. Entrained air
measurements of these mixes incorporating substitute materials exhibit air contents
between 6% and 8%. These are in line with observations made for typical laboratory
mixing of M45 with specified materials. This is not unexpected, as the level of air
entrainment in ECC is closely related to the flowability since most air is entrapped during
mixing rather than intentionally entrained through air entraining admixtures. Due to the
similarities in flowability between previous M45 mixtures and those with the substitute
materials (Figure 5.1), the air content was expected to remain similar. While none of
these differences result in the material failing to meet material specifications, ultimately

the differences in the material performance are noticeable.

53 Contractor Demonstration Mixing

In accordance with the special provision (Appendix D), a demonstration mix was
prepared in cooperation with the general contractor, material supplier, project engineer,
and testing consultants. This demonstration was held on Saturday, July 23, 2005. At
this meeting, four cubic yards of ECC material were mixed using the same batching plant,
materials, and trucks that would be used for the construction pours. This allowed the
material supplier personnel to become familiar with the material batching sequence,
mixing times, and overall procedure. Also in attendance were concrete placing and
finishing crew members from the general contractor. They were brought to witness the
placing of the material, and practice finishing and tining the ECC surface. To do this, a
simple square form (approx 8’ x 8’) was made to contain the fresh ECC material.
Photographs of the demonstration mixing (Figures 5.4 — 5.13), along with tensile curves
(Figures 5.14 — 5.16) and compressive strength results (Figure 5.17) are shown in the
referenced figures. Statistical parameters are summarized in Tables 5.3 (ranges shown

are standard deviation) and 5.4.
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Figure 5.4. Clawson Concrete batching plant Figure 5.5. F-110 Silica Sand batching pile
in Scio Township, Michigan. outside Clawson Concrete

Figure 5.6. Charging concrete truck with Figure 5.7. Adding fibers to truck.
sand, fly ash, cement, water, and high range
water reducer.
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Figure 5.8. Slump cone testing. Figure 5.9. Slump cone measurement.

Figure 5.10. Placement of ECC into Figure 5.11. Screeding of ECC surface.
demonstration formwork.

Figure 5.12. Finished ECC surface after steel Figure 5.13. Close up of finished ECC
troweling and tining. surface after steel troweling and tining.
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Figure 5.14. Representative Tensile Responses of ECC Demonstration Mixing
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Figure 5.15. Tensile Strength Development of ECC Demo Mixing Material




35
.
31 .
.
254 ¢ § % §
= $ §
= 21 ¢ ¢
u? *
c
‘s 15
=
7]
o 1
2
o 0.5
[t
0 . . . .
0 10 20 30 40 50
Age, d (days)

Figure 5.16. Tensile Strain Capacity Development of ECC Demo Mixing Material

9000

L o 24
L X J
L X X4

ol
o
=]
=]
”»e o

Compmressive Strength, f'_ (PSI)

0 10 20 30 40 50
Age, d (days)

Figure 5.17. Compressive Strength Development of ECC Demo Mixing Material



Table 5.3. Statistical Parameters for Compressive and Tensile Testing of ECC Demo Mixing Material

Test
Compressive First Cracking Strength Tensile Strain
Age Actual Req'd. # Actual Req'd. # Actual Req'd. #
4 5023 PSI £ 515 - 6 |500 PSI + 62 26%+0.5 - 6
7 6041 PSI +£252| 3200 6 |570 PSI+40| 500 6 | 24%+0.2 2.0 6
14 6273 PSI +£401| 4000 6 |637 PSI+25| 500 6 | 24%+0.1 2.0 6
28 6946 PSI +£ 311 4500 6 |648 PSI+26] 500 6 | 23%+0.2 2.0 6
45 7357 PSI £ 474 4500 6 |643PSI+19] 500 6 | 23%+0.2 2.0 6

Table 5.4. Fresh Properties of ECC Demo Mixing Material

Test | Result | Required
Temperature 100°F -
Slump 25" dia. 30" dia.
Air Content ~7% -

A number of important recommendations and findings came out of this
demonstration mixing. Foremost among these concerned the slump of the fresh ECC
material upon initial discharge from the mixing truck. The slump measurement of
approximately 25” diameter falls below 30” minimum specified in the MDOT special
provision. This 30” minimum was set to guarantee a flowable mix for proper fiber
dispersion. It was found during the demonstration mix that with adequate mixing time,
fibers could be adequately dispersed with a slightly smaller flow (about 25). In order to
facilitate easier placement on cross-slope of bridge deck, the requirement of a 30 slump
may be relaxed as long as good fiber dispersion is checked visually by MDOT inspectors
or their designee. The mix should be flowable, homogenous, and fibers should be well
dispersed throughout the fresh matrix. No fiber clumps or bundles should be visually
apparent or noticeable to the touch.

Also, the mixing time used during the demonstration mix after addition of fibers
(approximately 5 minutes) was slightly too short, as a small number of fiber bundles were
still intact. It is recommended that between 8-10 minutes of mixing at full RPM is
completed before mixing truck leaves the batching plant. The additional mixing en route,
along with 5 minutes of high agitation upon arrival at the jobsite should alleviate any
concerns of fiber clumping.

Screeding of the material can be accomplished by using a typical hand screed.

This can be followed a few minutes after by hand troweling with a steel trowel. Best
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results can be achieved by through a gentle sweeping motion across the surface while still
in the fresh state. Following the finishing, texturing of the surface can be achieved after
initial setting (15-30 minutes after casting) by carefully drawing a tining rake across the
surface of the material taking care not to disturb the fiber distribution. If this is not
possible, texturing by diamond grinding is allowed after the material has cured and
sufficient strength has been gained to allow for use of heavy machinery on the surface.
These recommendations were also submitted in writing to the project managers,
inspectors, general contractor, and materials supplier at regularly held progress meetings
for the Grove Street project. Each of these recommendations was ultimately

implemented in the final construction and placing of the ECC link slab.
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6.0 Grove Street Bridge Construction

Construction of the Grove Street Bridge over 1-94 (S02 of 81063) began on
Monday, July 25, 2005 with placement of traffic control devices, and concluded on
Monday, October 25, 2005 with complete opening to traffic. This construction project
was completed in two phases, implementing partial width construction to maintain traffic
flow on Grove Street over 1-94 throughout the project.

Unit prices for superstructure concrete on the Grove Street Bridge are shown in
Table 6.1. These include unit prices from both the engineer’s estimate (MDOT design)
and the low bidder (Midwest Bridge) for superstructure concrete forming, finishing, and
curing as measured in square yards, and also prices for the superstructure concrete
material itself per cubic yard. Unit prices for ECC forming, finishing, and curing as
measured in square yards, and also prices for the ECC material itself per cubic yard are

shown for comparison.

Table 6.1 Comparison Unit Prices for Superstructure Concrete and ECC

Item Description Measure Source Amount ($)
Superstructure Concrete - Forming, Square Engineer $100.00
Finishing, and Curing Yard | Midwest Bridge $31.13
Cubic Engineer $165.00

Superstructure Concrete Yard |[MidwestBridge| _ $250.00
. L . Square Engineer $120.00

ECC - Forming, Finishing, and Curing Yard |Midwest Bridge $40.00
Cubic Engineer $350.00

ECC Material

Yard | Midwest Bridge $750.00

6.1 Phase One Construction

Beginning with traffic control on Monday, July 25, 2005, phase one
reconstruction progressed on the east half of Grove Street through Friday, September 23,
2005 when traffic was shifted over to the newly constructed sections and phase two
construction progressed on the west half of Grove Street. The ECC mix design used for
phase one is shown in Table 6.2. Photographs of the construction process, including

essential portions of the link slab detailing are shown in Figures 6.1 — 6.6.
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Table 6.2 Mixing proportions for ECC link slab — phase one

Material | Proportion |Amount (Ibs/cyd)

Cement 1 974

Fly Ash 1.2 1168

Water 0.59 563

Sand 0.8 778

HRWR 0.014 13.6

Fiber (vol%) 0.02 44

Stabilizer Manufacturer's
Recommdation

Figure 6.1. Removal of bituminous asphalt

wearing surface.

Figure 6.2. Exposed steel girders with shear
studs removed.

Figure 6.3. Painting of girders after
installation of new shear connectors. Notice
lack of shear connectors within link slab
debond zone.

Figure 6.4. Preparing formwork for placing
of conventional deck adjacent to each side of
ECC link slab.
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Figure 6.5. Completing installation of Figure 6.6. Shear developers in link slab
continuous reinforcing steel throughout ECC transition zone.
link slab.

Throughout this process, regularly scheduled project progress meetings were
conducted with the general contractor every two weeks. Minutes of applicable meetings
can be found in Appendix F. Research personnel attended all meetings throughout the
implementation of the ECC link slab to answer questions, maintain open lines of
communication, and keep track of overall progress. During this construction phase, a
number of tasks were completed to prepare the link slab for instrumentation during load
testing. Two longitudinal #3 rebar within each phase of the bridge construction were
instrumented with foil strain gauges. Coordination with the bridge contractor and the
reinforcement subcontractor was crucial in these stages to guarantee the instrumented
reinforcement was installed in the correct locations, and the instrumentation was not

damaged during construction.

6.2 Construction of ECC Link Slab — Phase One

Placement of the ECC link slab for phase one took place on Saturday, September
10, 2005. The two bridge spans adjacent to the ECC link slab had been poured overnight
on September 9, 2005 to ensure that they were sufficiently cured to pour the neighboring
ECC link slab. Research team personnel were placed at both the concrete batching plant
and onsite at the Grove Street Bridge to observe, monitor, and document all aspects of the
material mixing, placing, and finishing. Research team members at the Clawson
Concrete batching plant assisted by answering questions and performing flowability and

general rheology inspections before concrete trucks left the plant. This helped assure that
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the material would be acceptable upon arrival at Grove Street. Research personnel at the
Grove Street site were responsible for answering onsite questions, conducting fresh
material testing (i.e. flowability tests, rheology inspections, temperature, air content, etc.),
approval of the fresh material, and oversight of the ECC material placement, finishing,
and curing.

For the approximate 20 cubic yards of ECC material needed for each phase of the
construction, three trucks with 7 cubic yards of ECC material were batched and sent to
the site. Fresh material tests were conducted for each truck on site, along with preparing

specimens for testing hardened mechanical properties. The placement and finishing of

the ECC material for phase one is shown in Figures 6.7 — 6.11.

Figure 6.7. Arrival of ECC material in Figure 6.8. Placement of first truck of ECC
concrete mixing truck. material at link slab location.

Figure 6.9. ECC material flowing thoughout Figure 6.10. Screeding of ECC material to
link slab confines. final surface grade.
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Figure 6.11. Hand finishing of ECC link slab
riding surface.

The results of both fresh property testing and hardened property testing are shown

below in Figures 6.12 — 6.15 and Tables 6.3 — 6.4 (ranges shown are standard deviation).
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Figure 6.12. Representative Tensile Responses of ECC Link Slab - Phase One
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Figure 6.15. Compressive Strength Development of ECC Link Slab — Phase One

Table 6.3. Statistical Parameters for Compressive and Tensile Testing of ECC Link Slab — Phase One

Test
Compressive Tensile Strength Tensile Strain
Age Actual Req'd. # Actual Req'd. # Actual Req'd. #
4 4634 PSI| + 221 - 6 |478 PSI + 38 27%+0.4 - 6
7 6443 PSI + 301 3200 6 |564 PSI| + 31 500 6 | 24%+0.1 2.0 6
14 7085 PSI +£286( 4000 6 |601PSI+39 500 6 | 23%=+0.2 2.0 6
28 7565 PSI £ 642 4500 6 |629 PSI+29 500 6 | 22%+0.1 2.0 6

Table 6.4. Fresh Properties of ECC Link Slab — Phase One

Result Required
Test Plant Site
Temperature Truck 1 - 78°F -
Truck 2 - 80°F -
Truck 3 - 83°F -
Slump Truck 1 31" dia. 23" dia. 30" dia.
Truck 2 33" dia. 28" dia. 30" dia.
Truck 3 31" dia. 28" dia. 30" dia.
Air Content Truck 1 - 4% -
Truck 2 - 2% -
Truck 3 - 1.70% -

First among these results, it can be seen that all minimum values set within the

ECC special provision were met, aside from the required flowability diameters on site.
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As mentioned previously, these requirements were partially relaxed after the
demonstration mixing, after observations showed acceptable material homogeneity and
rheological properties without a slump of 30”. Further, the slightly lower flowability
gave the general contractor more confidence that the material would not ultimately flow
off of the bridge from the 2% crown of the deck. Also, while there were large differences
in the fresh appearance of the ECC on site (i.e. flowability), the differences among the
three trucks measured in the mechanical testing are relatively small, as most of the test
results are indistinguishable between the first, second, or third truck loads.

Overall the tensile response of the material performs in a similar manner to what
was seen in the demonstration mixing. Tensile strain capacity after 7 days exhibits a
wide range of relatively large values, after which it begins to decline while showing less
variability. Ultimately an average strain capacity of 2.2% is shown for the ECC link slab
material. While not a high as values typically seen in the laboratory, this value is
significantly high to accommodate the strain demands exhibited by the adjacent bridge
decks in this application. Finally, the compressive strength gain of the material is very
similar to that seen in the demonstration mix and acceptable for the link slab application
as well.

One observation made during the placing at the bridge site was a distinct
difference in the fresh appearance between the first truck and the final two trucks. This
can be seen in Table 6.4 from the slump values for each truck on site. As shown, the
flowability diameter for the first truck was 23”, while for the second and third trucks was
28”. The second and third batches were much more flowable and liquid in nature than
the first batch, which was more similar to material which is produced under laboratory
conditions. A simple explanation for this difference can be found in the habits of the
individual concrete truck drivers at the batching plant. Unlike batching of concrete which
is done completely from the tower at one time, the batching of ECC material is done in
steps, which were outlined previously in the batching sequence. Therefore, rather than
washing the charging cone of the truck once as is typically done for concrete, for ECC
drivers may wash the charging cone after charging of the sand and water, again after
charging of the cement and fly ash, a third time after charging of the fibers, and
potentially a fourth time after discharging ECC materials at the batching plant for a slump
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test. While 9% of the mixing water was reserved for the washing out process to help
account for this, the exact number of washings a driver undertakes creates variability in
the material water content, and therefore flowability. It was observed that the driver of
the first truck washed the charging cone only twice during the mixing process (after
completed charging of the fibers, and after discharging for the slump test) while the other
two drivers washed the charging cone four times. Using potentially 5-6 gallons per
washout, this may change the mix design by 80 lbs of water, or 2% of the mixing water
for the entire truck. While this value may seem minor, changes of 2% of the mixing
water in laboratory settings have shown significant differences in the flowability of ECC
material. In subsequent batchings, a tighter control on the amount of washing was

exercised to correct this problem.

6.3 Early Age Performance — Phase One

Approximately 3 days after placement of the first phase of the ECC link slab, and
before wet curing was completed, it was discovered that a number of cracks had
developed within the link slab. Initially, these were attributed to shrinkage cracking and
they were monitored up until the time of load testing, approximately one week after
placement of the ECC material. Load testing of phase one of the link slab proceeded on
Monday, September 19, 2005. While the procedure and results of the load tests will be
discussed in a later section, the observations and adjustments made in the days following
the phase one placement had a significant impact on the execution of phase two and
therefore will be discussed here.

Photographs of the cracking are shown in Figures 6.16 — 6.20. Also included is
the age of the link slab when the photographs were taken. As seen from the photographs,
the spacing of the cracks is very regular with a spacing of approximately 8” between each
crack. Also, as can be seen clearly in Figure 6.20, cracks tended to originate from rebar
and propagate radially outward. Further, the most severe observable cracking originated
around the rebar which protrude out of the link slab surface to be cast into the sidewalk
(Figure 6.17). While the vast majority of cracks within the link slab remained about

0.005” to 0.007” in width, some large restrained shrinkage cracks around the

-81 -



reinforcement protruding for the sidewalk approached 0.014”. Figure 6.22 is a diagram

of the phase one link slab showing early age cracking patterns.

Figure 6.16. Cracking within ECC link slab Figure 6.17. Cracking in ECC link slab
with crack width approximately 0.007”. (3 around sidewalk reinforcing steel with crack
Days) width approximately 0.014”. (3 Days)

Figure 6.18. Cracking in ECC link slab Figure 6.19. Cracking in ECC link slab
(highlighted with blue chalk) with crack (highlighted with blue chalk) corner with
width 0.005 and spacing 8”. (8 Days) crack width 0.005. (8 Days)
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Figure 6.20. Cracking in ECC link slab cross Figure 6.21. Steel reinforcement layout
section at reinforcing steel with width 0.007” within ECC link slab.
at surface. (8 Days)
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Figure 6.22. Diagram of cracking in ECC link slab — Phase One
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The crack patterns in the phase one link slab suggest that the reinforcing steel
within the deck may be aiding to generate the cracks within the ECC. This was partially
verified by the photographs of the reinforcing steel installed within the link slab. This is
shown in Figure 6.21. As can be seen, the reinforcing steel along the ECC/concrete
interface is spaced on the order of 8” apart in a consistently regular pattern. After
initiation near the ECC/concrete interface, the cracks tend to steer perpendicular to the
interface as though the entire link slab were a large tensile specimen restrained from free
shrinkage along the edges in contact with the neighboring concrete deck already in place.
This crack steering phenomenon is most pronounced near the acute angle formed by the
link slab edges near centerline of the Grove Street bridge. Due to the strain-hardening
characteristics of ECC material which increases in tensile strength after cracking, these
cracks do not pose any structural concerns. However, their impact on the durability of
the link slab could be significant and potential ways to eliminate them were investigated.
Subsequent static load testing of the Grove Street bridge performed on September 19,
2005 confirmed the structural integrity of the link slab. A complete description of the

load testing and results can be found in section seven.

6.4  Restrained Shrinkage Investigations

The restrained and free shrinkage behavior of ECC materials was investigated
previously by Li et al (2003), and was found to be of little concern for crack formation.
That work consisted of a series of restrained shrinkage rings that were cast using an M45
ECC mix design identical to that used in the link slab aside from the use of approved
substitute materials within the link slab casting. Findings within that study verified that
the cracks that did form in restrained shrinkage specimens were on the order of 0.001”
and therefore too small to impact durability performance. Specimens in that study
however, were cured for 3 days, allowed to air dry, and kept at constant laboratory
temperatures throughout the tests. Additionally, those rings used the exact raw materials
specified within the special provision. Therefore, a series of ring tests were performed to
evaluate the effects of early age curing regimes, curing temperatures, and approved
substitute raw materials. The specimen geometries, measurement methods, and testing

procedure are identical to that outlined in Li et al (2003) unless otherwise discussed
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below. The full series of test parameters is shown in Table 6.5 along with a photograph

of a ring specimen and crack microscope in Figures 6.23 and 6.24.

Table 6.5. Restrained Shrinkage Test Parameters

Ring No. [Mix Design Environment |Wet Curing
1 M45 Outdoors 4 Days
2 M45 Substitute Materials Outdoors 4 Days
3 M45 Substitute Materials Laboratory 4 Days
4 M45 Substitute Materials High Water |Outdoors 4 Days
5 M45 Substitute Materials Low Water |Outdoors 4 Days
6 M45 Substitute Materials Outdoors 4 Hours
7 M45 Substitute Materials Outdoors 7 Days

Figure 6.23. Restrain shrinkage ring test.

Figure 6.24. Restrain shrinkage ring test with
crack width measurement microscope.

Within this test series, the mix designs varied between the standard M45 (ring 1)
with raw materials identical to those mixed in earlier studies to other rings using the
approved substitute raw materials. For ring 4 the amount of water was artificially
increased to produce a version of ECC that was similar in terms of flowability to the
material from trucks two and three during phase one of the link slab pouring. For ring 5,
the amount of water was artificially lowered to produce a very stiff fresh material with
little extra water. All rings aside from ring 3 were kept outdoors over the days of

September 26 — October 3, 2005. Over these days, daytime temperatures averaged 71°F
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while nighttime lows averaged 39°F, giving a wide range of temperatures over the 24
hour daily cycle. In the case of ring 3, the laboratory temperature was set at 68°F + 2°F.
It was also suspected that while burlap and plastic were eventually placed on the link slab,
the initial time (approximately 4 to 5 hours) that elapsed before this happened may have
attributed to much of the early age cracking. Therefore, ring 6 was removed from the
molds and allowed to air cure after 4 hours, only long enough to hold the shape of the
ring specimen. Finally, ring 7 was allowed to remain in the moist mold for 7 days to
examine the effects of the extended curing time on shrinkage cracking.

Many of the problems associated with early age cracking, and in particular with
the larger crack widths exhibited within the link slab, may be related to the development
of the fiber bridging relation at early age. As was discussed in previous research, the
fiber bridging properties within ECC material are the root of the unique strain hardening
behavior. However, these properties take time to develop and therefore if early age
shrinkage occurs before the fiber bridging within the composite has reach an adequate
strength, larger crack widths may result. Within the work done previously by Li et al
(2003), crack formation at such early ages (i.e. hours after casting) was not the focus of
the investigation. In previous studies, all rings had been cured for 4 to 7 days prior to
exposure to drying shrinkage conditions. By this time, the fiber bridging behavior of the
material had matured to a point at which it could resist the formation of large cracks.
This short series of tests was designed to investigate this possibility, along with the
effects of temperature and mixing materials as discussed earlier.

The results of the restrained shrinkage tests are shown Table 6.6 with a summary
of the crack widths and number of cracks in each ring specimen. Within Table 6.6 the
shrinkage strain of the material was computed by dividing the total shrinkage measured
within the specimen (through summation of all crack widths) by the ring circumference

(40.847).
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Table 6.6. Summary of Restrained Shrinkage Testing

Ring No. |No. of Cracks |[Maximum Width |Average Width |[Total Shrinkage |Shrinkage Strain
1 8 0.0016" 0.0012" 0.0094" 0.023%
2 7 0.0016" 0.0012" 0.0087" 0.021%
3 6 0.0016" 0.0012" 0.0071" 0.017%
4 7 0.0024" 0.0014" 0.0102" 0.026%
5 5 0.0012" 0.0010" 0.0051" 0.013%
6 8 0.0024" 0.0015" 0.0118" 0.032%
7 7 0.0016" 0.0012" 0.0087" 0.021%

The results for ring 1 show slightly lower shrinkage results than those reported by
Li et al (2003) in which 10 cracks were observed in each ring ranging in magnitude
between 0.001” and 0.003”. However, considering the variability of water requirements
of fly ash material used in ECC, and the large portion of fly ash within the ECC mix
design, such differences in the number of shrinkage cracks are expected. As can be seen
from the various mix designs and environmental conditions tested, shifting to the
substitute materials alone did not result in a large change in shrinkage strains or crack
width. However, a change in mixing water from 0.59 to 0.61 w/c ratio (ring 4 with
higher water content) did increase the shrinkage cracking and also the average crack
width. Further, the short curing times associated with ring 6 also seemed to promote high
shrinkage deformations. These two factors combined could be partially responsible for
the extensive cracking observed in the phase one link slab.

However, no rings within this series of tests showed crack widths near the 0.006”
to 0.008” widths that are seen on the Grove Street bridge. While the microcrack widths
in ECC are inherently size independent, the combined effects of larger surface area,
thicker slab dimension, and embedded epoxy coated rebar were all regarded as possible
causes for the larger crack widths. Therefore, a larger restrained shrinkage frame was
constructed that combined the effects of a larger slab area, thicker slab dimension, and
embedded #5 reinforcing steel. This frame is shown in Figures 6.25 — 6.27.

This frame was constructed of 3” x 5 X 1/8” angle steel to adequately resist the
shrinkage forces within the ECC slab and promote cracking. The frame measured 40” by
20” and could accommodate a 5 thick slab. To transfer restraint from the frame to the
slab, a series of 0.5 diameter shear connectors were placed on the frame every 3” along

the sides at mid depth. Epoxy coated reinforcing bars (#5) were obtained from the
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contractor and placed in the frame at either 8” or 6” spacing. Two different spacings
were used to determine any impact this may have on crack formation. The reinforcing
steel was also installed at mid depth, or as close as possible due to fabrication
considerations. The slab was cast on a sheet of plastic film to simulate the debonding
paper on the bottom side of the link slab. The ECC M45 was cast on September 26, 2005
and was cured under plastic for 4 days to simulate bridge deck curing. Following this
curing regime, the slab was exposed to laboratory temperature conditions (68°F + 2°F)

and monitored for crack formation.

3X5X0.125 L-angle 0 Epoxy Coated Rebar @ 8"

on all sides (mounted mid depth)
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Figure 6.25. Schematic of Large Restrained Shrinkage Testing Setup

Figure 6.26. Top view of large restrained Figure 6.27. Corner view of large restrained
shrinkage test setup shrinkage test setup
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While this restrained shrinkage frame does more fully represent the field
conditions in the ECC link slab, the same type of cracking observed in the link slab could
not be replicated. After 4 days of curing, no shrinkage cracks could be found and after 7
days (4 curing and 3 lab exposure) a number of small microcracks could be seen. These
have remained stable up to 28 days age when last measured. The appearance and crack

map of the specimen are shown in Figure 6.28.

Figure 6.28. Shinkage specimen after 28 days of age. Cracks are shown
as solid lines along with crack widths at that location. Reinforcing steel
locations are shown as dashed lines.

Unfortunately, due to the tight construction schedule between phases one and two
of the link slab construction, only one larger sized shrinkage specimen of this nature was
cast before making the necessary recommendations and changes for the ECC mix design
of phase two. Three major considerations were drawn upon when making changes to the
mix design. First, from the ring tests it was observed that the use of approved equal
material did not negatively impact the shrinkage behavior of the material and these were
allowed continued use. Second, the flowability and liquidity of the ECC material from
trucks two and three during the phase one construction were higher than that seen in

laboratory grade materials. Reasons for this additional flowability with regard to higher
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water content were discussed previously. Third, the performance of laboratory grade
ECC material in all shrinkage tests was far superior to that exhibited by the phase one
link slab. Therefore, the decision was made to reduce the water content within the ECC
material to a water/cement ratio of 0.57 rather than 0.59. This resulted in a revised mix

design shown in Table 6.7.

Table 6.7. Mixing proportions for ECC link slab- phase two

Material | Proportion |Amount (Ibs/cyd)

Cement 1 973

Fly Ash 1.2 1167

Water 0.57 544

Sand 0.8 778

HRWR 0.015 14.6

Fiber (vol%) 0.02 44

Stabilizer Manufacturer's
Recommdation

To account for the lower water content, and to ensure good flowability the amount
of high range water reducer was increased slightly. This addition was done at the site and
will be discussed in more detail in section 6.6. Additionally, it was decided that for ease
of future use, the amount of stabilizer recommended would follow the manufacturer’s

recommendation or engineer’s recommendation.

6.5 Phase Two Construction

As mentioned previously, phase two of the Grove Street construction began on
Friday, September 23, 2005 when traffic was shifted over to the newly constructed
sections and work progressed on the west half of Grove Street. Photographs of the
construction process, including essential portions of the link slab detailing are shown in

Figures 6.29 — 6.33.
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Figure 6.29. Completion of stay-in-place
formwork, painting of girders, and
installation of new shear connectors.

Figure 6.31. Installation of link slab Figure 6.32. Shear connectors within debond
formwork and continuous reinforcement zone and debonding layer (roofing paper).
throughout link slab and adjacent concrete

Figure 6.33. ECC link slab transition zone
with completed adjacent concrete deck.
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Once again, throughout this process regularly scheduled project progress meetings
were conducted with the general contractor every two weeks. Minutes of applicable
meetings can be found in Appendix F. Research personnel attended all meetings
throughout the implementation to answer questions, maintain open lines of
communication, and keep track of overall progress. As in phase one, coordination with
the bridge contractor and the reinforcement subcontractor was crucial prior to
construction of the actual link slab to guarantee the instrumented reinforcement was
installed in the correct locations, and the instrumentation was not damaged during

construction.

6.6  Construction of ECC Link Slab — Phase Two

Construction of the ECC link slab for phase two took place on Tuesday, October
18, 2005. The two bridge spans adjacent to the ECC link slab had been poured overnight
on October 15, 2005 to ensure that they were sufficiently cured to pour the neighboring
ECC link slab. Once again, research team personnel were placed at both the concrete
batching plant and onsite at the Grove Street Bridge to observe, monitor, and document
all aspects of the material mixing, placing, and finishing. As before, research team
members at the Clawson Concrete batching plant assisted by answering questions and
performing flowability and general rheology inspections before concrete trucks left the
plant. Research personnel at the Grove Street site were responsible for answering onsite
questions, conducting fresh material testing (i.e. flowability tests, rheology inspections,
temperature, air content, etc.), approval of the fresh material, and oversight of the ECC
material placement, finishing, and curing.

As in phase one, approximately 20 cubic yards of ECC material was needed for
the link slab pour so three trucks with 7 cubic yards of ECC material each were batched
and sent to the site. Fresh material tests were conducted for each truck, along with
preparing specimens for testing hardened mechanical properties. The placement and

finishing of the ECC material for phase two is shown in Figures 6.34 — 6.39.
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Figure 6.34. Placing of ECC material at the Figure 6.35. Flowability of ECC material
link slab location — phase two discharging from truck.

Figure 6.36. Placing of ECC material at the Figure 6.37. Screeding of ECC link slab
site — phase two finished surface.

Figure 6.38. Steel trowel finishing of ECC Figure 6.39. Tining of ECC link slab riding
link slab surface. surface.
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The results of both fresh property testing and hardened property testing are shown
below in Figures 6.40 — 6.43 and Tables 6.8 — 6.9 (ranges shown are standard deviation).
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Figure 6.40. Representative Tensile Responses of ECC Link Slab - Phase Two
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Figure 6.41. Tensile Strength Development of ECC Link Slab — Phase Two
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Table 6.8. Statistical Parameters for Compressive and Tensile Testing of ECC Link Slab — Phase Two

Test
Compressive Tensile Strength Tensile Strain
Age Actual Req'd. # Actual Req'd. # Actual Req'd. #
4 4639 PSI + 372 - 6 |494 PSI + 36 27%+0.3 - 6
7 6305 PSI +£381| 3200 6 |573 PSI+56] 500 6 | 25%+0.2 2.0 6
14 7137 PSI1 £486( 4000 6 |613 PSI+40| 500 6 | 24%+0.3 2.0 6
28 7622 PSI £ 642 4500 6 |643 PSI+38] 500 6 | 22%+0.1 2.0 6

Table 6.9. Fresh Properties of ECC Link Slab — Phase Two

Result Required
Test Plant Site
Temperature Truck 1 - 76°F -
Truck 2 - 79°F -
Truck 3 - 86°F -
Slump Truck 1 16" dia. 24" dia. 30" dia.
Truck 2 16" dia. 24" dia. 30" dia.
Truck 3 18" dia. 22" dia. 30" dia.
Air Content Truck 1 - 7% -
Truck 2 - 9% -
Truck 3 - 6.70% -

Once again, as was seen in phase one construction, all minimum material
parameters were met for each mechanical and fresh property requirement, aside from the
flowability test. Additionally, the effect of lower water content can be seen in the slightly
higher compressive strengths and tensile cracking strengths. In terms of fresh ECC
properties, the change in water content, along with tighter regulation of washing water,
led to much lower flowability values at the mixing plant. While the material had good
fiber dispersion and overall rheology, once at the construction site and additional 7% of
high range water reducer was added into the truck to make the material more flowable
and easier to work with while not increasing the water content. This boosted the
proportion of high range water reducer from 0.014 as shown in Table 6.2 to 0.015 as
shown in Table 6.7. As mentioned, this was done primarily for workability
considerations to place the ECC material. Similar to observations discussed previously
in section 5.2, the higher air content within the phase two material (as seen in Table 6.9)
can be attributed primarily to the lower flowability of the material. Air content within
ECC material is heavily dependent upon the amount of air entrapped during mixing

rather than the amount of air entrained through entraining agents as in concrete. Due to
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the lower flowability of ECC material in phase two, the air content is significantly higher
than in material used in phase one.

At the batching plant, greater care was also taken to regulate the amount of
washing water that was used in the charging process. Drivers were instructed only to
wash out after all charging had been complete, and immediately prior to leaving the
batching plant. Further, they were instructed to use exactly 5 gallons of water for this
washing process. This amount of water was kept in reserve from the batching tower for
washing purposes. These steps ultimately led to a material at the site that was much
closer in appearance to laboratory grade ECC regularly mixed by research personnel.
The difference in material appearance between trucks was also negligible in both fresh
properties (Table 6.7) and mechanical properties (Figures 6.41 — 6.43). One additional
side effect of lower slump was a significant increase in air entrainment within the ECC
material. While high levels of air entrainment are not a requirement for good freeze-thaw
resistance in ECC (Li et al 2003), any increase in the amount of air content within the
material simply serves as a greater barrier to freeze-thaw damage. Much of this increase
can likely be attributed to increased entrapment of air during the mixing of the stiffer
ECC material used in phase two. After surface finishing, a white curing compound was
applied to the surface of the link slab and the entire slab was covered with plastic and

burlap after 2 hours of setting time.

6.7 Early Age Performance — Phase Two

Over the first few days following construction of the link slab, numerous visits
were made to the link slab site to monitor the formation of cracks, and confirm the proper
curing procedures were being followed. Over the 6 days of wet curing, no significant
cracking could be found on the link slab surface. However, much of the surface was
inaccessible due to the large burlap and plastic sheets covering the entire deck. After
removal of the curing covers, a number of cracks were found on the surface of the link
slab once again averaging in width from 0.006” to 0.007”. While the number of these
cracks is reduced from phase one construction, a number of cracks had formed and are
shown in a crack map of the phase two link slab in Figure 6.44. While the exact time of

crack formation is not known due to burlap, plastic, and light construction materials
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covering of the link slab, it can be assumed that they appeared at roughly the same age as
cracking in the phase one link slab. Those cracks were first discovered about 3 days after
casting. Load testing of phase two of the link slab proceeded on Saturday, October 22,

2005. The procedure and results of the load tests will be discussed in section seven.
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Figure 6.44. Diagram of cracking in ECC link slab — Phase Two

As can be seen when comparing the crack maps of the two link slab construction
phases, the decrease in water content had a significant impact on the number of cracks
formed within the link slab. Roughly a 30% decrease in the number of mapped cracks
can be seen. However, still of concern is the width of these cracks. Once again, while
their strain-hardening nature does not pose a large structural reliability problem, their
impact on the overall durability of the link slab may be large. As discussed in previous
research by Li et al (2003), cracks that remain under 0.004” in width have shown to be
nearly equivalent to sound concrete with respect to some transport properties. Further

reasons for the larger crack widths in the link slab may be temperature gradients within

-08 -



the 9” ECC deck slab, shrinkage stresses developing before the establishment of proper
fiber-bridging behavior within the ECC, or simply too much water loss at early age. The
effects of each of these scenarios will be investigated further in a separate research

project as a result of the findings of this demonstration project.

6.8  Construction Completion and Restraint of Link Slab by Non-structural
Bridge Components
Following each phase of link slab construction, a concrete sidewalk, concrete

barrier wall, and metal railing were constructed over the full length of the bridge.

Photographs of this construction are shown in Figures 6.45 — 6.48.

Figure 6.45. Construction of concrete Figure 6.46. Reinforcement detailing within
sidewalk and barrier wall. concrete barrier wall.

Figure 6.47. Expansion joint within concrete Figure 6.48. Completed concrete barrier wall
barrier wall and sidewalk. and sidewalk.
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Following completion of the Grove Street construction drawings and release of
the project to bidding, it was realized that while the ECC link slab was designed
following the intent of the research team, the design of a concrete sidewalk and barrier
wall resting on, and connected with, the concrete link slab could represent potential long
term problems. As shown in Figures 6.49 — 6.50b, the concept of a the ECC link slab
requires that the link slab be allowed to strain in tension freely, and not be restrained by
other more brittle bridge components (i.e. concrete sidewalk and barrier walls).

Thermal stresses within the Grove street bridge link slab can be separated into
two classes; uniform thermal stresses and gradient thermal stresses. Uniform thermal
stresses are uniform across the entire cross section of the link slab and result from bearing
deformation at the supporting piers, expansion joint deformation at expansion joints at
either end of the bridge or spans, or restrained functioning of the link plate assembly as
part of the pin-and-hanger assemblies within spans 2 and 3. Gradient thermal stresses are
non-uniform throughout the cross section but rather are a result of differential heating and
cooling of the bridge deck resulting in a temperature gradient and therefore a distribution
of stresses. The relative magnitudes of these stresses are considered when allowing

concrete sidewalk and barrier wall to be used in conjunction with the ECC link slab.

Continuous Reinforcement Shear Stud ECC Link Slab Deck Interface Concrete Deck
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Figure 6.49. ECC design concept for link slab made from strain hardening cementitious composites.
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Concrete Railing Concrete Sidewalk
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to Inability of Concrete to Strain and Railing them defrom with Deck and Beams

Figure 6.50a. Concrete sidewalk and barrier wall defoming incompatibly with ECC link slab resulting in
localization of cracking at ends of link slab or under concrete expansion joint. (Potential stress

concentration locations highlighted by circling.)

Figure 6.50b. Concrete sidewalk and barrier wall defoming incompatibly with ECC link slab resulting in

distributed cracking within the concrete sidewalk and barrier wall.

As seen in Figure 6.49, the thermal deformation of the adjacent bridge decks is
accommodated over the entire length of the ECC link slab. For this deformation to be
distributed over a reasonable length, and not simply concentrated over the small gap
between the steel girders, a debond zone is constructed to allow the highly ductile ECC
material to diffuse large deformations throughout the entire link slab evenly. This

diffusion generates the characteristic microcracking behavior commonly seen in ECC
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material. However, if a stiff concrete sidewalk and barrier wall are constructed upon the
ECC link slab, and connected to the link slab by steel reinforcement, the ability of the
ECC material to deform freely is compromised. This may result in two failures
depending upon the amount shear transfer between sidewalk and ECC link slab. As
shown in Figure 6.50a, the stiff concrete sidewalk and barrier may restrain the link slab
from deforming over its entire length and localize all deformation at each end of the link
slab and immediately under the 17 expansion joint within the sidewalk and barrier at
reference line 2 (Figure 6.47). Another scenario may result in the link slab deformation
simply being transferred to the concrete sidewalk and barrier (Figure 6.50b), resulting in
large cracks within the sidewalk and barrier immediately above the link slab. This is less
likely however, since the low reinforcing ratio within the sidewalk and barrier is not high
enough to allow the concrete to deform in this manner. To achieve highly ductile
deformation in reinforced concrete before failure, similar to that seen in ECC material,
reinforcement ratios must typically be on the order of 4%+. Due to the low reinforcing
ratio within the sidewalk and barrier walls in the longitudinal direction, the likelihood of
achieving this highly ductile performance is unlikely. Therefore the likelihood of these
concrete members acting as a restraining member increases.

The ultimate impact of the concrete restraint on the ECC link slab would likely be
a large number of localized cracks forming at each end of the link slab at the gutter, along
with at the centerline of the link slab (under the 1” open joint in the sidewalk and barrier
wall) near the gutter. Once away from the gutter, these cracks would likely dissipate as
the restraint provided by the sidewalk and barriers at the edge of the bridge deck would
also dissipate.

A number of solutions were discussed to resolve this problem. Two such

solutions are shown in Figures 6.51 and 6.52.
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Figure 6.51. ECC link slab with ECC sidewalk and barrier wall.

\
Debonding Paper

Figure 6.52. ECC link slab with debonded concrete sidewalk and barrier wall.

The first solution proposed was simply to cast the ECC link slab deck, the
sidewalk, and concrete barrier all out of the ECC material (Figure 6.51). This would
allow the complete cross section of the bridge within the link slab to deform in an equally
ductile manner. This was the original intent of the research team during conceptual
planning phases of the link slab research work. Due to the difficulty of providing small
amounts of ECC material, such as the 2 to 3 yards batches which would have been
necessary to complete the sidewalk and barrier pours, it was decided that this was not an
economical solution. However, as increasing amounts of ECC material are used, this

scale problem may be resolved.
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A second more practical solution was also proposed which allowed the use of
concrete sidewalk and barrier wall, while still allowing the ECC link slab to deform as
intended (Figure 6.52). Within this solution, a second layer of debonding paper is used to
separate the ECC link slab from the concrete sidewalk and barrier. Additionally, no
reinforcement is placed connecting the sidewalk or barrier to the link slab. This allows
the ECC material, which is sandwiched between the steel girders and concrete sidewalk,
to strain freely. Floating freely on top of the ECC, the concrete sidewalk and barrier can
deform through the 1” expansion joint provided at reference line 2. Ultimately, this
solution was also abandoned due to the potential durability impacts of the freely floating
concrete sidewalk and barrier on top of the ECC link slab.

Within this demonstration project, the ECC link slab is not being used to
completely replace expansion joints within the Grove Street bridge. Rather, this
demonstration is intended to investigate the overall processing of the ECC material on a
large scale, introduce practicing engineers and contractors to the material, address any
implementation problems which may arise, and monitor the long term performance of the
ECC material under traffic and environmental loads. The Grove Street bridge, in
addition to the ECC link slab, has two conventional expansion joints to accommodate
thermal expansion and contraction within the structure. One expansion joint is on each
end of the main center spans at reference lines 1 and 3. The complete replacement of
expansion joints may be considered in the future, which is already accommodated within
the design examples provided in section three and Appendix D.

Using standard LRFD calculation procedures for stresses within the deck due to
temperature deformation (Section 3.12.3), the stress level in the link slab was calculated
accounting for the presence of the conventional link plate assembly and expansion joints
on either end of adjacent spans. The stress levels within the ECC link slab are shown in
Table 6.10 with associated calculations given in Appendix G. Within this table the
maximum tensile and compressive stresses in the ECC link slab are shown under two
conditions both with and without the concrete walk. Further, both a positive and negative
temperature gradient are shown, along with the uniform stresses due to temperature

change.
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Table 6.10. Maximum Tensile and Compressive Stresses within the ECC Link Slab and ECC Link Slab

with Concrete Sidewalk Due to Positive and Negative Temperature Gradients and Uniform Stresses

Maximum Maximum ECC

ECC Tensile Compressive
ECC Deck Stress (ksi) Stress (ksi)
Temperature Gradient Increase 0.143 0.485
Temperature Gradient Decrease 0.148 0.042
ECC Deck with Conc Walk
Temperature Gradient Increase 0.149 N/A
Temperature Gradient Decrease N/A 0.044
Uniform Stress 0.005 N/A

Within this specific application, the stress level within the link slab due to
temperature deformations within the adjacent spans remains far below the 500psi
cracking strength of the ECC material in tension (as seen in Table 6.10). Therefore, the
demand for tensile deformation within the link slab can be considered negligible. If the
link slab is never subjected to tensile loads or deformations, there remains little concern
over the restraint provided by the concrete sidewalk and barrier wall. In this
demonstration application the use of concrete sidewalk and barrier wall was permitted.
The impacts that these concrete elements may have on the overall performance of the link
slab will be monitored over time, and this design change may be disallowed if proven
detrimental to the link slab performance.

In addition to the concrete sidewalk and barrier walls, other construction practices
were found to interfere with the overall performance of the ECC link slab. One such
practice was the use of stay-in-place formwork under the link slab. As shown in Figure
6.29, it is essential that the link slab be able to deform over the entire length of the
debond zone. To allow for this, while still using stay-in-place formwork, it was
suggested to expand the use of the debonding material over the entire bottom side of the
link slab within the debond zone, rather than just over the girders. In this fashion, roofing
paper was placed over the entire debond zone over both the girders and the stay-in-place

formwork before casting of the link slab. This is one such example of the lessons learned
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by accommodating the link slab technology to current construction practices, with the
understanding that some of these practices may have large unintended impacts on the
performance of the link slab. The ECC link slab design guidelines and other
accompanying documents have been altered to reflect these changes. Please see the

relevant appendices for complete details.
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7.0 Load Testing

To validate the performance of the ECC link slab adopted for the Grove Street
Bridge, static load testing was proposed for the bridge immediately following its
construction. This opportunity permitted the design team to validate design assumptions
and to monitor the response of the ECC link slab under static loading. One design
assumption to be validated is that the ductile link slab element allows bridge spans to
behave as simply supported spans. In particular, the instrumentation adopted in the study
will focus upon two response parameters of the link slab under static loading. First, to
verify the live loading (AASHTO HS-25 truck load) does not induce beam end rotations
larger than those calculated in the design, the strain of the ECC link-slab top surface will
be measured under various loading scenarios. In addition, to validate the design
procedures for flexible link slab elements set forth by Li et al (2003), the rotation of the
steel girders will be measured immediately below the link slab. Measured beam rotations
can be used to theoretically determine the maximum strain in the link-slab surface;
predicted strains in the vicinity of measured surface strain would serve as verification of
the design process.

In order to examine the performance of the ECC jointless bridge under its most
severe design live load condition, an HS 25-44 truck is required to load the bridge during
testing. Due to the unavailability of an HS-25 truck and the safety requirements of the
State of Michigan, a truck that creates the equivalent load effect of an HS-25 truck was
selected. In particular, a 6-axle carting truck obtained from Hendrickson Trucking
(Jackson, Michigan) was selected for loading the Grove Street Bridge during static load
testing. Figure 7.1 shows the standard AASHTO specification of an HS 25-44 truck and
the loading details of the Hendrickson 6-axle truck used during load testing. Prior to load
testing, the trucks are accurately weighed using weigh scales at the trucking company and
at a high-precision highway load station (Grass Lake 1-94 Weigh Station, Michigan)
operated by the Michigan State Police.
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Figure 7.1. (a) AASHTO HS25 truck loading, (b) 6-axle carting truck used during load testing

7.1 Predicted Bridge Response

Prior to load testing, an analytical model of the target bridge is formulated so as to
predict the response of the ECC link slab under static loading. Since construction of the
Grove Street Bridge is carried out in two phases with each phase constructing one half of
the bridge, a half-width analytical bridge model is formulated. The analytical model
assumes the link slab is sufficiently soft such that the spans on both sides of the link slab
behave as simply supported concrete deck-steel girder composite spans. Thus,
conservative responses (end rotation and surface strain) serving as upper limits for the

anticipate true response are calculated.

Figure 7.2 provides the half-width section details:
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Half Bridge Deck Cross Section
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Figure 7.2. Details of the half width bridge section

The following elastic properties are assumed for the concrete deck (since the load testing

was scheduled earlier than 28 days after casting, /.’ was assumed to be a lower value than
the design strength of 5000 psi):

£.'=4000 psi Equation 7-1

E_=57000,/f.'=3605 ksi Equation 7-2

The following properties are assumed for the steel:

E =29000 ksi Equation 7-3

Equation 7-4

To carry out the analysis, the half-width bridge section is transformed to be made
of steel, as shown in Figure 7.3:
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Figure 7.3. Transformed half width bridge section

The properties of the transformed section (neutral axis and inertia) are then calculated:

N.A=37.6" away from bottom
=372542 in*

total

In the analysis, the Hendrickson 6-axles truck loading is used (see Figure 7.4):

13 (kips)

ISP PRNTY

Figure 7.4. HS25-44 axle loading profile

Based on the link slab design concept, a simply supported beam is modeled for

Span 2 & 3 (see Figure 7.5):

16 16 13 13 13 (kips)
Shear Link
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Figure 7.5. Simply supported beam model

By assuming elastic deformation and applying the superposition method, an
influence line analysis provides the location of the truck from the beam end, x, that
induces maximum beam end rotations. Here, the 111°-3” length corresponds to Span 2 &
3 spanning from the center line of the pin connection provided by the cantilever spans to

the center of the bridge pier.
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Distance:
x =34.66'

Maximum mid-span deflection (NOTE: link slab is designed to undergo elastic response
due to a maximum mid-span displacement of Ly,,,/800) and span end rotation due to the

corresponding load testing truck are:

A=039 in
6 =0.00104 rad

Based upon this maximum relative span end rotation, the corresponding bending

moment developed in the link slab is then obtained (Caner and Zia 1998):
_ 2FI,
Ld

4

Mls

Equation 7-5

where E is the elastic modulus of link slab material (here, ECC) and ;s is the section
moment of inertia of the link slab; L. is the length of debonding zone.

Due to the placement of roofing paper to debond the link slab from the girder
ends, £ and / are associated with the material and section properties of the ECC link slab
only. Consistent with the guidelines specified by Caner and Zia (1998), the
reinforcement in the ECC link slab is neglected in this analysis. According to beam

theory, the strain on the central top surface of the link slab is:

d
Mls E d

&= =—0 =683 & Equation 7-6
EI L, H q

where d is the depth of the link slab (9 in), and L. is the length of debonding zone (137

in).
7.2 Instrumentation Strategy

Instrumentation of the Grove Street Bridge is intended to assess the performance

of the ECC link-slab and the adjoining free spans of the bridge. The stated goals of
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testing are to ascertain two response parameters of the bridge: 1) the rotation of the girder
ends of both simply supported spans in the vicinity of the link slab, and, 2) the maximum
tensile strain of the link slab top surface under static live loading conditions (HS25
trucks). Before describing the specific sensors selected, it should be noted that the Grove
Street Bridge is constructed in two stages. First, phase one specifies the removal of half
of the bridge deck with 2 lanes of bidirectional traffic directed to the remaining portion of
the bridge. Once the removed portion of the bridge is reconstructed and fully cured, it is
reopened to traffic with the other side of the bridge closed for reconstruction. The two
stages of construction allow the behavior of the link slab to be tested twice. First, the
half-section span newly constructed at the end of phase one, was tested on September 19,
2005 (which was roughly 9 days after the initial deck placement). After the second half
of the bridge was reconstructed, the full width bridge was tested on October 29, 2005
(which was roughly 12 days after the initial deck placement).

7.2.1 Strain Gage Installation upon the Link Slab Steel Reinforcement

The strain response of the ECC link slab element was monitored using strain
gages mounted to the continuous steel reinforcement that runs parallel to the bridge
centerline. The epoxy coating on the reinforcement steel was removed and thin film
strain gages (Texas Measurements FLA-5) were mounted to a flat smooth surface

machined on the steel face. The gage factor of these 120 Q strain gages were 2 and their

161"
Face of side walk

ott— 10—y
N
v
N
]

Stage 2 Reconstructior
Stage 1 Reconstructior

& Strair
# Gage
(Steel Rebar)

Face of side walk
Link Slab Top View

(a)

Figure 7.6. Metal foil strain gages embedded in link slab: (a) position within the link slab, and (b)
strain gage mounted to a reinforcement bar surface
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Figure 7.7. (a) Positions of surface strain gages, (b) instrumentation to measure link slab strain: metal
foil strain gage, Bridge Diagnostics strain transducer and wireless sensing unit

gage length was 0.2 in. After the strain gages were securely mounted (Texas
Measurements CN bonding adhesive), epoxy was recoated upon the bar to protect it from
long-term corrosion. The wires that originate from the gages were carried to the slab’s
top surface where they connected to the data acquisition system. In total, six FLA-5
gages were installed upon the buried reinforcement in the link slab. Three gages were
mounted upon a reinforcement bar in the center of the reconstructed bridge span
completed in phase one while the remaining three were embedded in the reconstructed

span of phase two. Figure 7.6 provides details on the placement of the strain gages.

7.2.2 Strain Gage Installation upon the Link Slab Top Surface
Mounted to the top surface of the Grove Street Bridge link slab was an additional

set of metal foil strain gages (Texas Measurements metal-backing Strain Gage FLM-60-
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11 with a 2.4 in. gage length, 2.0 gage factor and 120 Q resistance). In total, 12 thin film
gages were mounted to the road surface. Six were installed in the center of the roadway
for the phase one link slab while the remaining six were installed upon the phase two slab.
As shown in Figure 7.7a, the surface mounted gages were situated immediately above the
strain gages surface mounted to the buried reinforcement (which are shown in Figure 7.6).

Since the anticipated strain level in the Grove Street Bridge was quite small (~70
pe), the metal foil strain gages mounted to both the reinforcement and link slab surface
might not be able to accurately measure the strain. As an alternative, a high precision
strain transducer manufactured by Bridge Diagnostics, Inc was adopted to measure the
link slab surface strain during phase two testing. The full bridge strain transducer had an
effective 3 in gage length and sensitivity of 300 pe/mV/V. To mount the strain
transducer to the link slab surface, pegs were first epoxy mounted to the bridge deck; the
strain transducer was then bolted to the pegs. Unlike all of the other transducers selected
in this study, the Bridge Diagnostics transducer was recorded using a data acquisition
system provided by Bridge Diagnostics. A picture of both a metal foil strain gage and

Bridge Diagnostic strain transducer are presented in Figure 7.7b.

7.2.3 Linear Variable Differential Transducers (LVDT) for Beam Rotation

To measure the rotation of the bridge spans located to the left and right of pier 2, a
set of identical LVDTs were installed at the top and bottom surfaces of two adjacent steel
beam webs. The LVDT selected in this study was the Novotechnik TR10 (maximum
displacement of 10 mm). Aluminum blocks to which the LVDTs could be screwed were
epoxy mounted to the girder webs. To attach the LVDTs to the adjacent girder ends,
another aluminum block was attached to the other girder. A small hook was screwed into
this second block so that a piece of fishing string could be attached between the LVDT
and hook. With one LVDT measuring the relative displacement of the girder tops and
another for measuring the relative displacement of the girder bottoms, an accurate means
of measuring beam rotation was derived. Two girders immediately below the center of
the roadway had LDVTs installed at the girder ends (the second and third girder as

counting from the side of the bridge). Please see Figure 7.8 for an illustration of the
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LVDT configuration as well as a picture of the actual installation. Table 7.1 summarizes

the specifications of all the sensors used during the loading tests.

Table 7.1. Summary of sensing transducers

Texas Texas Bridge Novotechnik
Measurements Measurements Diagnostics TR-10
FLM-60-11 FLA-5 Strain Sensor LVDT
Gage Length 2.4 1in 0.2 in 3in -
Gage Factor 2 2 - -
Resistance 120 Q 120 Q 350 Q 1 kQ
Sensitivity - - 300 pe/mV/V 12.7 V/in
Stroke - - - 0.4 in
DAQ System Wireless Wireless Wired (BDI) Wireless

7.2.4 Data Acquisition

For the collection of bridge response data, a wireless monitoring system
assembled from wireless sensing units was employed (Wang, Lynch and Law 2005). The
wireless sensing units are not sensor per se, but rather are autonomous nodes of a
wireless data acquisition system to which traditional sensors (e.g. accelerometers, strain
gages, among others) can be interfaced. The wireless sensors were assembled from off
the shelf electrical components to offer true 16-bit data acquisition capabilities. The
advantages of using a wireless monitoring system are their easy installation that can be
quicker than the installation time needed for wired systems. The wireless sensing units
employed in this study were academic prototypes designed and fabricated at the
University of Michigan. They featured 4-sensor channels for simultaneous data
collection. In addition, the wireless sensors could achieve communication ranges of up to
1000 ft. When deployed upon the Grove Street Bridge, the wireless sensing units were
powered by batteries (5 AA batteries) that offered an operational life expectancy of 30
continuous hours. A picture of the completed wireless sensing unit prototype employed
in this study is shown in Figure 7.9.

The wireless sensing unit was capable of reading sensor outputs ranging from 0 to
5 V. This permitted the LVDTs to be easily connected to the wireless sensors. However,
a large portion of the field study was the collection of data from strain gages. To
accommodate the reading of strain from strain gages in the field, a Wheatstone bridge

circuit was required. A separate signal conditioning board was designed and fabricated
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that allows the 120 Q strain gage to be connected to a Wheatstone bridge circuit with the
bridge output amplified and modulated on a 2.5 V mean signal. The result was a small
circuit that amplifies the bridge output by 50 before superimposing it upon a 2.5 V output
that was connected to the wireless sensing unit. A picture of the strain gage circuit is
shown in Figure 7.9b.

As previously described, the Bridge Diagnostic strain transducer required a
special data acquisition system (wired). The data acquisition system was the Structural

Testing System II from Bridge Diagnostics. This data acquisition system was a multi-
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Figure 7.8. (a) Linear displacement transducers installation location and (b) LVDT mounted to the top
of Girder 2’s web
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(a) (b)
Figure 7.9. (a) Fully assembled wireless sensing unit prototype (battery and external container not
shown for clarity) and (b) strain gage interface circuit

channel (maximum channel count of 128) system and had variable hardware gain on the
sensor channel inputs. Internally, the data acquisition system had an analog-to-digital

conversion resolution of 14-bits.

7.3 Loading Tests

Two HS-25 trucks were reserved for static load testing on both test dates
(September 19 and October 29, 2005). Prior to arrival on-site, the weight distribution of
each truck axle was measured. For load testing on September 19, 2005, the two trucks
are accurately measured at the Grass Lake Weigh Station. Due to the closure of this
weight station on the weekends, the trucks used on October 29 (Saturday) were weighed
using a less accurate scale at the trucking company. Table 7.2 summarizes the axle

weights for each set of trucks used during both load tests.

Table 7.2. Axle weights of trucks used for load testing

Load Test 1 (September 19, 2005) Load Test 2 (October 29, 2005) *

Truck A Truck B Truck A Truck B
Axle 1(Front) 14830 1b 14680 1b 14800 1b 13380 1b
Axle 2 15460 1b 16750 Ib 15500 Ib 18080 Ib
Axle 3 15430 1b 16310 1b 15500 1b 11520 1b
Axle 4 15200 1b 11730 1b 14500 1b 16380 1b
Axle 5 13590 Ib 14250 Ib 13610 Ib 13180 Ib
Axle 6 (Back) 13740 1b 15250 1b 13990 1b 16500 1b

* Note: Measured at the trucking company (Hendrickson)
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Figure 7.10. Plan view of bridge span loaded on September 19, 2005

7.3.1 Phase One Load Testing - September 19, 2005

The first load test was intended to measure the static response of the link slab
under truck loading after the first stage of construction was completed. After phase one,
a 1 ft construction gap existed between the reconstructed bridge span and the original
span that remained open to traffic, as shown in Figure 7.10. This allowed the link slab in
its half width configuration to be loaded and its corresponding response measured. It
should be noted that the response of the link slab in this configuration would be
consistent with the analytical model previously presented where the bridge was
considered half width.

During this stage of load testing, two types of sensing transducer were installed:
LVDTs and metal foil strain gages. Unfortunately, a construction crew had cut the
fishing string between the LVDT and the hook. This situation was not noticed till the day
of testing (due to the absence of a variable sensor output during loading). With
accessibility to the LVDT limited, the day of testing did not leave sufficient time to repair
the fishing string. As a result, the rotation of the girder ends were not measured during

the load tests.
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Using the analytical model as a guide, two Hendrickson trucks were positioned
upon Span 2 and 3 in locations to induce maximum rotation of the beam ends. As shown
in Figure 7.11, the two trucks were slowly (5 mph) driven to a position 35 feet from the
center of the link slab with each side of the truck 10 feet away from the curb and edge of
construction gap. Once the trucks arrived to their position, they stopped and parked.
While the trucks were driven to this position, the wireless monitoring system was
recording (at 50 Hz) the strain from the three strain gages mounted to the reinforcement
(denoted as S1, S2 and S3 as shown in Figure 7.6a). In addition, the surface mounted
strain gages were simultaneously monitored, but the results from these gages suffered
from extreme zero-mean drifts and were not considered reliable. In contrast, the strain
gages mounted to the reinforcement bar provided good strain response measures of the
link slab. As shown in Figure 7.12, the mean strain at strain gage S2 was roughly 95 pe
while at S1 and S3 it was lower at 48 pe. This is expected since strain gage S2 was at the
center of the link slab while S1 and S3 were situated 2 ft from S1. At some location
along the length of the link slab, the link slab must have zero curvature suggesting the
strains would reduce as the measurement point is moved away from the link slab center.
As can be seen by the strain gage time history plots, the strain gages suffered from some
variation in their zero-mean signal.

During the second load test, the trucks were positioned on the same side of the
bridge. The two trucks drove to the 35 ft position from the link slab center in concert.
The trucks were held in this position for about 2 minutes before being requested to move
back to their initial position at the bridge abutment. The position of the trucks are shown
in Figure 7.13. Again, the strain in the reinforcement bar at strain gage locations S1, S2
and S3 were recorded by the wireless monitoring system throughout the duration of the
load test (again sampled at 50 Hz). The recorded response is presented in Figure 7.14.
When the bridge is initially loaded by the trucks, the strain in the link slab reinforcement
initially decreased due to the deflection of the cantilever span under the two trucks. This
deflection resulted in the cantilever pin connection to raise inducing compressive loading
on the link slab. Once the trucks crossed over the expansion joint located over the
cantilever pin connection, the strain in the link slab was tensile strain. Ultimately when

the trucks stopped, the strain in S1, S2 and S3 were 110, 51 and 43 pe, respectively. This
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Figure 7.13. (a) Transverse truck location of Test #2; (b) Load plan for Test #2

result is reasonable considering two trucks are loaded on one side of the link slab;
therefore S1 should provide the greatest strain in the link slab. After one minute, the
trucks were requested to go in reverse to their original positions at the bridge abutment.
Two strain gages, S1 and S2, returned to their initial zero-mean position and S3 did not.
The maximum tensile strain before strain hardening was initiated in the ECC link slab is
above 150 pe. As a result, we conclude that the ECC link slab remained elastic during

both load test #1 and #2.
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Figure 7.14. Strain response of link slab during Test #2

To summarize the field experience during the first phase of testing, we see that
the strain gages on the link slab reinforcement provided reasonably accurate results for
strain. However, many of the metal foil gages suffered from mean drifts. In response to
the poor performance encountered, it was decided that for the second phase of testing, a
more accurate means of measuring surface strain in the link slab would need to be
selected. In response to this need, the Bridge Diagnostic strain measurement system was

explored for use in phase two static load testing.

7.3.2 Phase Two Load Testing (Full Width) - October 29, 2005

After phase two construction was completed, the bridge was again tested under
static loading. During this second phase of testing, the bridge was now full width with
the newly constructed portion joined to the span constructed during phase one.
Throughout the static load test, the phase one portion of the bridge was kept open to
routine traffic. Because the analytical model was based on a half width bridge section,
smaller responses from this loading test are anticipated. However, as will be shown in
the next section, a complete finite element model of the bridge was constructed to

provide a more accurate check on the numbers measured in the field. Prior to testing,
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Figure 7.15. Plan view of bridge span loaded on October 29, 2005

LVDTs were fastened to the ends of girders 2 and 3 (see Figure 7.8) to measure beam
rotations. In addition, it is decided to not employ metal foil strain gages due to their
serious zero mean drifts and to adopt the Bridge Diagnostics strain transducers securely
fastened to the link slab surface immediately above strain gage location S2. Figure 7.15
presents a plan view of the bridge with the side of the bridge reserved for loading testing
clearly labeled.

The tests were divided into several runs with different truck speeds and different
loading locations. In order to examine the sensitivity of the link slab response to loading
rate, two truck speeds were adopted: 5 and 10 mph. From the analytical model, the
maximum induced moment in the link slab occurs when the two trucks are moving
toward the link slab and stop with their first axels 35 feet away from the link slab center.
Figure 7.16 through 7.20 present the 5 different load tests prescribed for the Grove Street
Bridge on October 29, 2006. Test 1 consisted of the trucks driving (10 mph) from
opposite ends of the bridge and parking 35 ft from the link slab center to induce
maximum strain in the link slab. In a similar fashion, Test 2 achieved the same loading
position but the trucks are driven slower (5 mph). Test 3 had the two trucks on the same
side of the bridge driving at 10 mph to 35 ft from the link slab center. Test 4 droves the
trucks at 10 mph up to the link slab boundary. Finally, Test 5 droves one truck over from

one bridge end to the other at 10 mph; this test was not static and considered dynamic.
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In each test, the strain response measured by the Bridge Diagnostics strain
transducer was recorded by the wired data acquisition system at a sample rate of 50 Hz.
In contrast, the LVDTs on girders 2 and 3 were measured by the wireless sensing units at
a sample rate of 100 Hz. After the relative beam displacement at the girder tops and
bottoms were recorded, the rotation of the girder ends were calculated. End rotations of

the girders were calculated by the following formula and geometry shown in Figure 7.21:
2h'é=(D-D,)+(D,-D) Equation 7-7

_(D-D,)+(Dt-D)
B 2h'

0

Equation 7-8
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Figure 7.21. Determination of beam rotations based on LVDT readings

According to the link slab design concept proposed by Caner and Zia (1998), the
induced moment of the link slab due to end rotation could be obtained by:
M, = 2EL, 0 Equation 7-9
A Ldz
where E is the Young’s modulus of link slab material, ECC in this project, and 7 is the
moment inertia of link slab gross section only. L, is the length of debonding zone. In
this project, L4 is equal to 137 in. As a result, the upper surface strain of link slab could

also be calculated based on the measured end rotation:

M

d
Is ~

2 _ i@ Equation 7-10
EI L,

E =

where d is the depth of link slab. It should be noted that this formula is under the
assumptions of pure bending and a symmetric cross section of the link slab.

Figures 7.22 to 7.26 show the measured responses of the bridge under loading
posed by Tests 1 through 5, respectively, as well as derived results such as the link slab
strain calculated from the LVDT readings. In each figure, part (a) shows the top LVDT
reading, bottom LVDT reading, total rotation, and the calculated surface strain (using
Equation 7-10) in sequence, while part (b) shows the measured surface strain from the
Bridge Diagnostics transducers, the calculated surface strain from part (a), and a

comparison of the two. As seen for each test, a strong correlation existed between the
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surface strain measurement and the strain obtained from the span end rotations. The only
test for which this correlation was not quite true was for Test 5 in which the truck was
driven across the whole bridge (dynamic loading).

Table 7.3 summarizes all of the test results acquired during both phase one and
two of the study. The measured strain refers to strain responses recorded by the strain
gages on the reinforcement bars in phase one and by the surface strain gages during phase
two. The girder end rotations for the second and third girder of the full width span (see
Fig. 7.8) were calculated based on the readings of relative displacement recorded by the
LVDTs installed on the girders. The estimated strains were based on the design relations
provided by Caner and Zia (1998) (Equation 7-10) and were calculated using the
measured girder rotations. As predicted, these estimated surface strains were within 20%
of those measured by the strain transducer. This observation directly justifies the
feasibility of the ECC link slab design concept. Moreover, all of the measured link slab
responses, including surface strains and span end rotations, were much smaller than those
predicted by the analytical model. This is expected since the analytical model was based
on a half width bridge section where as during these load tests, the bridge was full width.
Finally, the load tests again confirmed the ECC link slab was well within its elastic

response regime under the different truck loadings.

Table 7.3. Summary of static load test results

PHASE I PHASE 11
Test 1 Test 2 Test 1 Test 2 Test 3 Test 4 Test 5
Measured 95 ne 110 pe 42.1 pe 52.6 pe 27.6 ue 22.4 ue 36.8 pe
Strain (Rebar) | (Rebar) | (Slab Surf) | (Slab Surf) | (Slab Surf) | (Slab Surf) (Slab Surf)
Girder 2 (G2) 0.00098170
Rotation (Rad) N/A N/A 0.00075411 | 0.00075089 | 0.00084940 | 0.00060788 (Max)
Strain Estimate
from Rotation G2 N/A N/A 49.5 ne 49.3 e 27.9 ue 20.0 pe 32.2 pe
% Difference N/A N/A 17.5% -6.3% 1.1% -10.7% -12.5%
Girder 3 (G3) 0.00093874
Rotation (Rad) N/A N/A 0.00076077 | 0.00068957 | 0.00071902 | 0.00055954 (Max)
Strain Estimate
from Rotation G3 N/A N/A 50.0 pe 45.3 ue 23.6 ue 18.4 e 30.8 e
% Difference N/A N/A 18.7% -13.9% -14.5% 17.8% -16.3%
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Figure 7.22. Test #1 results (a) LVDT measurement (b) Strain gage measurement
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Figure 7.23. Test #2 results (a) LVDT measurement (b) Strain gage measurement

-132 -



Test3 LVDT--Second Girder——Top

S
2] /
5 0 1 1 1 1 J
0 20 40 60 80 100
Time (sec)
. Test3 LVDT--Second Girder——-Bottom
c
= 0
; —0.01F
g -002+ \
= _0_03 1 T I T ]
a
0 20 40 60 80 100
. Time (sec)
T x 1074 Test3 Second Girder Rotation
= 12 r
pt L
20
g _5 1 1 1 1 J
g 0 20 40 60 80 100
Time (sec)
c Test3 Calculated Surface Strain (from LVDTS)
= 20+
9 10t /
5 O
-5 _10 1 1 1 1 J
0 20 40 60 80 100
Time (sec)
(a)
Test3 Measured Surface Strain
- 30r
8 20r
n
o 1or
S 0
=
_lo L L L L J
0 20 40 60 80 100
Time (sec)
Test3 Calculated Surface Strain (from LVDTS)
g 301
% 20
o 1or
s 0
E _lo 1 1 1 1 J
0 20 40 60 80 100
Time (sec)
Strain Comparison
e 3r v
8 201
g 10+ Measured
S 0 Calculated
=
_10 1 1 1 1 J
0 20 40 60 80 100
Time (sec)
(b)

Figure 7.24. Test #3 results (a) LVDT measurement (b) Strain gage measurement
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Figure 7.25. Test #4 results (a) LVDT measurement (b) Strain gage measurement
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Figure 7.26. Test #5 results (a) LVDT measurement (b) Strain gage measurement
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(b) (©)

Figure 7.27. (a) SAP2000 Grove Street simple supported beam span model with yellow lines denoting
girders and red lines representing the finite element mesh of the bridge deck. (b) Modeled truck
loading from 6-axel Hendrickson truck, and (¢) corresponding bridge response.

7.4 Finite Element Model of the Grove Street Bridge

In addition to the hand-calculated half-width response, a more rigorous analysis
was performed using a commercial finite element software package, SAP2000. The
intended purpose of such an analysis was to provide a theoretical check on the measured
bridge response. SAP2000 allowed us to perform a complete analysis of the full-width
bridge section that was tested in phase two including explicit consideration of the bridge
skew angle and the axle distribution of the truck loads. The bridge section was modeled
as a composite section with perfect shear transfer between the bridge deck and steel
girders. Figure 7.27a presents a plan view of the simply support bridge span while Figure
7.27b presents a three-dimensional view of the truck loading applied in SAP2000. The
corresponding static deflected response of the bridge is also shown in Figure 7.27c. As

can be seen, girders in the vicinity of the truck carried the most truck load leading to
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greater responses (deflection and rotation) than those girders far from the truck. Table
7.4 summarizes the corresponding girder end rotations obtained from the finite element
model. These values were then compared to those measured in the field during Test 1
and 2 (Phase 2) where one truck was used on each span. An additional truck load was
applied in SAP2000 to the same span with girder rotations determined. These results
were compared to the measured bridge response from Test 3 and 4 (phase two). Since
Test 5 is primarily a dynamic load, it was not considered in this comparison. The strain
in the ECC link slab was estimated using Equation 7-10 using the SAP2000 predicted
girder end rotations as inputs. These estimated stains are compared to those measured
during testing, as shown in Table 7.4. Again, relatively good agreement exists between

SAP predicted ECC link slab strains and those measured in the field (within 35%).

Table 7.4. Summary of static load test results

PHASE 11
Test 1 Test 2 Test 3 Test 4
Measured 42.1 pe 52.6 pe 27.6 pe 22.4 ne
Strain (Slab Surf) | (Slab Surf) | (Slab Surf) | (Slab Surf)
Girder 3(G3) |, 60076077 | 0.00068957 | 0.00071902 | 0.00055954
Rotation (Rad)
S$AP2000 Girder |, 60054000 | 0.00054000 | 0.00091000 | 0.00091000
Rotation (G3)
Estimated Strain
from SAP Rot. 35.5 pe 35.5 pe 29.9 ne 299 n
% Difference 15.6% 32.5% 8.4% 33.5%
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8.0  Conclusions

Within this demonstration project, a new cementitious composite was used on a
bridge deck within Michigan to replace a conventional joint within the deck. The
composite used, called Engineered Cementitious Composites or ECC, shows a unique
behavior of pseudo-strain hardening under tensile loads. The design concepts behind this
work have been detailed by others (Caner and Zia, 1998, Li et al, 2003). The initial
portions of this work specifically focused on the authoring of design guidelines,
contractual bidding documents, and material specifications. This was followed by
extensive demonstration of ECC materials processing in conventional concrete mixing
trucks, and ultimately casting of an ECC link slab within a bridge in southeast Michigan.
Following the construction, the bridge was load tested to examine the impact of the link

slab on the overall structural response. Photographs of the completed link slab project

are shown in Figures 8.1 — 8.4

Figure 8.1 Completed Grove Street Bridge — Figure 8.2 Completed ECC Link Slab
deck view
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Figure 8.3 Grove Street Pier Two Under Figure 8.4 Completed Grove Street Bridge —
Completed ECC Link Slab elevation view

To begin the design of the link slab, a series of design guidelines, example
calculations, and sample material specifications were authored and provided to Michigan
Department of Transportation structural designers to incorporate an ECC link slab into
the design of the Grove Street bridge in southeast Michigan. Numerous conversations
with the designers resulted in the finalization of a full set of design aids for future
implementation of ECC link slab technology. These have been included within this
report as appendices.

Following the authoring of design and construction documents, preliminary steps
leading toward large scale trial mixing of ECC were undertaken. Prior to concrete truck
mixing, grain size distribution analysis was conducted, and preliminary test mixes in a
gravity mixing (capacity of 7 cubic feet) were completed. The 0.5 long PVA fiber used
previously in M45 ECC was changed to 0.33” long PVA fiber to promote easier mixing
and better fiber dispersion in a gravity mixer. A local concrete supplier was then
contracted to perform a series of trial mixes to process 1, 2, and 4 cubic yard trial batches
of ECC material. These trial mixes were intended to provide meaningful lessons on the
mixing of large amounts of ECC material in conventional concrete mixers.

The large scale mixes concluded by finding that large scale mixing of ECC material is
possible and can result in a material that is both high performing and commercially
viable. Using the batching sequence in section 4.6, the overall mixing of the material can

proceed quite smoothly and result in a fresh material that is homogeneous, flowable, and
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rheologically stable. Further, the ECC material can maintain these fresh properties up to
the one hour time limit that is mandated by the ECC special provision. As was
demonstrated in the four cubic yard trial, the material can be batched at the plant,
transported a considerable distance, and still maintain its characteristically unique fresh
properties.

Testing of the hardened mechanical properties of large scale trial materials has
shown that the compressive strength gain of these materials is similar to that of laboratory
mixes, and continues to meet all requirements set forth within the special provision.
While tensile performance does exhibit a reduction from that typically seen in laboratory-
grade ECC material, the tensile mechanical performance thus far also continues to meet
all requirements set forth in the special provision. Further, ECC material has been shown
able to be cast on a 2% cross-slope, simulating the crown of a typical MDOT bridge.
While the final finishing of this material may pose new challenges to a bridge contractor,
an experienced concrete finisher should be able to finish this material with minimal
difficulty.

Following the three trial mixes, close coordination with the Grove Street bridge
contractor and project manager was maintained up until the time of link slab construction.
During this time a number of submitted raw material substitutions were approved by the
research team after laboratory testing of the new material compositions. Further, a four
cubic yard demonstration mix was completed by the material supplier contracted for the
link slab construction. As in the three trial mixes, this demonstration validated that ECC
material mixed in trucks is similar to that of laboratory mixes, and continues to meet all
requirements set forth within the special provision. Additionally, this demonstration
provided essential experience for the bridge contractor in placing and finishing the fresh
ECC material.

In accordance with the bridge contractor’s schedule, the first phase of the link slab
was cast in early September, 2005 requiring 20 cubic yards of ECC material. This
material was then tested for both compressive and tensile response, and determined equal
to material processed previously and in accordance with the ECC special provisions
within the construction contract. However, immediately following the placement of the

first phase of the partial width construction, a large number of shrinkage cracks were
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found within the ECC link slab. These cracks are considered shrinkage cracks due to
their appearance at early age, their formation around reinforcing bars acting as stress
concentrators, and the full-depth nature of the cracking. After further laboratory testing
these were attributed to the possibility of higher water to cement ratios within the mix
due to excessive washing of the concrete trucks. To accommodate these conditions,
slight changes in the ECC mix design were made, and a significant reduction in cracking
was seen after the completion of phase two of the ECC link slab construction in late
October, 2005. Finally the completed bridge was opened to traffic on Monday, October
25,2005. Further reductions in cracking will be investigated in future investigations.

Finally, a full scale load test was conducted to explore the response of an ECC
link slab constructed within the Grove Street Bridge. A series of loading tests have been
performed to validate the response of the ECC link slab, in both half- and full-width
configuration. Two main response parameters of interest included, surface strains of
ECC link slab and span end rotations; both are closely monitored during the two stages of
static load tests. To measure these responses, two kinds of data acquisition systems were
employed. A wireless monitoring system, designed and fabricated at the University of
Michigan is the primary data acquisition system that reliably collects displacement data
from LVDTs and strain data from metal foil strain gages. To enhance the quality of link
slab surface strain measurements, a separate wired data acquisition system is adopted to
read strain measurements from Bridge Diagnostic strain transducers.

A direct comparison of the responses measurements collected by these two data
acquisition systems reveal strong correlation between girder rotations and strain
measured upon the link slab surface. This compatibility between predicted strain from
LVDT measurements and actual surface strain measured by the strain transducers
validate the link slab design methodology. Based on the field measurements, maximum
tensile strain of the ECC link slab is roughly 110 we, which is less than its elastic limit
(anticipated to be approximately 150 ue). In addition, the maximum end span rotation in
this series of loading test is well below 0.00375 rad, which corresponds to a maximum
live load deflection of L/800. As a result, it can be concluded that the ECC link slab is

expected to perform as designed.
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The above conclusions support the contention that durable jointless concrete
bridge decks may be design and constructed with ECC link slabs. Based on the above
findings and with the future correction of excessive shrinkage cracking, it is
recommended that the use of ECC link slabs can result in dramatically increased

performance of concrete bridge decks within Michigan.
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9.0

Future Research Needs

As was discussed in sections 6.3 and 6.7, early age cracking was found in the ECC

link slab after approximately 3 days. Figures 6.22 and 6.44 show the cracking pattern

and associated crack widths within the link slab. Although the structural functionality of

ECC link slab is not affected by this early age cracking due to the tensile strain hardening

properties of ECC as discussed in section 6.3, the long-term durability of the link slab is a

concern since crack widths are approximately 0.007” and large enough for aggressive

corrosion agents to penetrate to the steel reinforcement.

Several potential causes of those early age cracks have been identified and

itemized. The early age cracking observed in the link slab can be a combination result of

these potential sources.

High restraint — Dense steel reinforcing bars connected to the adjacent concrete
deck and shear studs with the link slab transition zone provide restraint to
shrinkage deformation within the ECC link slab. These mechanical interlocking
mechanisms restrain any change of volume in the slab due to early age shrinkage.
Excessive shrinkage — The ECC material version used in the Grove street link
slab has a larger free shrinkage compared to that of normal concrete due to high
cement content in ECC. This material property has been known about ECC for
some time, yet in all other circumstances shrinkage deformation resulted in the
formation of tightly spaced microcracking, rather than larger macrocracks.

Epoxy reinforcement as stress concentrator — Nearly all cracks within the Grove
Street link slab (shown in Figures 6.22 and 6.44) seem to initiate from steel
reinforcement (Figure 6.20). Those “holes” created by the epoxy coated rebars
within the ECC link slab can serve as stress concentrators and crack initiators due
to change of geometry and weak bonding between ECC and epoxy coated
reinforcements.

Early age shrinkage before -6 curve development — The tight crack width in the
hardened ECC is a result of effective fiber bridging provided by the present of
micro polymer fibers and optimized fiber/matrix interface properties. This fiber

bridging is quantified through the stress versus crack opening relation (i.e. o-
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d relation) within the ECC material. Typically, this fiber bridging is built up with
time. In most cases, once mechanical loads are applied to the material, the -0
relation has developed enough to resist any localized cracking. At early age
however, the 6-0 curve has not been fully developed, and therefore a larger crack
width can appear due to early age shrinkage.

= Thermal gradient - Within the full scale link slab application, a higher hydration
temperature may have been realized in the field due to the larger pour size
compared to that in the laboratory. A larger pour size has two effects on
hydration heat. First, the larger volume to surface ratio of such large pours
decreases the amount of heat dissipated at early age resulting in higher internal
temperatures. Second, these higher internal temperatures act as a catalyst for
faster hydration exacerbating the problem even further. Ultimately, this higher
reaction temperature promotes highly accelerated early age hydration reactions
and introduces larger early age shrinkage strains and thermal stress gradients.

»= High skew angle — It is commonly known that bridge decks with a high skew
angle are particularly susceptible to shrinkage cracking at acute angle bridge
corners due to excessive restraint within that areca. Within the ECC link slab,
cracking at the acute angle corners was also observed. The presence of a 45°

skew angle within the link slab may be a source for some crack formation.

In response to the above cracking mechanisms, several possible solutions are
viable. Since minimum steel reinforcement is required by AASHTO design codes,
removing the stress concentrators (epoxy coated reinforcement) is not a feasible solution.
Therefore, focus will be put on ECC material redesign to overcome the formation of early
age cracking. However, the newly developed ECC material should retain required
properties for the durable link slab application (i.e. fresh and hardened properties outlined
in Appendix D). Two approaches can be used to prevent early age cracking and/or to
reduce the width of any early age cracks which form. The first approach is to reduce the
cracking tendency of the ECC material. This can be done by lowering early age

shrinkage deformations within ECC. The second approach is increase the resistance to
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shrinkage cracking within the material which relies on faster development of fiber
bridging (i.e. -0 relation) at early age.

Reducing early age shrinkage: Anti-shrinkage agents and expansive cements have
recently been used in ECC material incorporated within an ECC/steel composite deck
cable-stayed bridge in Japan. No early age cracking was found in that ECC full scale
application. It is expected that similar results can be obtained by applying these measures.
However, these agents may increase the cost of ECC material. Other methods, such as
increasing the amount of fly ash, using water absorbing media, or adopting low heat
hydration cement can reduce the early age shrinkage of ECC by lowering the amount of
cement, providing water throughout hydration to prevent autogenous shrinkage, and/or
reducing hydration temperature. All of these techniques will be considered in reducing
early age shrinkage within the ECC material.

Faster o-6 development: To prevent wide crack width at early age, it is critical to
promote fiber bridging development soon after initial setting. It has been shown that a
tight crack width (0.0004’) can be achieved at age of 4 hours in versions of high early
strength ECC (Li 2005). That research indicates a faster -0 development compared to
that of ECC versions used on the Grove Street bridge. Reducing the dosage of hydration
stabilizer may be able to help the early development of fiber bridging, along with the use
of hydration accelerants.

Development of an ECC mixture which meets all requirements set by the ECC
material special provision set forth within Appendix D while maintaining tight crack
widths at both early age and over the complete service life is the last remaining hurdle
towards implementation of ECC link slab technology. Numerous hurdles have already
been overcome, such as the guidelines for ECC link slab design, the batching and mixing
sequences for large scale commercial concrete batching plant production, and
familiarization of MDOT personnel, contractors, and subcontractors with ECC material
and link slab technology. While complex in nature, the laboratory work remaining
towards the goal of full implementation is expected to result in a final version of ECC

material meeting all requirements and ready for future link slab projects across Michigan.
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11.0 Appendix A



values, Figure A.l shows additional stress-strain curves.

A pool of 20 M45 tests were selected for verification of assumed M45 design

accompanying statistical variations associated with these curves.

Table A.1 shows the
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Figure A.1. Additional M45 Stress-Strain Curves

Table A.1. Statistical Variation of Assumed Design Values for M45 ECC

Mean |Standard Deviation
First Cracking Strain 0.023 0.004
Yield Strength 640psi 43psi
Strain Capacity 3.1% 0.40%




12.0 Appendix B



ECC Link Slab Design Example and Theoretical Basis

Prepared by the Advanced Civil Engineering Materials Research Laboratory
Department of Civil and Environmental Engineering, University of Michigan
October 28, 2004 Revised: December 21, 2005

Additional background information on this design procedure can be found in
MDOT C&T Research Report RC-1438 “Durable Link Slabs for Jointless Bridge Decks
Based on Strain Hardening Cementitious Composites” The design guidelines for an ECC
link slab were laid out previously in Li et al (2003). The following is a design example of
ECC link slab based on the concrete link slab design example provided to MDOT designers
by the MDOT Construction & Technology Division to aid in link slab design.

Given:

Centerline to Centerline Bearing=L =L, =L, =61’-0"
Beam Spacing =S = 6’-0”

Gap Between Opposing Beam Ends = GAP =2”

Elastic Modulus of Reinforcing Steel = Egee; = 29,000 ksi
FElastic Modulus of ECC = Egcc = 2900 ksi

Deck Thickness = t, = 9”

TensileYield Strength of ECC =ty = 500 psi

Yield Strain of ECC Material = 0.02%

Haunch = 1"

Length of Link Slab and Length of Link Slab Debond Zone:

L, =0.075-(L, +L, )+ GAP=0.075-(732"+732")+2"=111.8"  Equation Bl

L, =0.05-(L, +L,)+GAP =0.05-(732"+732") +2"=75.2" Equation B2

Where,
Ljs = Length of Link Slab (in)
Lg4, = Length of Link Slab Debond Zone (in)
L; = Length of First Adjacent Span (in)



L, = Length of Second Adjacent Span (in)

The two above equations (equations B1 and B2) determine the extents of the ECC
link slab. Similar to concrete link slab design, the length of the debond zone (throughout
which all shear connectors are removed and a debonding mechanism is placed on the top
flange of the girder) is 5.0% of each adjacent bridge span. Unlike in concrete link slab
design, it was found necessary to extend the length of the ECC link slab 2.5% further into
each adjacent span to help transfer load from the girders into the ECC link slab through
additional shear connectors. Within the extended zone, known as the transition zone, the
number of shear connectors should be 50% more than the number required by AASHTO
design procedures. This can be achieved by multiplying the required connector spacing by

0.6667. Figure B.1 illustrates the schematic of these various portions of the link slab.

ECC link slab (7.5% of span length)

Shear Connectors

Debond zone (5.0% of span length) ‘
|

|

Transition zone
(2.5% of span length)

Figure B.1. Shematic of ECC link slab

End Rotation Angle of Adjacent Spans:

A
O =—, 0 Equation B3
A
Where,

Omax = Maximum End Rotation Angle Imposed on Link Slab (rads)
0 = Acutal End Rotation Angle Imposed on Link Slab (rads)
Amax = Maximum Allowable Bridge Span Deflection (in)



A = Actual Bridge Span Deflection (in)

Equation B3 is the basis for determining the maximum end rotation to which the ECC

link slab will be subjected. This end rotation is based solely on live load, as it is assumed

that the ECC link slab is constructed after all dead loads have been placed on the adjacent

bridge spans.

Equation B3 confirms theoretically that the beam end rotation angle is

proportional to the mid span deflection of a simple beam. Due to this proportionality, if the

relationship between midspan deflection, A, and end rotation, 6, can be found for any

deflection, the

maximum end rotation can be found by multiplying the ratio between 6 and

A by the maximum allowable deflection, Ap.x. This is based on the linear elastic nature of

both adjacent beams.

The ratio between midspan deflection and end rotation of a simple span beam can

be found from

basic mechanics (Hibbeler, 1999) and is shown in equations B4, B5, and B6.

PL’
0=
16EI Equation B4
PL’
A=——
48El Equation B5
PL’
0 16EI 3
A PL® ) L Equation B6
48EI
Where,

0 = Acutal End Rotation Angle Imposed on Link Slab (rads)

A = Actual Bridge Span Deflection (in)

P = Load on Adjacent Bridge Span Causing Deflections and Rotations (kip)
L = Bridge Span Length (in)

E = Composite Elastic Modulus of Adjacent Bridge Span (ksi)

I = Moment of Inertia of Adjacent Bridge Span (in”)



Combining equation B6 with equation B7 (shown below), a relationship can be
obtained relating maximum end rotation of the spans, Op.x, and maximum allowable
midspan deflection, Amax. This expression is shown as equation B8. The maximum
allowable midspan deflection, Anax, is typically given by the design code. AASHTO has

used a value of L/800 in past editions, but this value can be set to a reasonable value

desired.
L .
A =— Equation B7
max 800
16EI .
emax = Amax 0 = Amax = Amax : (éj = L : i =0.00375 Equatlon B&
A PL’ L) 800 L
48EI
Where,

Omax = Maximum End Rotation Angle Imposed on Link Slab (rads)

0 = Actual End Rotation Angle Imposed on Link Slab (rads)

Amax = Maximum Allowable Bridge Span Deflection (in)

A = Actual Bridge Span Deflection (in)

P = Load on Adjacent Bridge Span Causing Deflections and Rotations (kip)
L = Bridge Span Length (in)

E = Composite Elastic Modulus of Adjacent Bridge Span (ksi)

[ = Moment of Inertia of Adjacent Bridge Span (in*)

Determine Uncracked Moment of Inertia of Link Slab (per foot width of bridge deck):

3 ncom)3
W= Bllszts _12 1(29 ) _ 729in* Equation B9
Where,

I;s = Moment of Inertia of Link Slab (in*)
Bjs = Transverse Width of Link Slab (in) (Assumed per foot width)
t, = Slab Thickness



Determine the Moment Developed at 0,,,x (per foot width of bridge deck):
The moment induced in the link slab due to end rotation can be determined as a
function of the curvature of the link slab using mechanics, as detailed below. The degree

of curvature within the link slab can be found through geometry, as shown in Figure B.2.

<

/2

Ldz

Figure B.2. Curvature of ECC Link Slab

From small angle geometry, the relation between the end rotations of the link slab

and its curvature can be found. This relation is derived below in equations B10 and B11.

R-20=L, Equation B10

D= 1 = 20 Equation B11
R L,

Where,

R = Radius of Curvature of Deformed Link Slab (in)
@ = Link Slab Curvature (1/in)
0 = ECC End Rotation (rads)



L4, = Length of Link Slab Debond Zone (in)

From basic mechanics (Hibbeler, 1999), the relation between curvature and moment

can also be expressed as equation B12.

EI Equation B12
Where,
® = Link Slab Curvature (1/in)
M = Moment Within Link Slab (kip-in)
E = Elastic Modulus of ECC Link Slab (ksi)
[ = Moment of Intertia of ECC Link Slab (in*)

Combining the two above equations (equations B11 and B12), equation B13 is
derived as the relation between the end curvature of the ECC link slab and the moment

induced within the ECC link slab as shown below.

Equation B13

Using the relation shown in equation B13, the moment induced in the example link
slab due to the end rotations calculated in equation B8 can be found, as shown in equation

B14.

2E, . I : i -729in* .
M, = 2Eeccls g _2:2900ksi-729In" ) 0395 510 okip.in  Equation B14
L, 75.2"
Where,

Mjs = Moment Induced in the Link Slab due to End Rotation (kip-in)
Egcc = Elastic Modulus of ECC Material (ksi)
I;s = Moment of Inertia of Link Slab (in4)



L4, = Length of Link Slab Debond Zone (in)
Omax = Maximum End Rotation Imposed on Link Slab (rads)

Determine Required Longitudinal Reinforcement Ratio:

The amount of reinforcement is calculated by non-linear sectional analysis. This is
based on the assumption that ECC material is elastic-perfectly plastic. While ECC material
typically does show some strain hardening characteristics after first cracking (Figure B.3),
this phenomenon will not be relied upon for conservative design practice.

The “yield strain” of the ECC material is set to 0.02%. From a pool of tensile test
results, this value is chosen as a fair representative for the first cracking strain of ECC
material which will be used for the ECC link slab. The “yield stress” of the ECC material
is chosen to be 500psi. While the actual ultimate strength is typically above this value,

500psi was again chosen as a fair representative value from a pool of M45 tests.

i

¥ £, = 500psi

€=0.02%

Figure B.3. Stress-Strain Curve of M45 and Idealized Elastic-Perfectly Plastic Behavior

As proposed by Caner and Zia (1998), a conservative working stress of 40% of the
yield strength of the reinforcment is used for design. Unlike the design assumptions for
concrete, in which no tensile force is carried by the concrete, a substantial stress of 500psi

is assumed to be carried by the ECC up to failure between 3% and 4% strain. Using non-



linear sectional analysis, the moment capcity of the section can be computed for any
reinforcing ratio. The reinforcement ratio is then adjusted accordingly to resist the moment
due to maximum end rotation computed earlier (Equation B14). Figure B.4 shows the
cross sectional stress and strain distributions of a reinforced concrete link slab (R/C) and a
reinforced ECC link slab (R/ECC) (Li et al, 2003).

Initially, a reinforcement ratio is selected.

R/C
N ESES
. _——
ts d_ _._‘Nib."_._._ ............. .
‘$ gc
Section Strain Stress
(@
R/ECC
N ] gSES
o &1 =
N R NA._ /Y
b | -
Section Strain Stress
(b)

Figure B.4. Schematic Stress and Strain Distributions in a Cross Section of
(a)Reinforced Concrete (R/C) and (b) Reinforced ECC (R/ECC) Link Slab



Looking at the stress distribution for the reinforced ECC cross section, a simple force
balance is performed equating the compression forces and tension forces in the section.

The section dimensions used in this calculation are shown in Figure B.5.

o " =%
ol I NA. 9] | Tng
‘é
Section Stress

Figure B.5. Section Dimension Used in Non-linear Sectional Analysis

The yield strain in the steel is assumed to be 0.08%. This is derived by taking 40% of

the yield stress of the reinforcing steel and multiplying by the elastic modulus of steel.

€y sieel = % =0.08% Equation B15
, si

Knowing the yield strain (first cracking strain) of the ECC the yield strain ratio can be
determined, ne, to find the location of the kink in the tensile stress distribution, as shown in
equation B16. This relationship reflects the linear strain distribution assumption as shown
in Figure B.4(b).

_ l'lgd _ gy—ECC _ 0.02%
©d e

= =0.25
0.08% Equation B16

n

y—steel

To calculate the forces, the cross section is divided up into four regions. These are

schematically shown in Figure B.6.
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Figure B.6. Discritization of the Stress Distribution in Non-linear Sectional Analysis

Computing the force for each of these four sections individually (per foot width of
deck)

Tsteel = (O'4fy—steel)pts : 12" Equation B17a
Tecen = £, ((1 - ne)d + C)- 12" Equation B18a
Tece, = (lJf't nd-12" Equation B19a
_ 5 .
De [ L2 2 {on Equation B20
CECC: _ft - —(ts—d—c) 12 quation a
2 n, \d
Where,

Tsweet = Tension Force in Reinforcing Steel (kip)
fy-sieet = Yield Strength of Reinforcing Steel (ksi)
p = Reinforcement Ratio

ts = Slab Thickness (in)

Tgcc.1 = Tension Force in ECC Section 1 (kip)



£’y = Design Tensile Strength of ECC (ksi)

ng = Yield Strain Ratio

d = Distance from Neutral Axis to Centroid of Reinforcing Steel (in)
¢ = Distance from Tensile Face to Centroid of Reinforcing Steel (in)
Tgcc2 = Tension Force in ECC Section 2 (kip)

Cecc = Compression Force in ECC (kip)

Using the design chart given below within this document (Figure B.7), and knowing
the moment induced in the link slab is approximately 210.9 kip-in, a preliminary design
reinforcement ratio of 0.003 is selected. The computation of “d” for the example bridge is

shown using equations B17b through B20b.
Note: The distance from the top of the slab to the centroid of tensile steel reinforcement

within the link slab is assumed to be approximately 3.5”. This was assumed for 3" of clear

cover and 0.5 as an approximate assumed radius of the final rebar selection.

T,.. = (0.4)(60ks1)(0.003)(9")-12"=7.776kip

Equation B17b
Tpeey = (0.5ksi)((1-0.25)-d +3.5")-12"= 4.5d + 21 Equation B18b
Teeen = (%j(o.Sksi)(o.zs) -d-12"=0.75d Equation B19b
1 1 Y1 363
Cree =| = [(0.5ksi)| —— | = |[(9"~d —3.5")* -12"="-132+12d Equation B20b
ECC £2j( )(O.ZSJ((J( ) d q

By force equilibrium, the forces are balanced on each side of the neutral axis.

Tsieer + Tecet + Tocer =Cpee =0 Equation B21a
363 .
7.776 +4.5d + 21+ 0.75d - e +132-12d=0 Equation B21b
Simplifying,
363 .
160.776 — 6.75d — o 0 Equation B21c



Solving this quadratic, the value of “d” can be found.

d=2.526"

Finally, to compute the moment capacity of the section, the moment of the four forces

1s summed about the neutral axis.
l-n_)Jd+c 2 2
M =T - d+ Ty, (% +n, - dj +Teecs (Ejnad +Chcc (gj(ts —d-c¢) Equation B22a

Where,
M = Moment Resistance of the Link Slab (kip-in)

T., =7.78kip

steel

Toce, =4.5-2.526"+21 = 32.37kip
Tyee., = 0.75-2.526"=1.89kip

363

= 39 135 412.2.506"= 42.02ki
BCC =) 56 P

(1-0.25)-2.526"+3.5"
2

M = 7.776kip - 2.526"+32.367kip( +0.25- 2.526") +

Equation B22b

1.895kip - (%) -0.25-2.526"+42.018kip (%j -(9"-2.526"-3.5") = 211.5kip

Once the moment resistance of the section is calculated for a particular reinforcement
ratio, if the resistance is less than the moment developed in the link slab due to end
rotation, My, a higher reinforcement ratio is selected. Since this process can involve a
number of iterations when determining the reinforcement ratio, the below design chart can
be used once again to refine the selection of reinforcement ratio. This chart is shown as

Figure B.7.

Assumptions in Design Chart:

Working Stress Factor = 40%



Yield Strain of Steel = 0.08%
Yield Strain of ECC = 0.02%
Yield Strength of Steel = 60 ksi
Yield Strength of ECC = 500 psi

Distance from Tensile Face to Centroid of Reinforcing Steel, ¢ ~ 3.5”
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Link Slab Moment Resistance (Per Foot
Width), kip-in/foot

/ ts N 10”
ts — 9”
| / ts = 8”
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Reinforcement Ratio, p

Figure B.7. Link Slab Reinforcement Ratio Design Chart

From previous calculations (equation B14), the moment exerted on the link slab due

to end rotations is 210.9 kip-in per foot width of the bridge deck. For a deck thickness of

9”, the corresponding reinforcement ratio is 0.003.

Check that the moment resistance of the link slab is greater than the moment induced

by end rotation.

M>M,

211.5kip-in > 210.9kip - in

Equation B23



Determine the required reinforcement spacing:

Abar .
§=—* Equation B24
pt,
Where,
s = bar spacing (in)
Aypar = Cross Sectional Area of Selected Bar Size (inz)
p = Calculated Reinforcement Ratio
ts = Slab Thickness (in)
Try #3 bars (Apg = 0.11in%) s =4” (too small)

Try #5 bars (Aper = 0.31in?) s = 11" (selected)

Regardless of girder material (steel or prestressed concrete) the design procedure is the
same. However, the overall treatment of the design may be slightly different between the
two scenarios (i.e. checking beam end conditions, construction methods). These must be
evaluated by the designer on a case by case basis. Due to the inherently small crack width
of ECC materials (the crack width in ECC is independent of steel reinforcement), there is

no need to additionally check any crack width criterion.

Check Strain Capacity of ECC Material:

The strain capacity of the ECC material both in tension and compression must be
checked. Once the location of the neutral axis is found, computing the strain at both the
compression and tension face due to live loads on the adjacent spans is relatively simple
using the assumed linear strain distribution shown in Figure B.8. Knowing the strain in the
reinforcing steel is 0.08% (from equation B15), the strain at both the tensile and

compressive faces can be found using similar triangles.
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Figure B.8. Linear Strain Distribution Within ECC Link Slab Section

From the above strain diagram the live load strains at the tensile and compressive faces

can be calculated from the equations B25a and B26.

~0.0008 - (¢ +d)
- d Equation B25a

~0.0008-(t, —d—c)

8comp - d

Equation B26

Once the strain due to live load is known, the overall tensile and compressive strains

can be computed using equations B27a and B28a.

o -AT-BL
8ls = L

long

+ey +€,
dz Equation B27a

€1y = Maximum tensile strain exerted on ECC material in link slab due to temperature
loads, shrinkage loads, and live loads

ot = Coefficient of thermal expansion of steel = 0.0000065/°F (1/°F)

At = Annual temperature variation at bridge location ~ 90°F (°F)



B = Link slab design value
B = 2.0 for joints with two roller bearings (one for each adjacent span)
B = 1.0 for joints with one roller bearing and one pin bearing for adjacent spans or
joints with two pin bearings
Liong = Span length of longer adjacent bridge span (inches)
L4, = Length of link slab debond zone (inches)
€sh = Shrinkage strain for ECC material = 0.001

erL = Tensile strain at tensile face due to live load on bridge spans

Within equation B27a, the three terms account for thermal deformation due to
shortening and lengthening of the adjacent bridge spans, shrinkage of ECC material, and
live load strain, respectively. The [ factor within the first term accounts for the bearing
conditions located at the link slab. For joints with two roller bearings located at the link
slab, the link slab must be able to accommodate the thermal deformation from both
adjacent spans simultaneously thus multiplying the span length, Lion,, by two. For joints
with one or two pin bearings, the ECC link slab only has to accommodate thermal
deformation from one adjacent span, and therefore the B factor is equal to one for those
conditions. The shrinkage strain of ECC is set to 0.1%. This is a material property
determined through experimental measurement and should not be adjusted.

For the case of compressive strains, only the live load will be used to calculate the
ultimate compressive strain. Shrinkage strains are tensile in nature, and only serve to
counteract the live load compressive strains. Conservatively, these are not accounted. For
constructability reasons, severe cold weather casting of ECC link slabs is not
recommended. Due to this, most thermal deformation imposed upon the ECC link slab will
be tensile in nature. Therefore, compressive strains due to thermal deformation will be
considered as well. The equation for ultimate compressive strain is then simply equation

B26 from above.

~0.0008-(t, —d—c)

gcomp - d

Equation B28a



Conservatively, the maximum tensile and compressive strain capacities for ECC
material are 2.0% and 0.5%, respectively. Checking the strains for the example bridge

outlined above we see that all checks are within acceptable limits, as shown below.

e 0.0008 - (3"+2.872") _ 0.0016
2.872" Equation B25b

g, = 00000059072 1327, 0014 0.0016 = 0.014 = 1.4% < 2.0% ,
75.2" Equation B27b

gy = 008 O 28723 _ 00087 = 0.09% < 0.5% .
2.872" Equation B28b

If this check is not successful, the designer is left with two options. One is to redesign
the ECC material from a microstructural level to increase the strain capacity beyond the
strain demand imposed upon the ECC link slab. If this can not be done, another traditional

joint mechanism must be employed such as a mechanical expansion joint.

Debond Zone Detailing
Within the ECC link slab debond zone (see Figure B.1), all shear connectors from the
top flange of girders must be removed. The top flange is the covered with the specified

debond mechanism suggested below and secured over the entire length of the debond zone.

Girder Type Debond Mechanism
Steel...ooovviveiiiiiin 2 layers of 30# roofing paper
Precast Concrete................ 2 layers of 6 mil plastic sheet

Transition Zone Detailing

Within the transition zone (this zone separates the debond zone on either side from the
adjacent bridge spans as seen on Figure B.1) continue shear connectors along the top flange
of the girder. The number of shear connectors in the transition zone should be increased by
50% over AASHTO design procedures to account for larger shear transfers within this zone

and to aid in maintaining a crack free interface between ECC link slab and concrete bridge



deck. This increase can be achieved by multiplying the design spacing between shear

connectors by 0.667.

Additional Reinforcement Detailing

During construction of adjacent concrete bridge decks, top continuous reinforcement
should be run into the transition zone far enough to allow for a class B splice beginning a
minimum of 6” from the construction joint. It is recommended that the rebar splices be
staggered according to typical MDOT design practice. The bottom mat of reinforcement
may be eliminated 6” into the debond zone, or may be continued with minimum
reinforcement throughout the link slab according to AASHTO design procedures with little
effect. The bottom mat of reinforcement is not included in reinforcement ratio calculations
carried out in this design example.

Only the determination of the top mat of longitudinal reinforcing steel is covered within
this design example. Other reinforcement, such as transverse reinforcement in both top and
bottom mats, along with any minimum reinforcement within the bottom mat are not
addressed. This reinforcement should be designed following AASHTO design procedures.
Similarly, all reinforcement detailing for walks, barrier walls, or other bridge features

should be completed following AASHTO design procedures.

Construction Sequencing

It must be noted that inherently assumed in this design example is a deck pour schedule
which places the ECC link slab last. This is due to the fact that the maximum end rotation
of the link slab is calculated using only the maximum allowable deflection under live load
(Amax = L/800). If the link slab is cast before all dead loads are applied to the adjacent
spans, the combined dead load end rotation and live load end rotation may exceed the
allowable 0.00375rad. To this end, care must be taken during construction to place all dead

loads on adjacent spans prior to ECC link slab casting.

Sidewalk and Barrier Wall Construction
To allow for complete longitudinal deformation of the link slab, the concrete sidewalk

and barrier walls, which are cast on top of the ECC material, must be designed with



additional attention. Initially, the stress levels due to temperature deformation within the
ECC deck, concrete sidewalk and barrier wall must be checked to determine if these are
high enough to form cracks within the ECC material. Thermal stresses within the link slab
can be separated into two classes; uniform thermal stresses and gradient thermal stresses.
Uniform thermal stresses are uniform across the entire cross section of the link slab and
result from sources such as bearing deformation at the supporting piers, expansion joint
deformation at expansion joints at either end of the bridge or spans, or restrained
functioning of link plate assemblies. Gradient thermal stresses are non-uniform throughout
the cross section and are a result of differential heating and cooling of the bridge deck
resulting in a temperature gradient and therefore a distribution of stresses throughout the
bridge. The relative magnitudes of these stresses must be considered when allowing
concrete sidewalk and barrier wall to be used in conjunction with the ECC link slab.

If ECC link slabs are used to move conventional expansion joints off of bridge decks
rather than replacing them completely, tensile stresses within the link slab due to thermal
stresses will likely remain below the design tensile strength (500psi in this case), and
concrete sidewalk and barrier wall may be placed directly on top of the link slab with little
concern. Using standard LRFD calculation procedures for gradient and uniform thermal
stresses within the deck due to temperature deformation (Section 3.12.3), the stress level in
the link slab should be calculated accounting for the presence of bearing deformation at the
supporting piers, expansion joint deformation, or link plate assemblies. See Appendix G
for sample calculations of gradient and uniform thermal stresses.

However if ECC link slabs are used to completely replace/remove expansion joints
within the bridge structure, elongations within the link slab may reach as much as 1% in
tension. Such tensile stresses or deformations within the link slab are sufficiently high to
crack the link slab, and this deformation must be allowed to occur freely and without
restraint. One method to accomplish this is through the use of ECC materials in the
sidewalk and barrier wall, along with the deck. Another option may be the complete
debonding of concrete sidewalk and barrier wall from the link slab through the use of
another layer of debonding paper between the ECC link slab and sidewalk and eliminating
any reinforcing steel which may connect the sidewalk and the deck within this debond

zone. However, debonding the sidewalk in this nature may lead to freeze-thaw and



unintended corrosion damage and should be considered a last resort. Ultimately, in the
case that large stresses and deformations are allowed within the constructed link slab due to
expansion joint elimination, every attempt should be made to allow the link slab to deform

freely in the longitudinal direction throughout the entire debond zone area.

Stay-in-place Formwork

In the event that stay-in-place steel formwork is used, it may be used under the ECC
link slab to speed construction. However, in this case the debonding mechanism (i.e.
roofing paper or plastic sheeting) should be expanded to cover the entire formwork under
the link slab debond zone limits in addition to the tops of the girders within the debond
zone. In such cases that the ECC link slab is used only to move expansion joints off of the
bridge deck rather than eliminate them completely, uniform temperature stresses remain far
below the cracking strength of ECC material and complete debonding is of little concern.
Ultimately, in the case that large stresses and deformations are allowed within the
constructed link slab due to complete expansion joint elimination, every attempt should be
made to allow the link slab to deform freely in the longitudinal direction throughout the

entire debond zone area.
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ECC Link Slab Design Procedure Flow Chart (Figure B.9)

Prepared by the Advanced Civil Engineering Materials Research Laboratory
Department of Civil and Environmental Engineering, University of Michigan

October 28, 2004 Revised : December 21, 2005

This flow chart is to be used in conjunction with the step-by-step procedure for ECC

link slab design.

[ Gather Site Information About Bridge ]

v

| Determine Overall Length of Link Slab (Step 1) |

v

| Determine Length of Link Slab Debond Zone (Step 2)

!

| Calculate Maximum Beam End Rotation (Step 3)

!

| Calculate Moment of Inertia of Link Slab (Step 4)

{

| Calculate Moment Induced in Link Slab Due to Maximum End Rotation (Step 5)

1

Select Reinforcement Ratio and Calculate “d” Value (Step 6)
May Use Design Chart for Selection of Reasonable Preliminary Reinforcement Ratio

| Compute Moment Resistance of Link Slab (Step 7) |

y

Step 8
Is Moment Resistance in
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* Yes

Compute Reinforcement Spacing (Step 9) |

y
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ECC Link Slab Design Procedure

Prepared by the Advanced Civil Engineering Materials Research Laboratory
Department of Civil and Environmental Engineering, University of Michigan
October 28, 2004 Revised: December 21, 2005

Additional background information on this design procedure can be found in MDOT C&T
Research Report RC-1438 “Durable Link Slabs for Jointless Bridge Decks Based on Strain
Hardening Cementitious Composites”

1. Overall Length of Link Slab

L, =0.075- (L1 +L, )+ GAP Equation B29

Ljs = Overall length of link slab [inches]

L; = Length of adjacent bridge span [inches]

L, = Length of opposite adjacent bridge span [inches]
GAP = Gap between adjacent beam girders [inches]

2. Length of Link Slab Debond Zone

L, =0.05-(L, +L,)+GAP Equation B30

Lg4, = Length of link slab debond zone [inches]

L, = Length of adjacent bridge span [inches]

L, = Length of opposite adjacent bridge span [inches]
GAP = Gap between adjacent beam girders [inches]

3. Maximum Beam End Rotation

3
emax = Amaxfshort (L—J Equation B31

short

Omax = Maximum beam end rotation [radians]

Amax-short = Maximum allowable live load deflection for shorter of two adjacent bridge spans
(from AASHTO Bridge Design Code) [inches]
Lsnort= Span length of shorter of two adjacent spans [inches]

Note: Since maximum allowable live load deflections are specified in terms of span length,
this number should be constant for all span lengths. If Apax-shore = L/800, oy = 0.00375.

4. Moment of Inertia of Link Slab (per foot width of bridge deck)

_a2ne

I
Is 12

Equation B32

I,; = Moment of inertia of link slab per foot width of link slab [in"]
ts = Slab thickness [inches]



5. Moment in Link Slab due to Maximum End Rotation

2E .1
W= %“9 Equation B33

max
dz

Mjs = Moment induced into link slab by maximum end rotation per foot width of link slab
[kip-in]

Egrcc = Elastic modulus of ECC material = 2900ksi [ksi]

I;s = Moment of inertia of link slab per foot width of link slab [in4]

Lg4, = Length of link slab debond zone [inches]

Omax = Maximum beam end rotation [radians]

M

Select a Preliminary Design Reinforcement Ratio for Top Mat Reinforcement

Note: The goal of Step 6 is to determine the distance from the neutral axis to the centroid of
the tensile reinforcing steel, “d”

Note: This design procedure assumes 60 ksi yield strength for reinforcing steel, an elastic
modulus of 60,000 ksi, and a working stress of 40% of yield strength.

To select a preliminary design reinforcement ratio, a design chart is given at the end of this
document for illustration and may be used as a guide by inputting the value of Mjs found
in Step 5. Once a preliminary design reinforcement ratio is selected, calculations of “d”
can be completed in Step 6.

Tyu = (0.4f o )pt, 12" Equation B34a
Tocel, =, (1=n,)d +c)-12" Equation B34b
Tecer = (%}f‘t n.d-12" Equation B34c
Cece = (%jf't [i}(éj(ts —d—c) 12" Equation B34d

Tsteel = Tension force in steel reinforcement per foot width of link slab [kip]

fy-steet = Yield strength of steel [ksi]

p = Selected preliminary design reinforcement ratio

ts = Slab thickness [inches]

TEcc.1 = Portion of tensile force in ECC material undergoing strain-hardening per foot width
of link slab [kip]

£’ = Tensile strength of ECC material = 0.5ksi [ksi]

n, = Strain ratio = 0.25 (based on design procedure assumptions regarding reinforcing steel)

d = Distance from neutral axis to centroid of tensile reinforcing steel [inches]

¢ = Distance from top of slab to centroid of tensile reinforcing steel [inches]

Tgcc2 = Portion of tensile force in ECC material undergoing elastic deformation per foot
width of link slab [kip]

Cgcc = Compressive forced in ECC material per foot width of link slab [kip]



To solve for the distance from the neutral axis to centroid of reinforcing steel the four above
forces must balance using the following equation. Using this non-linear algebraic
equation, solve for “d”

T

Stee

 t TECC—I + TECC—Z - CECC =0 Equation B35

. Compute Moment Resistance of Link Slab

Using the “d” value computed in Step 6

1 _
M =T, -d+Tgc, [(ng% +n, - dj + Teee s (%)nzd + Chee (%j(ts -d-¢)

Equation B36

M = Moment resistance of link slab for selected preliminary reinforcement ratio per foot
width of link slab [kip-inch]

. Check Moment Resistance

If moment resistance, M (from Step 7), is less than the moment induced in the link slab due
to maximum end rotation, Mys (from Step 5), repeat Steps 6 through 8 with a higher
reinforcement ratio. For illustration, a design chart based on Steps 6 through 8 is included
at the end of this document, along with the design and geometry assumptions associated
with its development.

Note: If calculated longitudinal reinforcement is less than required by AASHTO design
minimums, the AASHTO design minimums should be followed and Steps 9 through 11
completed using the required minimum reinforcement ratio.

M>M,

. Required Longitudinal Reinforcement Spacing

Abar .
§=—" Equation B37
pt,
s = Spacing between longitudinal bars [inches]
Ay, = cross sectional area of selected bar size [inz]
p = Selected reinforcement ratio
ts = slab thickness [inches]
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10. Check Tensile Strain Capacity of ECC Material

o, -AT-BL
8ls = L
dz

O e, +E,, Equation B38

€1s= Maximum tensile strain exerted on ECC material in link slab due to temperature loads,
shrinkage loads, and live loads

ot = Coefficient of thermal expansion of steel = 0.0000065/°F [1/°F]
At = Annual temperature variation at bridge location ~ 90°F [°F]
B = Link slab design value
B = 2.0 for joints with two roller bearings (one for each adjacent span)
B = 1.0 for joints with one roller bearing and one pin bearing for adjacent spans or
joints with two pin bearings
Liong = Span length of longer adjacent bridge span [inches]
L4, = Length of link slab debond zone [inches]
&sh = Shrinkage strain for ECC material = 0.001
erL = Tensile strain at tensile face due to live load on bridge spans

~0.0008 - (c+d) Equation B39
LL — d

¢ = Distance from top of slab to centroid of tensile reinforcement [inches]
d = Distance from neutral axis to centroid of tensile reinforcement [inches]

Note: The equation for g1 assumes 60 ksi yield strength for reinforcing steel, an elastic
modulus of 60,000 ksi, and a working stress of 40% of yield strength.

The maximum conservative ultimate tensile strain capacity for ECC material is
approximately 2.0% This is the upper limit for the tensile strain in ECC link slabs.

Confirm : ¢, <2.0%

If this confirmation is not met, another version of ECC material may be sought which meets
this requirement or more traditional joint mechanisms be recommended.



11.

12.

13.

Check Compressive Strain Capacity of ECC Material due to Live Load

~0.0008-(t, —d—c)

comp d

Equation B40

€comp = Compressive strain in ECC material due to live load

ts = Deck slab thickness [inches]

d = Distance from neutral axis to centroid of tensile reinforcing steel [inches]
¢ = Distance from top of slab to centroid of tensile reinforcing steel [inches]

Note: The equation for &.omp assumes 60 ksi yield strength for reinforcing steel, an elastic
modulus of 60,000 ksi, and a working stress of 40% of yield strength.

The maximum conservative compressive strain capacity for ECC material is approximately
0.5%.

Confirm: ¢ <0.5%

comp

If this confirmation is not met, another version of ECC material may be sought which meets
this requirement or more traditional joint mechanisms be recommended.

Debond Zone Detailing
Within the ECC link slab debond zone, all shear connectors from the top flange of girders

must be removed. The top flange is the covered with the specified debond mechanism
suggested below and secured over the entire length of the debond zone.

Girder Type Debond Mechanism
Steel.....ooiiiiiiii 2 layers of 30# roofing paper
Precast Concrete................ 2 layers of 6 mil plastic sheet

Transition Zone Detailing

Within the transition zone (this zone separates the debond zone on either side from the
adjacent bridge spans) continue shear connectors along the top flange of the girder. The
number of shear connectors in the transition zone should be increased by 50% over
AASHTO design procedures to account for larger shear transfers within this zone and to
aid in maintaining a crack free interface between ECC link slab and concrete bridge deck.
This increase can be achieved by multiplying the design spacing between shear
connectors by 0.667.

During construction of adjacent concrete bridge decks, top continuous reinforcement should
be run into the transition zone far enough to allow for a class B splice beginning a
minimum of 6” from the construction joint. It is recommended that the rebar splices be
staggered according to typical MDOT design practice. The bottom mat of reinforcement
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may be eliminated 6 into the debond zone, or may be continued with minimum
reinforcement throughout the link slab according to AASHTO design procedures with
little effect. The bottom mat of reinforcement is not included in reinforcement ratio
calculations carried out in steps 6-8 of this design procedure.

14. Additional Reinforcement Detailing

Only the determination of the top mat of longitudinal reinforcing steel is covered within this
design document. Other reinforcement, such as transverse reinforcement in both top and
bottom mats, along with any minimum reinforcement within the bottom mat are not
addressed. This reinforcement should be designed following AASHTO design
procedures. Similarly, all reinforcement detailing for walks, barrier walls, or other bridge
features should be completed following AASHTO design procedures.

15. Sidewalk, Barrier Wall, and Stay-in-Place Formwork Considerations

To allow for complete longitudinal deformation of the link slab, the concrete sidewalk and
barrier walls, which are cast on top of the ECC material, must be designed with
additional attention. Initially, the stress levels due to temperature deformation within the
ECC deck, concrete sidewalk and barrier wall must be checked to determine if these are
high enough to form cracks within the ECC material. Thermal stresses within the link
slab can be separated into two classes; uniform thermal stresses and gradient thermal
stresses. Uniform thermal stresses are uniform across the entire cross section of the link
slab and result from sources such as bearing deformation at the supporting piers,
expansion joint deformation at expansion joints at either end of the bridge or spans, or
restrained functioning of link plate assemblies. Gradient thermal stresses are non-
uniform throughout the cross section and are a result of differential heating and cooling
of the bridge deck resulting in a temperature gradient and therefore a distribution of
stresses throughout the bridge. The relative magnitudes of these stresses must be
considered when allowing concrete sidewalk and barrier wall to be used in conjunction
with the ECC link slab.

Using standard LRFD calculation procedures for gradient and uniform thermal stresses within
the deck due to temperature deformation (Section 3.12.3), the stress level in the link slab
should be calculated accounting for the presence of temperature gradients, bearing
deformation at the supporting piers, expansion joint deformation, or link plate assemblies.
For cases in which ECC link slabs are use to move expansion joints off the bridge deck
rather than replace them completely, gradient stresses will typically dominate the low
levels of uniform stress. If uniform or gradient thermal tensile stresses within the link
slab remain below the design tensile strength, then concrete sidewalk and barrier wall
may be placed directly on top of the link slab with little concern. However, if tensile
stresses within the link slab are sufficiently high to crack the link slab, this deformation
must be allowed to occur freely and without restraint.

If ECC link slabs are used to move conventional expansion joints off of bridge decks rather
than replacing them completely, tensile stresses within the link slab due to thermal
stresses will likely remain below the design tensile strength (500psi in this case), and
concrete sidewalk and barrier wall may be placed directly on top of the link slab with
little concern. An example of such stress calculations using standard LRFD calculation
procedures for gradient and uniform thermal stresses within the deck due to temperature
deformation are shown in Appendix G of this report.
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However if ECC link slabs are used to completely replace/remove expansion joints within the
bridge structure, elongations within the link slab may reach as much as 1% in tension.
Such tensile stresses or deformations within the link slab are sufficiently high to crack the
link slab, and this deformation must be allowed to occur freely and without restraint.
One method to accomplish this is through the use of ECC materials in the sidewalk and
barrier wall, along with the deck. Another option may be the complete debonding of
concrete sidewalk and barrier wall from the link slab through the use of another layer of
debonding paper between the ECC link slab and sidewalk and eliminating any reinforcing
steel which may connect the sidewalk and the deck within this debond zone. However,
debonding the sidewalk in this nature may lead to freeze-thaw and unintended corrosion
damage and should be considered a last resort. Ultimately, in the case that large stresses
and deformations are allowed within the constructed link slab due to expansion joint
elimination, every attempt should be made to allow the link slab to deform freely in the
longitudinal direction throughout the entire debond zone area.

In the event that stay-in-place steel formwork is used, it may be used under the ECC link slab
to speed construction. However, in this case the debonding mechanism (i.e. roofing
paper or plastic sheeting) should be expanded to cover the entire formwork under the link
slab debond zone limits in addition to the tops of the girders within the debond zone. In
such cases that the ECC link slab is used only to move expansion joints off of the bridge
deck rather than eliminate them completely, uniform temperature stresses remain far
below the cracking strength of ECC material and complete debonding is of little concern.
Ultimately, in the case that large stresses and deformations are allowed within the
constructed link slab due to complete expansion joint elimination, every attempt should
be made to allow the link slab to deform freely in the longitudinal direction throughout
the entire debond zone area.

Note: Construction Sequencing
The ECC link slab must be constructed after both adjacent bridge decks have been placed.
Since the determination of maximum beam end rotation (Step 3) is calculated based only
on live load deflection limits, it is crucial for as much of the dead load within the adjacent
spans to be in place as possible at the time of link slab construction.

Additional Information — Reinforcement Ratio Design Chart

This design chart is based on Steps 6 through 8 of this design procedure, along with the
assumptions outlined below. It can be used as the primary design tool for the top mat of
longitudinal reinforcing steel to avoid progressing through numerous iterations of design
Steps 6 through 8, or it can be used as a secondary check of design calculations.
However, the final design values for “d” and “c” are used in checks for strain capacity
(Steps 10 and 11) and must be accurately known.

Assumed:

Working Stress Factor = 40%

Yield Strain of Steel = 0.08%

Yield Strain of ECC = 0.02%

Yield Strength of Steel = 60 ksi
Elastic Modulus of Steel = 60,000 ksi
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Yield Strength of ECC = 500 psi
Distance from Tensile Face to Centroid of Top Reinforcing Steel, ¢ ~ 3.5”

450

t; =107
400 -

350 -

300 - /
250 —

/ / ty=8”
200

/ — t,=7"
150 /’

100

50 -

Link Slab Moment Resistance (Per Foot
Width), kip-in/foot

0 T T T T T T T
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Reinforcement Ratio, p

Simplified Design Equations from above design chart:

t,=10” M = 13460p +219.9 Equation B41a
t=9" M =10211p + 180.9 Equation B41b
t,=8” M =7387p + 145.8 Equation B41c
t,=7" M =4992p + 114.6 Equation B41d
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13.0 Appendix C



ECC Link Slab Design For Grove Street Bridge over 1-94 (S02 of 81063)

Prepared by the Advanced Civil Engineering Materials Research Laboratory
Department of Civil and Environmental Engineering, University of Michigan
October 8, 2004 : Revised December 21, 2005

Disclaimer: Having not been performed or reviewed by a licensed professional engineer prior to
submission to the Michigan Department of Transportation, the accuracy of these calculations and their
adherence to applicable design codes and standard practices within the State of Michigan must be
verified by a licensed professional engineer prior to incorporation within completed design documents.
The original authors or their employers can accept no legal responsibility for the accuracy of these
calculations or their adherence to applicable design codes or standard practices within the State of
Michigan.

Given:

Span Length=L =L, =L, =1335"

Gap Between Opposing Beam Ends = GAP = 3”

Deck Thickness = t, = 9”

Elastic Modulus of Reinforcing Steel = Egee; = 29,000 ksi
Yield Strength of Reinforcing Steel = fy_gcel = 60 ksi
Working Strain of Steel = gy_gce1 = 0.08%

Elastic Modulus of ECC = Egcc = 2900 ksi

Tensile Yield Strength of ECC = > = 500 psi

Yield Strain of ECC Material = &y.gcc = 0.02%
Maximum Allowable Live Load Deflection = L/800 (AASHTO Standard 8.9.3.1)

1. Overall Length of Link Slab

L, =0.075-(L, +L,)+ GAP Equation Cla

L, =0.075- (1335”+1335")+ 3"=203" Equation C1b

2. Length of Link Slab Debond Zone
L, =0.05-(L, +L,)+GAP Equation C2a

L,, =0.05-(1335"+1335")+3"=137" Equation C2b

3. Maximum Beam End Rotation
0. =A_ . (LLJ Equation C3a

short
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0, = L3 = 0.00375rad Equation C3b
80ONL) —————

4. Moment of Inertia of Link Slab (per foot width of bridge deck)

B (12Mt?

SRy Equation C4a
12n 9n 3 )
Is = % = M Equation C4b
5. Moment in Link Slab due to Maximum End Rotation

M, = Mg Equation C5a

dz

. . 4

M, =2 (2900;5;)"(729“’ ) .0.003751ad = 115.7kip -in Equation C5b

From calculation, it can be seen that no reinforcement is needed for structural strength in
addition to AASHTO minimum. In accordance with AASHTO Standard 8.20.1 and
8.20.2, a minimum of 1/8 square inches of reinforcing steel must be placed per foot in
each direction, at a spacing of less than 18”. Therefore, the top layer of longitudinal
reinforcing steel will meet that requirement.

#3 bars at 10.5>—» p=0.001164

Find Neutral Axis to Determine Strain Demands

n

€, 0.02%
e = Sy == 0 OS‘VO =0.25 Equation C6
. 0

y—steel

Ty = (04, )pt, 12"= 0.4 60ksi-0.001164-9"12 = 3.018kip

Equation C7a

Toeey =1, (A=n,)d +c)-12"=0.5ksi- (1-0.25) - d + 2.8175") - 12'=4.5d +16.905

Equation C7b



Tecer = (%jf‘t nd-12"= (%)(O.Sksi)(O.ZS) -d-12"=0.75d
Equation C7c
1 1)1 > 1 A1 1 )
Cece =|=If".| — || = t,=d—c) -12"=| —|(0.5ks1)| —— || — |(9"-d —2.8175")" -12"
@ t(nj(dj(s ) [2}( )(O.zsj(d} )
= 4387 _ 148.4+12d
d
Equation C7d
TSteel + TECC—I + TECC—2 - CECC = O
Equation C8a
. . 458.7 .
3.018kip +4.5d +16.905kip + 0.75d — +148.4kip—-12d =0
Equation C8b
168.3-6.75d —25'7 =0
Equation C8c
Solving for “d”,
d=3.114"
6. Check Tensile Strain Capacity of ECC Material
g, = oy -AT-BLy, te, e, Equation C9a
Ldz
0.0008 - (c +d) Equation C10a
€L =
d
_0.0008 -(2.8175"+3.114") _ 0.0015 Equation C10b

e
H 3.114"

~0.0000065-90° -1.0-1335"

€ 137" +0.001+0.0015=0.0082 = 0.82% < 2.0%

Equation C9b
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10.

Check Compressive Strain Capacity of ECC Material due to Live Load

~0.0008-(t, —d—c) Equation Clla

€ comp d

- 0.0008-(9"-3.114"-2.8175")
o 3.114"

=0.0008 = 0.08% < 0.5%  Equation C11b

Debond Zone Detailing

Within the ECC link slab debond zone, all shear connectors from the top flange of
girders must be removed. The top flange is the covered with 2 layers of 30#
roofing paper secured to the top flange.

Transition Zone Detailing

Within the transition zone continue shear connectors as along the top flange of the
girder. The number of shear connectors in the transition zone should be
increased by 50% over AASHTO design procedures. This increase can be
achieved by multiplying the current design spacing between shear connectors
by 0.667.

During construction of adjacent concrete bridge decks, top continuous
reinforcement should be run into the transition zone far enough to allow for a
class B splice beginning a minimum of 6 from the construction joint.

For a class B splice length for #4 epoxy-coated rebar

1y =0.4d,f, >12" (AASHTO Standard 8.25.1 and 8.25.4) Equation C12a

For #3 bars 1= 12"

Due to epoxy coating increase development length by 15%
(AASHTO Standard 8.25.2.3)

For a Class B splice increase development length by 30%
(AASHTO Standard 8.32.3.1)

Equation C12b

1 =12"1.15-1.3=18"

splice

The bottom mat of reinforcement may be eliminated 6” into the debond zone, or
may be continued with minimum reinforcement throughout the link slab
according to AASHTO design procedures with little effect.

Thermal Stress Checks

To determine whether concrete sidewalk and barrier wall can be used within this
project, the stress levels due to thermal gradient stresses and uniform stresses
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throughout the deck were calculated using LRFD Section 3.12.3. The stress
level in the link slab was calculated accounting for the presence of the
conventional link plate assembly and expansion joints on either end of
adjacent spans. The stress levels within the ECC link slab are shown in Table
C1 with associated calculations given in Appendix G. Within this table the
maximum tensile and compressive stresses in the ECC link slab are shown
under two conditions both with and without the concrete walk. Further, both a
positive and negative temperature gradient are shown, along with the uniform
stresses due to temperature change.

Table C1. Maximum Tensile and Compressive Stresses within the ECC Link Slab and ECC Link Slab with
Concrete Sidewalk Due to Positive and Negative Temperature Gradients and Uniform Stresses

Maximum Maximum ECC
ECC Tensile Compressive

ECC Deck Stress (ksi) Stress (ksi)
Temperature Gradient Increase 0.143 0.485
Temperature Gradient Decrease 0.148 0.042

ECC Deck with Conc Walk

Temperature Gradient Increase 0.149 N/A
Temperature Gradient Decrease N/A 0.044
Uniform Stress 0.005 N/A

Within this specific application, the stress level within the link slab due to
temperature deformations under any condition within the adjacent spans
remains far below those necessary to exceed the 500psi cracking strength of
the ECC material in tension. Therefore, the demand for tensile deformation
within the link slab can be considered negligible. If the link slab is never
subjected to tensile loads or deformations, there remains little concern over
the restraint provided by the concrete sidewalk and barrier wall. In this
application the use of concrete sidewalk and barrier wall is permitted.

11. Stay-in-Place Formwork

It is essential that the link slab be able to deform over the entire length of the
debond zone. To allow for this, while still using stay-in-place formwork, this
application requires the use of the debonding material over the entire bottom
side of the link slab within the debond zone, rather than just over the girders.
Therefore, roofing paper must be placed over the entire debond zone over
both the girders and the stay-in-place formwork before casting of the link slab.

12. Additional Reinforcement Detailing
Only the determination of the top mat of longitudinal reinforcing steel is covered
within this design document. Other reinforcement, such as transverse

reinforcement in both top and bottom mats, along with any minimum
reinforcement within the bottom mat are not addressed. This reinforcement

C 6



should be designed following AASHTO design procedures. Similarly, all
reinforcement detailing for walks, barrier walls, or other bridge features
should be completed following AASHTO design procedures.

Note: Construction Sequencing
The ECC link slab must be constructed after both adjacent bridge decks have been

placed and as much design dead load as possible has been placed on the
adjacent spans
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C&T:U/M:RDT 10f5 01-13-05

MICHIGAN
DEPARTMENT OF TRANSPORTATION

SPECIAL PROVISION
FOR
ECC BRIDGE DECK LINK SLAB

C&T:U/M:RDT 10f5 C&T:APPR:JFS:EMB:01-13-05

a. Description. This work consists of building a link slab of Engineered Cementitious
Composite (ECC) within a newly constructed, rehabilitated, or retrofitted bridge. Except as
modified by this special provision, all work is to be in accordance with the 2003 Standard
Specifications for Construction.

b. Materials. Fine aggregates used for ECC material must be virgin silica sand consisting
of a gradation curve with 50% particles finer than 0.04 mils and a maximum grain size of 12
mils. Fine aggregates meeting this requirement are available from the following manufacturer
under the trade name “F-110 Foundry Silica Sand.” Approved equal will be accepted.

US Silica Corporation
701 Boyce Memorial Drive
Ottawa, lllinois 61350
Telephone (800) 635-7263

Fibers to be used for ECC material must be manufactured of poly-vinyl-alcohol (PVA) with a
fiber diameter of 1.5 mils and a length between 0.3 inch and 0.5 inch. The surface of the fiber
must be oiled by the manufacturer with 1.2% (by weight) hydrophobic oiling compound along
the length of the fiber. Fiber strength shall be a minimum of 232 ksi with a tensile elastic
modulus of at least 5,800 ksi. Fibers meeting this requirement are available from the following
manufacturer under the trade name REC-15. Approved equal will be accepted.

Kuraray America

101 East 52" Street, 26™ Floor
New York, New York 10022
Telephone (212) 986-2230

Water Reducing, High Range Admixture: Water reducing, high range admixture
(superplasticizer) complying with ASTM C 494, Type F or G, ASTM C 1017, Type 1 or 2. In
addition, the selected water reducing, high range admixture should be comprised of a
polycarboxylate chemical composition. Water reducing, high range admixtures meeting this
requirement are available from the following manufacturer under the trade name ADVACast ®
530. Approved equal will be accepted.

W.R. Grace & Company

62 Whittemore Avenue
Cambridge, Massachusetts 02140
Telephone (617) 876-1400
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Retarding Admixture: Retarding admixture complying with ASTM C 494, Type D. Retarding
admixture meeting this requirement is available from the following manufacturer under the trade
name Daratard ® 17. Approved equal will be accepted.

W.R. Grace & Company

62 Whittemore Avenue
Cambridge, Massachusetts 02140
Telephone (617) 876-1400

c. ECC Mix Design Requirements. The ECC mixture requirements are shown in Table 1.
For the mixture proportions listed, fine aggregate weight is assumed to have a dry bulk density
of 2.60. The Contractor will adjust the mix design for aggregate absorption (assumed Moisture
Content = 0.1%, Absorption Capacity = 9.0%, Specific Gravity = 2.65), and for specific gravity if
it differs by more than 0.02 from the assumed value. At the site, additional High Range Water
Reducer (HRWR) may be added to the mix to adjust the workability of the mix with onsite
approval of the Engineer. Water additions are not allowed at the bridge site or in transit.

The adjusted mix design must be submitted to the Engineer a minimum of five days prior to
placement of the ECC link slab. Strength requirements for ECC material are shown in Table 2.

The ECC material supplier must be approved by the Engineer and should be familiar and
experienced with batching, mixing, and placement of ECC material. Adequate experience with
ECC batching, mixing, and placement techniques is achieved after participating in ECC
batching, mixing, and placement training to be arranged with MDOT personnel (or designated
MDOT representatives) prior to the Contractor’s first project using ECC material.

Adequate workability of the ECC mixture can be verified using a standard slump cone.
Workability testing should be performed on a flat plexiglass or glass surface upon discharging of
the ECC mixture at the site. Upon removal of the cone, the resulting pancake of ECC material
which is formed must be greater than 30 inches in average diameter and less than 90 inches.
No check on air content is necessary.

Table 1:

ECC Mix Design Parameter Value

Mix Water (net) 544 |b/cyd
Portland Cement, Type | 973 Ib/cyd
Fly Ash, Type F 1167 Ib/cyd
Fine Aggregate, Dry 778 Ib/cyd
High Range Water Reduced (HRWR) 14.6 Ib/cyd
Poly-vinyl-alcohol Fibers 43.8 Ib/cyd
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Retarding Admixture Optional
Table 2:
Minimum Strength of ECC Material 7 day 14 day | 28 day
Compressive 3200 psi | 4000 psi | 4500 psi
Tensile (Uniaxial) 500 psi | 500 psi | 500 psi
Ultimate Tensile Strain Capacity 2% (uniaxial tension)

d. Trial Batch. The Contractor shall appoint a technical representative capable of making
adjustments to the batching and mixing of ECC material. This representative must be familiar
with the mixing, batching, and placement of ECC material. The technical representative will
designate a batching sequence of ECC material to ensure uniform fiber dispersion, and
homogeneity of the material. This batching sequence must be approved by the Engineer. The
technical representative will be present at the trial batch and at the first placement of ECC
material to make recommendations and adjustments.

A four cubic yard trial batch shall be mixed and placed at the mix plant or as designated by
the Engineer, a minimum of twenty eight working days prior to full production. The Engineer
must be notified of the time of the trial batch mix a minimum of 48 hours before batching.
Quality assurance specimens shall be cast from this trial batch according to section (f) and
tested by MDOT personnel or designated MDOT representatives, to validate early age
hardened properties of the ECC mixture.

The trial batch shall be prepared following the adjusted mix design and with the same
materials that will be used in the ECC link slab mixture. For the trial batch to be considered
successful, workability, fiber dispersion, mixture rheology, 7 and 14, day compressive and
tensile strengths, and uniaxial tensile strain capacity must meet the requirements of this special
provision. Workability is evaluated as outlined in section ¢ of this provision. Qualitative
judgment must be made by the Engineer as to proper homogeneous fiber dispersion throughout
the fresh material, and acceptable overall rheology of the mix for the intended application. If the
trial batch does not meet these requirements, the trial batch shall be repeated at no additional
cost to the department.

e. Preparation, Placement, and Cure of ECC Material. Trucks delivering ECC material to
the project must be fully discharged within one hour of charging at the plant as required by
subsection 701.03.B, Table 701-2. Preparation of the formwork and concrete surfaces shall
proceed according to subsection 706.03.H. Prior to placement of the link slab, all concrete/ECC
interfaces shall be wetted with a uniform spray application of water so that the surfaces are
moist at the time of placement, with no standing water. Water collecting in depressions shall be
blown out with clean, oil free, compressed air.

Because of the high flowability of ECC material and placement on a sloped bridge deck, any
vibration may pose problems with maintaining the location of the ECC material, causing it to
flow towards the low point of the crown before setting. Special methods with phased
construction will be needed when vibrations are present during placement of the ECC material.

D 4
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Finishing of the surface shall follow subsection 706.03.M. Special care must be taken to
ensure that creation of transverse surface grooves does not disturb fiber distribution on the
finished surface. Light texturing with a rake can achieve this result. The careful use of a tining
rake shortly after initial setting of the ECC material is allowed to produce a surface texture
resulting in acceptable ride performance. When using the rake, care must be taken not to
remove fibers from the top layer of ECC material. If this is not possible, texturing of the
hardened surface must be undertaken to achieve an acceptable riding surface.

Application of curing compound and curing of the ECC material shall follow subsection
706.03.N. If necessary, the removal of the continuous wet curing system within the ECC portion
of the construction is permitted after two days provided that the 7 day compressive and tensile
strengths and tensile strain capacity given in Table 2 have been reached.

Sidewalk, curb, or barrier shall not be cast on the deck until the link slab has received a
minimum two day continuous wet cure. Heavy equipment will not be permitted on the link slab
until the link slab has reached an age of at least 4 days, and then not until the ECC has attained
the 28-day strength listed in Table 2. This sidewalk, curb, or barrier wall must be cast of ECC
material over the link slab region unless calculations of both thermal gradient stresses and
uniform thermal stresses show that stresses within the link slab remain below the cracking
strength of ECC material.

If the workability limits outlined within Section ¢ of this special provision cannot be met, or
due to other site circumstances, the Contractor is allowed to use hand held vibration equipment
to aid in placement and consolidation of the ECC material if approved by the Engineer.
Vibration should be used judiciously to promote proper consolidation, and only as a final
measure in guaranteeing the quality of the construction. Care must be taken during vibration to
not affect proper dispersion of the fibers within the fresh composite.

f. Quality Assurance. Quality assurance of ECC materials will be consistent with
subsection 701.03.G.2. In addition to standard compressive cylinders, sets of four uniaxial
tensile test plates will be cast on site at identical intervals to casting of compressive cylinders.
Dimensions for uniaxial specimens are shown in Figure 1. Tolerances for these plates are
+0.05 inches for all dimensions and tensile forms should be properly treated with form oil or
other approved releasing agent to facilitate easy form stripping. Uniaxial tension tests are to be
performed by a testing organization or research facility designated by the Engineer. The testing
organization or research facility shall be experienced and familiar with conducting uniaxial
tension testing of strain hardening cementitious composites. Scheduling, completion, and
reporting of all material testing are the responsibility of the Contractor. Uniaxial tension tests
are to be run on a servo-hydraulic testing system under displacement control using a test speed
of 0.1mil/sec. Testing of this type shall be conducted at the following location.

Advanced Civil Engineering Materials Research Laboratory
University of Michigan

2326 George G. Brown Laboratory

2350 Hayward Street

Ann Arbor, Michigan 48109-2125
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Telephone (734) 764-3368
Under the direction of Professor Victor C. Li

Other testing laboratories must be approved by the Engineer prior to testing.

%H

12"

%30.5"

Figure 1

dg. Measurement and Payment.

Contract Item (Pay Item) Pay Unit
Bridge Deck Link Slab Construction...............cooiiiiiiiieeae Square Yard
ECC Material.. .. ..o Cubic Yard

Bridge Deck Link Slab Construction includes formwork necessary for placement of link
slab, consolidation (if necessary), finishing, texturing, and curing of the link slab ECC material.
This work will be measured and paid for in square yards of surface constructed within the limits
shown on the plans, including area of drain castings.

ECC Material includes furnishing and placing the ECC material within the prepared link slab
limits as shown on the plans. The quantity will be documented, measured, and paid for using
batch plant tickets with deductions made for material wasted or rejected. The initial trial batch
quantity will be included in this quantity. Any additional trial batches necessary to adjust the mix
will be prepared at no additional cost to the Department.
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Michigan Department of Transportation
HNTB Corporation
The University of Michigan Advanced Civil Engineering Materials Research Laboratory

ECC Bridge Deck Link Slab Information Meeting

Meeting Minutes

Civil and Environmental Engineering Department
The University of Michigan
Ann Arbor, Michigan

May 31, 2005
Group members of the Advanced Civil Engineering Materials Research Laboratory (ACE-MRL),
MDOT and HNTB met on Tuesday, May 31, 2005 at 10:00 AM in the CEE Department

Conference Room with the following in attendance:

ACE-MRL Members Present:

Dr. Victor Li, Principal Investigator vcli@umich.edu

Dr. Jerome Lynch, Co-Principal Investigator jerlynch@umich.edu

Mr. Tsung-Chin Hou tschou@umich.edu

Ms. Mo Li molz@umich.edu

Mr. En-Hua Yang ehy@umich.edu
MDOT Members Present:

Mr. Daniel Garcia garciada@michigan.gov

Ms. Caroline Chappell cmchapp@umich.edu
HNTB Members Present

Mr. Tom Shultz tshultz@hntb.com

Ms. Nicki Baker nbaker@hntb.com

Mr. Shawn Tinkey stinkey@hntb.com

Call to Order
Dr. Li called the meeting to order at approximately 10:30AM.



Meeting Agenda:
e Introduction of ACE-MRL, MDOT and HNTB Members
e Presentation by Dr. Victor Li
e Presentation by Dr. Jerome Lynch
e Remaining Questions and Discussion

In the morning session, Professor Li gave a presentation on ECC material properties, ECC mix
proportion, ECC link slab design, and ECC trial large scale mixing in ready mix truck.

During the presentation by Dr. Victor Li, the floor was open to questions by research team
members, MDOT members and HNTB members.

Ms. Baker asked why people want the large deformation of ECC. Dr. Li answered that the large
deformation capacity (ductility) of ECC is not “wanted”, but “needed”. For link slab application,
generally the combination of environmental and mechanical loading will impose a tensile strain of
1.2% in the link slab, therefore the high strain capacity of ECC material is needed to accommodate
the tensile strain.

Mr. Shultz was concerned that quality control for large scale mixing might not be as good as in
laboratory. Dr. Li responded that we have done not only test in lab, but also large scale trail
batches (1, 2 and 4 cubic yard) in a ready mix truck. Specimens made from the large scale
batches have been tested to have good tensile strain capacity up to 3%.

Mr. Tinkey asked what kind of other application the ECC material has been used for. Dr Li
responded that an R/ECC coupling beam had been constructed in a 27-story high-rise R/C
residential building in central Tokyo, Japan. Besides, a cable stayed bridge (Mihara Bridge,
Hokkaido, Japan) was constructed in 2004, with a 12 mm- thick steel deck overlayed by a 38
mm — thick layer of ECC. This cable-stayed bridge was expected to open to traffic in April, 2005.
The tensile ductility and tight crack width control of ECC are features that contribute to a 40%
reduction in weight and an expected service life of 100 years. A significant reduction in cost was
also reported. There was also an ECC repair of the Mitaka Dam in the Hiroshima-Prefecture in
2003, Japan. In the US, a small ECC patch repair was placed on the deck of the Curtis Road
bridge over M-14 in Michigan in Oct., 2002. This patch was placed one day after the surrounding
repair concrete was placed. Under very heavily loaded 11-axle trucks, and almost three full winter
freeze-thaw cycles, the ECC patch exhibits very tiny cracks, with crack width around 50 um. In
contrast, the maximum crack width in the surrounding concrete is significantly higher at the same
age, which is about 3.8mm.

Dr. Li talked that under Freeze-thaw testing according to ASTM C666, the durability factor for
concrete is 10 compared with 100 for ECC, both without air entrainment. Mr. Tinkey asked about
the freeze-thaw resistance of ECC compared to air-entrained concrete. Dr. Li answered that they
are almost the same, but the goodness of ECC is that it does not need the air entrainment
procedure.

Dr. Li asked who is responsible for ordering the raw material. Mr. Shultz responded that the
primary contractor, who will be present on Friday’s “Hands-on” training meeting, is responsible

for this work.

Mr. Shultz asked whether more suppliers were available and whether the raw materials could be



substituted. Dr. Li responded that it was not suggested to substitute the raw materials, because
ACE-MRL had already provided the optimal composition. It would be not easy to guarantee the
composites performance after changing the raw material or composition.

Mr. Tinkey asked about the initial setting time of ECC. Dr. Li responded that the initial setting
time is about an hour and can be extended as desired by adding adjusted amount of retarder. Mr.
Yang added that based on the large scale trial batch experience, there was no problem to control the
fresh property of ECC.

Ms. Baker asked whether there will be any concern about large deflection when ECC is used in
structural applications since the material is very ductile. Dr Li explained that material ductility is
a property in the inelastic stage. ECC has an elastic modulus a little lower than normal concrete
(~20GPa vs. ~24GPa). Under service loading, ECC structural member should not be expected to
have large deflection because of its enough high elastic modulus. However under severe loading
or other loading conditions when large deformation is imposed, the high ductility of ECC can
accommodate the large deformation and prevent brittle failure.

Mr. Tinkey asked about the density of ECC. Dr. Li responded that for the version of ECC (M45)
which will be used in the link slab project, the density is about 20% lower than the normal
concrete.

Dr. Li commented that a three-cubic yard trial batch should be required, and compressive/tensile
properties of ECC are necessary to be obtained at different ages in case that the mix design needs
to be adjusted. An adjusted mix design must be submitted to the Engineer at least five days prior
to the placement of the ECC link slab.

In the afternoon, Professor Lynch presented the instrumentation strategy for the ECC link slab on
the Groove Street Bridge. The details could be found in the document “Instrumentation Strategy
for the Jointless ECC Bridge Deck on the Groove Street Bridge”.

In the Q & A section, several questions were posed by Dr. Li, and answers from MDOT and HNTB
members were invited.

Q: What’s the time line for pouring ECC link slab?
A: The estimated time for pouring ECC link slab will be during the 1st week of August, 2005. Mr.
Tom Shultz will keep the time schedule updated.

Q: Who is responsible for the on-site inspection?
A: Ms. Nicki Baker and Mr. Shawn Tinkey from HNTB.

Q: Are guests allowed to visit the job-site? Do they need permission?
A: Mr. Daniel Garcia responded that MDOT is aware that there may be different people and groups
to visit the job-site and the permission may not be necessary.

Q: Will videotaping the pouring process be permitted for educational purpose?
A: Mr. Daniel Garcia assumed there wouldn’t be any problem for videotaping.

Q: Foaming problem?

A: Dr. Li commented that from previous large scale casting experience, it had been noticed that a
strong and non-leakage foam-work is critical due to extreme good flowability of ECC. Dr. Li
suggested the contractor to pay good attention to this point.



Q: How to finish the surface of ECC link slab after casting?

A: Dr. Li commented that hand finishing was used for Mihara bridge deck in Japan. In the US,
the tinning rake was used for the patching. However, it was conducted in an upside-down manner
in order to prevent fiber pullout at the surface.

Q: Raw materials supply — On time?

A: Dr. Li commented that the primary contractor and ECC material supplier (Clawson Concrete)
should realize that ordering and delivery of raw material may take time. Dr. Li suggested them to
get on this early. Mr. Tom Schultz will ask the contractor to start inquiring on where and when
the raw material can be obtained.

Q: Who has the ultimate oversight responsibility for this project?
A: Mr. Tom Shultz

The meeting adjourned at approximately 2:30PM.

The next meeting were planned be held for “Hands-on” training on Friday, June 3",
9:00AM-12:00PM.
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I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
July 7, 2005

Today’s meeting began at 9:00AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on June 23, 2005.

Chief Morabito and/or staff stated that they had no pressing issues and were pleased with
all communication to date. There was some discussion pertaining to the schedule of the
progress meetings. It is desired to have them every two weeks rather than the 2™ and 4™
Thursdays of the month. Chief Morabito checked their schedule and stated that the
conference room would be available for the meeting of 8/18/05 if the meeting starts at
10:00 AM. This should be no problem! He also stated that there could be a conflict for
the meeting of 9/29/05. This will be addressed at a future progress meeting. It was also
stated by the Chief and his staff that there should be no problem working on the
Harris Road and Grove Street structures concurrently.

Engineer Issues:

Once again all of the contractor’s were reminded of the need to submit accurate and
signed testing orders. Cooperation in this area is necessary to insure the processing of
timely and accurate bi-weekly pay estimates. Testing Orders are still needed from the
following contractors: State Barricading, Weyand Brothers and PK Contracting. With
Cheryl’s assistance Form 1155’s were received from Doan Concrete, however nothing
has yet been received from Clawson & Killin Concrete. A summary of additional
testing deficiencies was given to Cheryl on this date.

Mike Lepech from the University of Michigan and Hal Ballenger from Clawson/Killin
Concrete were present today to assist in the discussion of the ECC mixture. Following is
what was learned:

1.) Clawson has or soon will obtain supplies of the required fibers, sand and fly ash.

2.) The mixing of the required trial batch is scheduled for July 16, 2005. The
location will be at Clawson’s Wagner Road plant.

3.) Mike Lepech will be present for the trial batch to obtain mix samples for testing.

4.) Midwest has the epoxy coated re-steel that will be used in the link slab, and it will
soon be delivered to the U of M.



5.) Midwest representatives will be present at the trial batch to experiment with
different tining procedures.

6.) It was suggested that when placing the ECC material onto the structure at Grove
Street that a crane and bucket be used instead of a pump truck.

7.) Prior to the actual pouring of the link slab it will be desired to have additional
conversation at a future progress meeting. Wayne State should be represented at
this meeting.

8.) Applicable testing staff should be notified of the trial batch!

Gary Watters presented additional information pertaining to the remaining demolition
work at the Harris Road structure. It is scheduled to resume at 8:00 PM on 7/17/05.
Closures will be needed on both EB & WB 1-94. The EB off-ramp to Willow Run will
be closed and detoured on this date. Demo work will continue, starting at 8:00 PM on
7/18/05, on this date the [-94 WB on-ramp from Willow Run will be closed. If necessary
the demo work will be completed on 7/19/05. All lanes of traffic will be opened by 5:00
AM on 7/20/05 to accommodate the Ann Arbor Art Fair. Demolition of the tailspans at
the Rawsonville Road structure will start on either 7/11 or 7/12/05. There will be no
interference with [-94 traffic at this time. The remaining demo work at the Rawsonville
Road structure will be completed from 7/13/05 thru 7/15/05. Work will be accomplished
by reducing 1-94 traffic to a single lane (both EB & WB) from 11:00 PM until 5:00 AM.
The demolition of the Grove Street structure is scheduled to start on7/25/05.

Hydrodemolition plans are still required from Rampart and Safety Grooving.

Tom reminded all of the contractors of the need to have technicians involved with testing
receive [AT’s from qualified MDOT staff since 1-94 is a NHS route.

Shawn Tinkey stated that he would check the placement of the delineators on Ramp C
and report them for pay.

Nicki Baker mentioned that structural steel pay weights for the new pin & hanger
assemblies had not yet been received. She also mentioned that she would be paying for

additional temporary supports.

All parties received, reviewed and agreed with the present assessment of lane rental
charges.

Contractor Issues:

Iafrate intends to close the 1-94 WB exit-ramp to Rawsonville Road at 9:00 AM on
Monday, 7/11/05. The entrance ramp from Rawsonville Road to WB 1-94 will be closed
at 9:00 AM on Tuesday, 7/12/05. They hope to have all of the required work completed
in approximately three weeks.

Gary Watters stated that the required epoxy overlay for SO1 of 81041 is scheduled for the
week of July 18". Gary also submitted unit prices from Right Rail, Inc. to establish new



unit prices for rigid delineator posts and delineator reflectors. An updated critical path
was also presented by Mr. Watters. Because of the aforementioned changes in the
schedule of the remaining demolition work it will need to be updated again.

Concern was expressed over the poor response time of the Detroit Edison Company in
regards to providing power for the signals at McCartney. Subsequent to today’s meeting
it was learned that Detroit Edison had made the asked for hook-up.

MISCELLANEOUS:

Chief Morabito and staff expressed concern over the upcoming Heritage Festival in the
City of Ypsilanti. It is scheduled for the third week of August. Attention needs to be
given to this event. This date coincides with the last race of the season at Michigan
International Speedway. Thus there should be no closures on the 1-94 mainline.

The existing shoulder closure on WB 1-94 over Wiard Road is scheduled to be removed
on Friday, July 8, 2005.

The meeting was adjourned at 10:30 PM. The next meeting is scheduled for 9:00 AM on
July 21, 2005 at the same location.

Notes Recorded by Tom Shultz



I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
August 4, 2005

Today’s meeting began at 9:00AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on July 21, 2005.

Chief Morabito and/or staff once again mentioned that they had no pressing issues and
continue to be pleased with all communication to date. Chief Morabito is still out of town
but wishes to be informed of any pending traffic restrictions. As of this date no
immediate changes are planned.

Engineer Issues:

Again all of the contractor’s were reminded of the need to submit accurate and signed
testing orders. Cooperation in this area is necessary to insure the processing of timely and
accurate bi-weekly pay estimates. Testing Orders are still needed from the following
contractors: State Barricading and PK Contracting.

The trial batch of the ECC mixture, which was performed on July 23, 2005 appears to
have been successful. Satisfactory strength results are being obtained. The first stage of
the demolition work at the Grove Street structure has been completed. It will soon be
possible to predict with some accuracy as to when the ECC mixture will be produced.
Representatives from both the University of Michigan and Wayne State University were
present this date to help coordinate all of the efforts associated with their respective
research projects. Mike Lepech (UM) presented additional data pertaining to the trial
ECC mixture. All results are very positive. He also presented Hal Ballenger of Clawson
Concrete with several suggestions that should help with the field application of the ECC
mixture. These suggestions pertained to amount of mixing water, desired slump
measurements, mixing time required after the addition of the fibers, possible screeding
techniques and texturing techniques. Mr. Ballenger stated that the he was ready to have
all of the materials on hand when needed.

Rod Cliff (Midwest) mentioned that he will be delivering the epoxy coated steel to UM’s
lab next week in order for them to attach the required monitoring devices.

Considerable discussion also took place with the representatives from Wayne State.
They need to be notified in advance of the actual pour in order that they can attach their
strain gauges to the reinforcing steel once it is in place. They were also encouraged to



contact the Detroit Edison Company as soon as possible if they wish to explore the
possibility of using their electric power. It is more than likely that an auxiliary source
will have to be used.

Jerome Lynch (UM) is going to coordinate the load testing for both universities once the
deck has been poured.

Representatives from both Universities were encouraged to attend the next progress
meeting. At that time more definite information should be known as to when the pour
will actually take place.

Hydrodemolition plans are still required from Rampart and Safety Grooving. These
contractors will soon be returning to the project, therefore it is important that there plans
are submitted for approval.

Tom gave Gary Watters a copy of Standard Plan VIII-340E, which depicts a Type E
Cantilever Foundation.

Tom also stated that two requests for a Contract Extension of Time had been received
from Iafrate. It was pointed out that these are not really an actual contract extension of
time request, but are more in the form of a modification to lane/ramp rental assessments.
This has been discussed with the MDOT and it does not appear as though they will be
given much consideration. However, it will be noted that they were received in a timely
manner.

It was also noted that on August 2, 2005 that Midwest Bridge Company was made aware
of the fact that some “High Structure” permits were needed in order to comply with FAA
regulations. Cheryl Heckla is pursuing this for Midwest Bridge.

A reminder was also given that word had again been received from MDOT about pending
DEQ visits pertaining to bridge painting. Tom commented that numerous complaints
were received yesterday concerning the containment in place at the Harris Road structure.
It appears as if considerable blasting residue is escaping through the false decking.

All parties received, reviewed and agreed with the present assessment of lane rental
charges.

Contractor Issues:

Ron Roby (Iafrate) mentioned Ramps D and F were opened to the public at
approximately 9:00 PM on July 28, 2005. At this time Iafrate is concentrating on clean-
up and punch-list work in the 1-94 & Rawsonville Road interchange area. lafrate will be
back on site when additional bridge approaches are ready to be paved. Ron asked that
they receive a timely notification for this work.

Gary Watters (Midwest) presented the following information and/or documents:



1.) Additional documentation to justify the price for the removal and replacement of
the fascia beam on the Rawsonville Road structure.

2.) A summary of traffic control items used to date, which had been furnished by
State Barricades, Inc.

3.) Documentation pertaining to the stockpiling of structural steel for future work on
S08 of 81062.

4.) Gary also stated that a unit price of $8.50 per square yard would be acceptable for
the HMA removal done on the Grove Street structure.

5.) Gary said that he was anticipating a letter from G&M Painting, which would
guarantee the performance of a concrete surface sealer applied on new concrete
only seven days old. This has not yet been received.

MISCELLANEIOUS:

Dan Garcia was reminded of the need to review the proposed scheme for the completion
of the painting of the Harris Road structure. It is especially important to discuss the
painting of the structure, which involves the closing of the ramp to Willow Run from EB
[-94. Dan also stated that the MDOT had received word on this date that barrels utilized
in a shoulder closure and utilizing a restricted speed limit are to be placed on the edge of
metal, and not the edge of the shoulder. A Work Order will be prepared to address this
issue.

It was stated that University Region Bridge Engineer, Terry Johnson had approved the
color selection presented by G&M Painting for the beams at the Grove Street structure.
G&M has not yet responded to a possible one-year warranty for a concrete surface sealer.

Shawn Tinkey (HNTB) presented Marc Kellum (Iafrate) with a detailed punch-list
pertaining to the Rawsonville Road interchange area. Shawn noted that considerable silt
fence needed remedial work. Most of the damage appears to have been caused by the
fencing subcontractor. It was also stated that Shawn and Marc were working on agreeing
to final quantities for much of the work completed by Iafrate to date.

Nicki Baker (HNTB) mentioned the probable pending DEQ visit to the project and also
addressed concerns over some of the practices being utilized by G&M Painting.
Repeated warnings have been given to this contractor pertaining to proper safety
practices. It may soon be necessary to issue an Interim Contractor Evaluation to address

these concerns. Gary Watters was aware of some of the issues and has already contacted
G&M.

The meeting was adjourned at 10:30 PM. The next meeting is scheduled for 10:00 AM
on August 18, 2005 at the same location.

Notes Recorded by Tom Shultz



I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
August 18, 2005

Today’s meeting began at 10:00AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on August 4, 2005.

Chief Morabito and/or staff again mentioned that they had no pressing issues and
continue to be pleased with all communication to date. Chief Morabito and staff have
been informed of the deck pour scheduled for the nights of Tuesday and Wednesday,
August 23, 24, 2005. Appropriate MDOT staff has also been made aware of this pour
schedule.

Engineer Issues:

Again all of the contractor’s were reminded of the need to submit accurate and signed
testing orders. Cooperation in this area is necessary to insure the processing of timely and
accurate bi-weekly pay estimates.

Mike Lepech represented the U of M this date to express concerns about the rapidly
approaching ECC pour. Since Roger Till (MDOT) was unable to attend today’s meeting
no final decisions could be reached. The issue being addressed is the combination of the
ECC link slab being poured in conjunction with a concrete sidewalk and concrete railing.
It was suggested that both Mike and Tom Shultz try to contact Roger Till as soon as
possible to meet with him to arrive at the final resolution. It was suggested that a meeting
be scheduled for 9:00 AM at the Fire Station on Friday, August 26, 2005. Chief
Morabito has been contacted and the room is available for such a meeting. As of this
date the link slab is scheduled to be poured on 8/31/05. It was again mentioned that
Jerome Lynch is coordinating the load testing of the Grove Street structure. This testing
will be done prior to opening to traffic. Gary Watters was asked to prepare a rough
estimate of the additional cost in the event that ECC material was used for the sidewalk
and railing.

Representatives from Wayne State University indicated that they would be visiting the
Grove Street site prior to the tentative deck pour dates in order to start placing some of
their monitoring equipment. They also indicated that they would be using batteries to
record the data. They were encouraged to contact Tom Shultz if they had any concerns
prior to the pour date and to verify that everything was still on schedule.



Hydrodemolition plans are still required from Rampart and Safety Grooving. Rampart
recently completed the hydro work at the Rawsonville Road structure. As of its
completion they no longer have an approved plan for the remaining work.

The MDOT informed HNTB that a Standard Plan utilizing a spread footing was needed
for the Type E Cantilever Foundation. A Standard Plan depicting “Cantilever Foundation
Spread Type C, D, E (Detail VIII-330(SP))’was furnished to Midwest Bridge. Midwest
may want to submit an alternate design. Gary Watters was reminded of this and will send
us another approved MDOT Standard Plan in the very near future.

Tom inquired if Midwest had been successful in obtaining the required FAA permits. If
so please supply HNTB with a copy for their files. Gary is going to check on this with
Cheryl Heckla.

A reminder was once again given that word had again been received from MDOT about
pending DEQ visits pertaining to bridge painting. Many sites are presently being visited.
These visits will also likely encompass the diamond grinding and this years remaining
hydrodemolition work. It was noted that spent abrasive material on the beam flanges was
being closely looked at.

Concern was expressed about the timeliness of insuring that all Traffic Control Devices
in use on the project are NCHRP — 350 compliant. State Barricading has been
cooperative to date and all of the required paper work is contained in the project files.

Tom asked that the contractors start thinking about the work for the 2006 Construction
Season. Especially traffic concerns pertaining to construction activities in the vicinity of
the US-23 and [-94 Interchange. It is not too soon to start be pro-active.

Tom mentioned that he had been in contact with Dan Garcia of MDOT. Dan indicated
that approval has been obtained for short-term closures of the ramps in the vicinity of the
Harris Road structure to facilitate the completion of the steel coating. Time restrictions
are going to be required for the closures and additional information will be forthcoming.

There were no lane rental or ramp rental assessments this period.

Contractor Issues:

Marc Kellum (Iafrate) stated that they would return to the site on Monday, August 22,
2005. Their work will consist of punch-list items and then on Wednesday of next week
they hope to be able to work on preparing the approach pavement on the Harris Road
structure.

Ron Roby (Iafrate) said that their survey personnel should soon be able to address the
earthwork quantities in the interchange vicinity. It is hoped that plan quantity will be
acceptable.



Gary Watters (Midwest Bridge) presented the following documents and or information:

1.) A signed copy of Contract Modification #9, which will be sent to the TSC for
processing.

2.) Copies of some of their employee’s “Welder Certifications.”

3.) Material certifications from Consolidated Systems, Inc.

4.) A Certificate of Compliance from Miamisburg Coating.

5.) A request from PK Contracting to establish the following Extra item of work to
the contract: Remove Curing Compound Special @ $1.95 per sft.

6.) Correspondence notifying HNTB and the MDOT that they are filing a claim
under Section 104.09 of the Standard Specifications. This claim pertains to the
required shot-blasting on SO1. This is a requirement prior to placing the epoxy
overlay.

7.) A revised Critical Path, which was dated 8/01/05.

8.) The ECC pour on Grove Street is scheduled for Au%ust 31, 2005. Conventional
deck pours will be done on the nights of August 29" and 30™. The ECC pour is
scheduled for a daytime pour.

9.) The Stage II deck pour at Rawsonville Road is scheduled for August 25, 2005.

10.) Harris Road is scheduled to be poured on the nights of August 23" and 24"

11.) PK Contracting has been hired to perform the required shot-blasting in

conjunction with the epoxy overlay work remaining. They will not be on site until

after Labor Day. Tom Shultz reminded Midwest of the temperature restrictions
associated with the epoxy work. In the interim Midwest is going to complete the
rehabilitation work on SO1 prior to doing the epoxy overlay.

MISCELLANEIOUS:

Nicki Baker commented that she had noticed three bolts missing from a diaphragm on the
Rawsonville Road structure. Rod will be shown there location and they will be replaced
in the near future. Nicki also commented that she was pleased to note the improved
safety practices being exhibited by G&M Painting.

Shawn Tinkey noted that there still remained a significant amount of punch-list work
remaining to be done in the vicinity of Rawsonville Road and I-94. It was noted that a
significant amount of the remaining work pertained to Rite Rail. Shawn also commented
that he and Marc (Iafrate) would soon be ready to address many final quantities
pertaining to the work at the interchange.

The meeting was adjourned at 11:20 AM. The next meeting is scheduled for 9:00 AM
on September 1, 2005 at the same location.

Notes Recorded by:




I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
September 1, 2005

Today’s meeting began at 9:00AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on August 18, 2005.

Chief Morabito and/or staff once again mentioned that they had no pressing issues and
continue to be pleased with all communication to date. They did request a tentative
schedule of remaining bridge work pertaining to structures over [-94. See comments in
the miscellaneous section of the minutes.

Engineer Issues:

Again all of the contractor’s were reminded of the need to submit accurate and signed
testing orders. Cooperation in this area is necessary to insure the processing of timely and
accurate bi-weekly pay estimates. Kelcris Contracting had a representative at today’s
meeting and they were specifically reminded to submit all required testing information as
soon as possible.

Mike Lepech represented the U of M at today’s meeting. Mike reported that on 8/26/05 a
conference call was held between Roger Till (MDOT) and several representatives from
the U of M. It was determined that all Stage I pours pertaining to Grove Street will
proceed as detailed in the construction plans. In other words regular concrete sidewalk
and concrete railing will be poured on top of the ECC material. Mike visited the site on
8/30/05 to meet with Nicki Baker to review the placement of the reinforcing steel in the
link slab area. This too will be placed as per plan for Stage . Mike again stated that all
test data from the ECC trial batch continues to be very satisfactory. He does not
anticipate any problems with the scheduled Link Slab pour on 9/08/05. He also stated
that all visitors associated with the University of Michigan will be equipped with proper
safety attire and that they have been cautioned not to impede the work of the contractor.

Following the completion of the first ECC pour it will be closely monitored in regards to
the effect of placing concrete sidewalk and concrete railing on top of it. In the event that
any test data is unsatisfactory Roger Till (MDOT) has indicated that he will not object to
using ECC material for the sidewalk and railing in Stage II construction. Gary Watters
asked that this information be made available as soon as possible in case the supplier
(Clawson Concrete) might have to make arrangements to secure additional materials for
the ECC mixture.
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Mike also mentioned that load testing of the deck is tentatively scheduled for September
19, 2005.

Jihang Feng represented Wayne State University at today’s meeting in regards to their
research program. They intend to have representatives on site during the day on Tuesday
to install all of their sensors prior to the scheduled night pour. Coordination of this
activity is being handled through Rod Cliff (Midwest Bridge). Rod’s cell phone number
is: 517-404-6530.

Once again Tom Shultz, HNTB mentioned that hydrodemolition plans are still required
from Rampart and Safety Grooving prior to performing any additional work on the
project.

Gary Watters stated that he would fax details pertaining to his proposal for the Type E
Cantilever Foundation required for the project. This information will then be forwarded
to the MDOT for their review and approval.

Garry Watters stated that Midwest had successfully completed all applications for the
required FAA permits. These also will be faxed to HNTB’s office in Tecumseh.

Tom Shultz again mentioned the importance of timely responses to the Work Zone
Traffic Reports and the importance of insuring NCHRP and 350 compliance.

As a result of comments made during the last progress meeting pertaining to potential
future traffic concerns a meeting has been held with MDOT staff and HNTB staff to
discuss such concerns. All of the contractors again were reminded to be PRO-ACTIVE
in regards to any issues that they foresee for next years work.

Information was received from Dan Garcia (MDOT) since the last meeting which
pertains to the closing of EB [-94 Ramp to EB US-12 near Harris Road. Ideally the ramp
can be closed from 9:00am to 2:00pm on a Tuesday, Wednesday or Thursday. Of major
concern is notification to the public and all emergency services.

There were no lane rental or ramp rental assessments this period.

Contractor Issues:

Marc Kellum (Iafrate) stated that they were pouring the approaches to the deck at
Rawsonville road today. Following their completion and curing this means that the
traffic pattern at the [-94 and Rawsonville Road interchange will soon be restored to its
normal traffic pattern. Marc also mentioned that he presently had staff on site that was in
the process of completing the final cross sections for the interchange area. Once this is
done it will be possible to determine if plan quantities are acceptable for earthwork items.
Marc and Shawn Tinkey (HNTB) also plan to review all of the concrete items of work at
the 1-94 and Rawsonville Road interchange area in the near future.



Gary Watters stated that he had received a letter from Tom Shultz, which expressed
concern over the progress of the contract to date. Gary responded that he was
comfortable with the progress to date. Furthermore he presented a very aggressive work
schedule, which will be implemented as soon as the Harris Road structure is completely
opened to traffic. Once that occurs Midwest intends to implement a lane shift on EB
1-94, which will facilitate the following work activities: concrete pavement repairs,
diamond grinding, shoulder corrugations, bridge painting, structure work, concrete
surface sealer and the construction of the maintenance cross over. This work is
tentatively scheduled to commence on or about September 19, 2005. It is possible that 24
hour work days will be involved at this time. All parties are strongly encouraged to
attend the next progress meeting to get all of the particulars of this schedule.

MISCELLANEOUS:

Nicki Baker commented on the over-all improvement pertaining to G&M Painting’s
contract items of work. A significant improvement has been seen in both quality and
safety.

Shawn Tinkey reminded all of the contractors that there was still a significant amount of
work remaining on the previously issued punch-list involving the 1-94 and Rawsonville
Road interchange area.

Rod CIliff (Midwest Bridge) presented the following schedule to address the Townships
interest in the progress of the work involving the structures over 1-94.

1.) Rawsonville Road should be opened to normal traffic flow on or before 9/10/05.

2.) All work involving Wiard Road and McCartney Road should be completed within
two weeks.

3.) Harris Road should be completely opened to traffic within two weeks.

4.) Stage II construction at Grove Street should commence within three weeks, and
all of the work at Grove should be completed with 1.5 months.

5.) Work on the Huron Street structure is scheduled to commence the day after Harris
Road is completely opened to traffic.

6.) Work on SO1 (US-12 By-pass) should be completed within three weeks.

All of the above dates are approximate and subject to weather delays.

Tom Shultz mentioned that Midwest Bridge had been given direction to secure temporary
barrier wall to the new deck on the Grove Street structure as per the old MDOT standard
plan that had been distributed at a previous progress meeting. There will be some
additional const associated with this work.

The meeting was adjourned at 10:30 AM. The next meeting is scheduled for 9:00 AM
on September 15, 2005 at the same location.

Notes Recorded by:




I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
September 15, 2005

Today’s meeting began at 9:00AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on September 1, 2005.

Chief Morabito and/or staff were represented at today’s meeting. Their main interest
remains on future road restrictions. An update was given to the Chief by Rod Cliff,
Midwest Bridge. These restrictions will be detailed later in the minutes. The Chief
reminded today’s attendees that there was a scheduling conflict for the next scheduled
Progress Meeting. It will be scheduled 1:00 PM on 9/29/05.

Engineer Issues:

Once again all of the contractor’s were reminded of the need to submit accurate and
signed testing orders. Cooperation in this area is necessary to insure the processing of
timely and accurate bi-weekly pay estimates. Kelcris responded with their required
testing information following the last progress meeting.

The first ECC pour was successfully completed on September 3, 2005 on the Grove
Street structure. Mike Lepech from the University of Michigan has reported that all
strength data generated to date has been very satisfactory. Mike visited the site on
9/13/05 to observe some temperature cracks in the link slab, which had been observed
during the forming of the sidewalk. Although these cracks were not desired they are not
thought to be detrimental to the ECC material.

Load testing of the deck is scheduled for 9/19/05. This date is dependent upon the deck
obtaining 80% of its 28 day strength on or before the 19™. NTH Consultants are
scheduled to perform 7-day cylinder testing on 9/16. They will report the test results to
both Midwest Bridge and HNTB. If needed an additional cylinder could be tested on
Saturday. In order to schedule the load testing vehicle it is necessary to inform the
University of Michigan research team of the cylinder results. Prior to the load testing the
University of Michigan research team needs to install additional monitoring equipment
on the Grove Street structure. This work should be coordinated by way of Rod CIiff,
Midwest Bridge.

Tom again reminded all parties that if a decision is made concerning additional usage of
ECC material for Stage II construction this information must be made known ASAP in
order that Clawson Concrete can insure that they have available materials on hand.



Wayne State representatives were at the Grove Street structure for the night pour on
September 2, 2005. They felt that all of their required monitoring instruments were
placed satisfactorily.

Hydrodemolition plans were received from both Rampart Hydro Services and Inland
Waters Pollution Control, Inc. Action will be taken as soon as possible to get these plans
approved.

Tom gave Gary Watters a copy of Standard Plan VIII — 330E SP, which has been
specified for the needed cantilever foundation on this project. This design was mandated
by the MDOT. In addition the following documents were also given to Gary:

1.) Plan Revision B-2 for “Changes to Slab and Screed Data” pertaining to S02 of
81063 JN 59281A, Grove St. over 1-94 and S06 of 81063 JN 59277A, Harris
Road over [-94. This information had been obtained prior to working on these
structures.

2.) Plan Revision B-1 for “Change Steel for Beam P to 50 ksi” pertaining to SO8-1 of
81062 JN 59277A, US-23 over 1-94.

Tom again reminded all of the contractors again to be PRO-ACTIVE in regards to any
issues that they foresee for next years work.

A lane rental agreement form was signed and processed at today’s meeting.

Contractor Issues:

Rod Cliff and Gary Watters informed all attendees of the following traffic information:

1.) The Rawsonville Road & 1-94 interchange is completely opened to traffic.

2.) All lanes of traffic have resumed their normal pattern on the Harris Road
structure.

3.) Rod Cliff is going to follow-up on making sure that State Barricading removes
the construction signing from the vicinity of the Harris Road structure.

4.) Rod stated that the current work on McCartney Road should be completed in
approximately three days.

5.) Traffic control on the Huron Road structure should be in place by this Friday.
This traffic control is being coordinated with an adjacent project, which is being
administered by the Washtenaw County Road Commission.

In addition to the preceding statements the following traffic information was also
discussed by Midwest Bridge representatives:

1.) A traffic shift for EB 1-94 is scheduled to be implemented on Monday, September

19, 2005. This shift will be from approximately Harris Road to Rawsonville
Road. The work area will consist of the right lane and the center lane.
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2.) A traffic shift for WB [-94, which will encompass the same area as above is
scheduled for September 31, 2005.

3.) The contractor hopes to have Stage I construction at Grove Street completed by
September 23, 2005. Stage II is scheduled to be completed by October 24, 2005.

It should be noted that all of the indicated dates are contingent on the weather.

Considerable discussion also ensued during today’s meeting about the EB 1-94 Ramp to
US-12 (Willow Run). It is essential that this ramp be able to be closed on an as-needed
basis to facilitate the work that is going to be taking place during the lane shifts employed
on EB [-94. Tom Shultz is going to contact the MDOT in regards to this issue.

Ron Roby, lafrate stated that they are willing to agree to plan quantity for the earthwork
items of work associated with the completed construction at the I-94 and Rawsonville
Road interchange area. He also mentioned that the concrete approaches for Stage I at
Grove Street had been poured on 9/14/05.

Ray Czenski, Kelcris mentioned that an extra item of work for C-2 joints might be
needed for the larger concrete pavement repair areas.

MISCELLANEOUS:

MDOT Resident Engineer, Jim Daavettila was informed of an existing washout in the NE
quadrant of the Harris Road structure. Following today’s meeting Jim looked at the area
and decided that it was beyond the scope of this contract to attempt repairs.

NOTE: DIFFERENT MEETING TIME FOR NEXT PROGRESS MEETING!!!!

The meeting was adjourned at 10:10AM. The next meeting is scheduled for 1:00 PM
on September 29, 2005 at the same location.

Notes Recorded by:




I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
September 29, 2005

Today’s meeting began at 1:00 PM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on September 15, 2005.

Chief Morabito and/or staff were not represented at today’s meeting. However, prior to
leaving the fire station Nicki Baker and Tom Shultz informed the appropriate staff of the
pending traffic shifts scheduled for WB I-94 on Monday, October 3, 2005.

Engineer Issues:

Again all of the contractor’s were reminded of the need to submit accurate and signed
testing orders. Cooperation in this area is necessary to insure the processing of timely and
accurate bi-weekly pay estimates. It was also mentioned that tomorrow, 9/30/05, is
MDOT’s year-end closing. As a result of this an estimate will be prepared for all work
completed to date.

Tom again reminded all parties that if a decision is made concerning additional usage of
ECC material for Stage II construction this information must be made known ASAP in
order that Clawson Concrete can insure that they have available materials on hand. Tom
will attempt to contact the University of Michigan research team in regards to this matter.
On Friday, 9/30/05, I spoke with Mike Lepech in regards to the ECC material. U of M is
pleased with all strength results obtained so far and they continue to investigate the
cracks that appeared in the first pour. Mike’s only concern pertaining to ECC materials
concerns the fly ash that was used in the first mix. Additional information will be
forthcoming and Mike intends to be at the next progress meeting.

Hydrodemolition plans were approved for both Rampart Hydro Services and Inland
Waters Pollution Control, Inc.

Tom again reminded all of the contractors again to be PRO-ACTIVE in regards to any
issues that they foresee for next years work.

During the last progress meeting Gary Watters had presented Tom with several new
contract items of work, which pertained to the completion of the concrete pavement
repairs. Since then it has been noted that the existing contract contains price information
for those items of work. These possible extra items of work involved several kinds of
joints associated with the concrete pavement repairs.
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It was noted that the number of concrete pavement repairs being completed in the
eastbound lanes is going to exceed the original contract quantity. On 9/28/05 the decision
was made to perform additional repairs in the left lane and the US-12 ramp to Willow
Run Airport. This continues to increase the original contract amount. A Contract
Modification will be prepared to address this situation as soon as the As Constructed
amounts are agreed to.

Tom Shultz requested that Midwest Bridge prepare an updated critical path to discuss at
the next meeting. In conjunction with this Gary Watters was asked if he was content with
where Midwest Bridge is at this time. Gary responded that he felt that the project was on
schedule and that all of the dates contained in the project proposal would be adhered to.
The completion of all the remaining work at the Grove Street structure will probably go
down to the wire. It was also noted that a significant amount of substructure work
remained to be done. It is possible that Midwest Bridge will want to continue working
beyond the November 1* date noted in the proposal. No lane restrictions would be
involved with this work.

A lane rental agreement form was signed and processed at today’s meeting.

Contractor Issues:

Ron Roby attended today’s meeting and represented lafrate. Ron stated that it was their
intent to complete the remedial work to the pavement on Rawsonville Road within two or
three weeks. This work is south of the Rawsonville Road structure and is being done
under the warranty terms of the contract. Additional traffic control will be required on
Rawsonville Road and probably will be in place for 3 to 4 days. A traffic scheme will
need to be prepared as soon as the repair areas are identified. This is being done at the
contractor’s expense.

Ron also expressed some interest in completing the requested washout repair work,
which is located in the NE quadrant at the Harris Road structure. Some conversation has
taken place with MDOT about this added work and it has been determined that only a
simple fix is desired. It will probably consist of embankment material and some high
velocity mulch blanket. Tom Shultz will get additional information from the MDOT.
Informed Ron Roby on 9/30/05 that MDOT does want the simple treatment, i.e. some
embankment material, seed and mulch blanket.

Gary Watters and Rod Cliff represented Midwest Bridge at this progress meeting. The
following information was presented:

1.) Diamond grinding of the center lane of EB 1-94 should resume tomorrow and be
completed on Saturday, 10/01/05. Some concern was expressed about the amount
of room needed for the equipment to complete the diamond grinding adjacent to
the right lane. It is possible that a lane shift will be needed to safely complete the
work. Rod is going to discuss this with Safety Grooving and Grinding.
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2.) Rampart is tentatively scheduled to return to the project on Tuesday. They will
start the hydro demolition work at the Ford Lake structure in the WB lanes of
[-94.

3.) The epoxy overlay work on S01 is scheduled for tomorrow. MDOT (Scott
Geiger) reviewed the shot-blasting of the deck on this date and felt comfortable
with its appearance.

4.) Barrett Paving is tentatively scheduled to return to the project on October 8"
Their work will consist of HMA approach work at the Ford Lake structure. Bret
LaCoe, University Region TMI, has been contacted to make sure that Barrett has
an approved JMF for a HMA 5E30 mix.

5.) Gary requested that following the processing of the next pay estimate that he be
sent a copy of the account balance sheets for the contract items of work.

6.) Gary Watters asked that Tom check with the MDOT about a possible early
opening of the deck at the Ford Lake structure. He said that they would use
insulated blankets to expedite the strength gain of the deck. Beams would also be
made. Tom expressed doubt that MDOT would agree to this, but he will check.

MISCELLANEOUS:

Shawn Tinkey commented that he and Devon (Kelcris) were in agreement with the
concrete repair quantities, which have been completed to date. He also stated that he
hoped that it would be possible to use a HMA mix adjacent to the ramp patches that have
been added to the contract. This is the desired treatment.

Prior to the start of today’s meeting it was learned via Dan Garcia (MDOT) that the
bridge project to the west of our contract intends to implement a lane shift on WB 1-94
this next Monday. They intend to have the right lane closed under the Michigan Avenue
structure for a period of four days. It is possible that this could be in conflict with the
Midwest’s proposed lane shift for the same date. Midwest intends to have a shift in place
from the Huron Street structure to the Harris Road structure. Traffic will be on the right
shoulder and the right lane. Prior to these shifts it will be necessary to measure the
distance between the structures to determine if the closures need to be connected.

Tom asked that Kelcris revisit the cost of their re-mobilization costs pertaining to last
week-end’s work. It was noted that Kelcris did not remove all of their equipment as was
originally planned.

The meeting was adjourned at 2:00 PM. The next meeting is scheduled for 9:00 AM on
October 13, 2005 at the same location.

Notes Recorded by:




I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
October 13, 2005

Today’s meeting began at 9:30 AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the minutes of the
meeting held on September 29, 2005.

Chief Morabito and/or staff were present for only a short portion of the meeting. Again
their primary concern focused on pending traffic issues. Rod Cliff informed all present
that next week would see the removal of traffic control devices in use on Wiard Road
under [-94 and on McCartney Road. We will keep Chief Morabito informed as to when
the epoxy overlay is scheduled for the Huron Road structure. A mainline traffic shift is
tentatively scheduled for 10/18/05 on mainline WB 1-94.

Engineer Issues:

Mike Lepech represented the University of Michigan at today’s meeting in regards to the
next ECC pour. Mike informed all that no additional materials will be needed to
complete the quantity of ECC material required for this project. It is Mike’s intent to
modify some of the mix proportions in an attempt to modify shrinkage cracking. Mike
also distributed a hand out which depicted ECC material test results from the first pour.
Following is the schedule for the Grove Street structure:

1.) Saturday, 10/15/05: Stage II, first pour, 8:00 PM
2.) Monday, 10/17/05: Stage II, second pour, 8:00 PM
3.) Tuesday, 10/18/05: Stage II, Link Slab pour, 5:00 AM

Representatives from Wayne State are aware of this schedule and should be in contact
with Rod in the very near future.

Tom again reminded all of the contractors again to be PRO-ACTIVE in regards to any
issues that they foresee for next years work. Jim Daavettila, MDOT RE, has contacted
the Region Soils & Materials Engineer, Mark Melchiori in regards to taking some
shoulder cores in the vicinity of the US-23 and I-94 interchange.

Correspondence has been continuing with Kelcris in order to reach agreement concerning
the As Constructed amount of the concrete pavement repairs completed in the EB lanes
of [-94. A CM will be prepared as soon as agreement is reached. It was also mentioned
that we have not yet reached agreement with all of lafrate’s concrete items of work. This
should be done in the near future.



Tom Shultz asked that Midwest Bridge prepare a critical path and present it at the next
progress meeting.

During the course of the meeting, warranty documents pertaining to the five year
warranty on the new pavement at the [-94 and Rawsonville Road interchange were
signed. These documents will be processed through the appropriate MDOT channels in
the very near future.

Gary Watters was reminded of the need to submit prices for three extra items of work.

1.) Crossover grading

2.) Welding of median structure covers in the median shoulder of EB I-94

3.) Repair of one existing drainage structure in the median shoulder of EB 1-94
(Located at Sta 327 +/-)

A lane rental agreement form was signed and processed at today’s meeting.

Contractor Issues:

Ron Roby attended today’s meeting and represented lafrate. Ron stated that the new
concrete approach pavement at the Ford Lake structure is being poured today. He is
planning on placing the approach pavement at the Grove Street structure on Wednesday,
10/19/05. It was also noted that the required HMA material is scheduled to be placed at
the Ford Lake structure on Friday and Saturday of this week. It is Iafrate’s intent to start
and complete the remedial work on Rawsonville Road following the completion of the
approach work at the Grove Street structure. The erosion repair in the NE quadrant of the
Harris Road structure will be scheduled once traffic is shifted on WB 1-94.

Gary Watters and Rod Cliff represented Midwest Bridge at this progress meeting. The
following information was presented:

1.) The remaining epoxy overlay work at the Huron Road structure will be scheduled
as soon as possible. This work is weather dependent! It was stated that based on
the past epoxy overlay work completed that HNTB staff would determine when
the deck was ready to receive the epoxy.

2.) Midwest hopes to be ready to shift traffic on WB 1-94 on Tuesday, 10/18/05. It is
then their intent to have all lanes of I-94 open on Monday, 10/31/05.

3.) Gary asked that the recommended Standard Plan pertaining to the new cantilever
foundation be reviewed once again. The new foundation is going to be placed on
a slope, thus a spread footing does not appear to be desirable. Tom will check
into this.

4.) Gary presented a letter to HNTB, which requested permission to work beyond
11/01/05 on substructure repairs. He indicated that no lane closures would be
needed, but that this work would require a shoulder closure. This request will be
reviewed with MDOT personnel.
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MISCELLANEOUS:

Nicki Baker mentioned that extreme caution will be required during the hydro demolition
work, which remains at the Ford Lake structure. The existing deck appears to be very
deteriorated in some areas. Nicki also mentioned that the plans do not indicate that a new
road name side is required for the WB side of the Grove Street structure. Gary Watters
indicated that he would get the new sign ordered. In addition Nicki suggested that it
would be a good idea to have some insulating blankets on site for the remaining deck
pours.

Shawn Tinkey again mentioned some of lafrate’s remaining punch-list items of work.
They included: downspouts at Rawsonville Road, additional riprap needs to be placed at
specified locations, repair of existing median drainage structure, approach sidewalk and
curb at Grove Street, yard clean-up, removal of silt fence where directed and the remedial
pavement repairs on Rawsonville Road.

Nicki Baker gave Midwest bridge a detailed list of work remaining at the following
locations: S03 (Rawsonville Rd. over 1-94), S02-3 & S02-4 (I-94 over Wiard and
McCartney Roads) S01-4 (US-12 Ramp over 1-94) and S06 (Harris Road over 1-94).

Tom Shultz stated that all work pertaining to bridge connections should be done in
accordance with the newest Standard Plan. An older version exists in the contract
documents.

The meeting was adjourned at 10:30 AM. The next meeting is scheduled for 9:00 AM
on October 27, 2005 at the same location.

Notes Recorded by:
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I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
October 27, 2005

Today’s meeting began at 9:00 AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. Subsequent to the last meeting, Ron Roby
(Iafrate) contacted Tom and informed him that the information pertaining to the tentative
pour date of the approach pavement for the Grove Street structure was noted incorrectly
in the last meeting minutes. Iafrate’s tentative pour date was said to be the 21* not the
17" as shown in the minutes. They were poured on the 22™. No additional corrections
were noted.

Chief Morabito and/or staff were present for today’s meeting. Arrangements were made
to schedule one additional progress meeting for this season. This was done with Chief
Morabito’s concurrence. Appreciation was voiced for being kept continuously in the
loop of traffic control issues throughout the project. Working with Chief Morabito and
his staff has been very beneficial to all parties.

Engineer Issues:

Since this construction season is winding down, Tom again reminded all of the
contractors to be PRO-ACTIVE in regards to any issues that they foresee for next years
work.

A Contract Modification had been prepared and sent to Midwest, which addressed the
increased quantities associated with the concrete pavement repairs on eastbound 1-94.
Gary returned the signed copy at the meeting, it will be sent to MDOT for processing.

Tom Shultz asked that Gary Watters contact G&M Painting in regards to the warranty
aspects of the structural steel painting. It is not felt that any work is yet 100% complete.
However, if some of the work is ready to start the warranty period, it should be
addressed.

Gary Watters was reminded of the need to submit prices for four extra items of work.

1.) Crossover grading

2.) Welding of median structure covers in the median shoulders of I-94.

3.) Erosion repair work, recently completed in the NE quadrant of the Harris Road
structure.

4.) An appropriate price for the bridge connections being used on this project. It was



recorded in the previous progress meeting minutes that the most current standard for
this item of work should be used on the project. Gary indicated that the required
connections were being fabricated.

Mike Lepech represented the University of Michigan at today’s meeting. Mike indicated
that the research team as a whole was very pleased with the ECC results obtained to date.
Roger Till, MDOT, was present at the last ECC pour, and he to was pleased with all that
he had seen to date. The final report of this research project will be presented to Roger at
a meeting in late November. Mike also mentioned that the load testing for the second
stage of the construction at Grove Street is scheduled for Saturday, October 29, 2005.
Representatives from Wayne State are aware of the load testing schedule.

Final word was received from MDOT about the new cantilever foundation that is to be
constructed next year. Gary Watters acknowledged receipt of this information.

Gary Watters presented a letter to Tom Shultz during the 10/13/05 Progress Meeting.
The purpose of the letter was to obtain MDOT permission to perform some work after
November 1, 2005. Since then Tom has forwarded the information to MDOT and
numerous conversations have taken place. It has been decided that work will be allowed
if the following conditions are adhered to:

1.) If'lane closures are needed, the typical lane rental assessments will be imposed
along with a $10,000.00 day assessment of damages after November 1, 2005.

2.) If shoulder closures are needed, the full sequence of signs will be required to
designate the work area. It is desired that only one location at a time be worked
on.

3.) A complete/productive work force should be utilized to complete the work as
soon as possible. It is desired to have this work completed prior to the
Thanksgiving holidays.

4.) Information is to be provided as to how Midwest Bridge intends to access the
required work area under the Ford Lake structure. Copies of agreements and/or
agreements with the Township, etc. should be provided.

Note: The MDOT has agreed to the submitted price to repair the existing median
drainage structure on EB 1-94. If it is not possible to complete this repair work prior to
November 1% there will be no lane rental assessed for this work only. This is Extra work
that has been requested by MDOT.

A lane rental agreement form was signed and processed at today’s meeting.

Contractor Issues:

Ron Roby attended today’s meeting and represented lafrate. Ron stated that they were
pouring the concrete approaches at the Ford Lake structure today and that they also
intended to remove the traffic control devices from the completed remedial work at
Rawsonville Road. It was also mentioned that Ron, Shawn and Tom were going to put



forth some effort to get all of the concrete items of work finaled for the I-94 and
Rawsonville Road interchange area.

Gary Watters and Rod Cliff represented Midwest Bridge at this progress meeting. The
following information was presented:

1.) It is their intent to open the Huron Road and Grove Street structures to normal
traffic configuration either Sunday or Monday.

2.) Traffic control devices have recently been removed from Wiard and McCartney.

3.) All structures are intended to be open to normal traffic flow by Tuesday,
November 1, 2005.

4.) There was also considerable discussion pertaining to traffic control plans for the
coming week-end. Following the progress meeting, numerous conversations
evolved with MDOT staff to discuss the proposed plans. Following is what was
determined: Westbound I-94 will be reduced to one lane of traffic between Wiard
Road and Grove Street. The closure will begin on Friday at 8:00 PM and end on
Saturday at 10:00 AM. Eastbound I-94 traffic will be reduced to one lane
between Huron Street and Grove Street. The closure will begin Friday at 8:00
PM and end on Saturday at 10:00 AM. If the desired work is not completed
during the indicated time frames an additional closure will be needed.

MISCELLANEOUS:

Nicki Baker mentioned that she was going to check on the amount of substructure repair
work required at the Huron Street structure.

Shawn Tinkey stated that Iafrate still had additional punch-list work to complete and that
he and Ron Roby would be working on finaling all concrete quantities.

Tom Shultz mentioned that he would check with MDOT to inquire if they wanted any
construction signing left in place during the winter shut down.

The meeting was adjourned at 10:20 AM. The next meeting is scheduled for 9:00 AM
on November 10, 2005 at the same location. It is assumed that this will be the last
meeting of the 2005 Construction Season.

Notes Recorded by:
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I-94 Road & Bridge Rehabilitation Project
Washtenaw County
Contract ID: 81063 — 59277

Progress Meeting Minutes
November 10, 2005

Today’s meeting began at 9:00 AM and was held at the Central Fire Station in Ypsilanti.
A list of those who attended is attached. There were no corrections to the meeting
minutes of October 27, 2005.

Chief Morabito and staff were present for today’s meeting. Appreciation was expressed
by MDOT, the Contractors and HNTB for the hospitality displayed by Chief Morabito
and his staff. Chief Morabito also expressed his appreciation of being informed of the
progress and pending road closures experienced to date.

Chief Morabito suggested that when next years progress meetings are ready to resume
that we contact Alan D’agastino at the Pittsfield twp. Fire Department. The address is
6227 W. Michigan / Ann Arbor, Mi. 48108. Mr. D’agastino may be reached at 734-944-
8191 or 734-944-4911. Arrangements will be made prior to commencing next year’s
construction activities.

Engineer Issues:

Since this is the last scheduled Progress Meeting for this construction season, all parties
were again reminded of the need to be PRO-ACTIVE in regards to any issues that they
foresee for next years work.

Gary Watters was reminded of the need to submit prices for three extra items of work.

1.) Welding of median structure covers in the median shoulders of 1-94.

2.) Erosion repair work, recently completed in the NE quadrant of the Harris Road
structure.

3.) An appropriate price for the bridge connections being used on this project. It was
recorded in the previous progress meeting minutes that the most current standard for
this item of work should be used on the project. Gary indicated that the required
connections were being fabricated. The subject connections have now been installed;
two were placed on the Grove Street structure and one on the Harris Road structure.

A statement of charges for the “Emergency Crossover” grading was submitted by Mr.
Watters at today’s meeting. A Contract Modification will be prepared to address this
extra item of work.



Mike Lepech represented the University of Michigan at today’s meeting. Mike expressed
appreciation for all of the cooperation exhibited by Midwest Bridge, MDOT and HNTB.
In turn Mike was informed that all parties felt that there was minimal inconvenience
experienced in regards to conducting the experimental ECC pours. Mike also stated that
the formal report would be submitted to MDOT later this month. A meeting has been
scheduled with Roger Till of MDOT. Mike was encouraged to provide some feedback in
regards to MDOT’s feelings about the ECC Link Slab.

Tom Shultz stated that he had been in contact with State Barricading in regards to their
quantities used to date on this project. They are concerned with the number of lighted
drums on the project, versus the number that have been reported for pay. Gary Watters
was asked to discuss this issue with them.

Midwest Bridge was reminded of the need to be cognizant of the colder weather in
regards to their substructure repair work. With cooler weather the provisions of Section
706.03 of the 2003 Standard Specifications for Construction need to be adhered to.

PUNCH-LISTS: It was noted that Nicki Baker had previously presented Midwest Bridge
with a comprehensive punch-list on 10/13/05. This list has been up-dated and was again
presented to the contractors at today’s meeting. In addition two additional punch-lists
had been prepared and were distributed. One list addressed only issues pertaining to
G&M Painting and the other list primarily dealt with roadwork items. It was noted that
following the completion of G&M’s punch-list the required “Warranty Acceptance”
paperwork would be initiated if deemed to be appropriate. Gary and Kim are to discuss
this issue and let Tom know.

A lane rental agreement form was signed and processed at today’s meeting. Total lane
rental fees assessed to date amount to $1,716,500.00.

Contractor Issues:

Ron Roby attended today’s meeting and represented lafrate. Ron stated that by the end
of next week that lafrate should have their portion of the clean-up completed at the
storage yard located at the [-94 and Rawsonville Road interchange. In addition Ron
stated that he is continuing to work on their final quantities for contract items of work
completed to date.

Gary Watters and Rod Cliff represented Midwest Bridge at this progress meeting. Rod
commented that clean-up adjacent to the mainline at the Grove Street and Harris Road
structures is progressing in a satisfactory manner. Preparations are also underway to start
the substructure repair work at the Ford Lake structure. It was noted that it is still the
intent of Midwest Bridge to complete all of this year’s work by the Thanksgiving
holidays.
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MISCELLANEOUS:

Nicki Baker reminded Midwest Bridge of the need to complete the slope paving repairs at
the Wiard Road structure and the return wall at the Harris Road structure. Rod
mentioned that both would be completed in the very near future.

Tom Shultz previously had mentioned that he would check with MDOT to inquire if they
wanted any construction signing left in place during the winter shut down. Prior to
today’s meeting Tom had been in contact with Jim Daavettila in regards to this subject.
It was decided that at the completion of this year’s work that all construction signing
could be removed. It will be relocated for next year’s work.

The meeting was adjourned at 10:15 AM.

INFORMATION WILL BE FORTHCOMING AS TO THE DATE, TIME AND
LOCATION OF THE NEXT PROGRESS MEETING.

Notes Recorded by: Tom Shultz
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CBeam 1.0

File Name =E:\PeteiCbeam\GroveSt.sct

Page 1

~Date = 08-15-2005
Time = 14:58:36
INPUT
Description =
] WMaterials List__
Material Description : M""”’“S(gi ‘;:'asmy Unit Weight (pef.)
Steel T 28000 490
ECC | . 2900 490

Reference Material = Steel
Number of Shapes = §

dy = the distance from the shapes centroid to the sections neutral axis.
Ishape = the moment of inertia for the shape.

Shape Number 1

Shape Type = Rectangle
Xep = Olinches

Yep = Oinches .

Shape Width = 18 inches
Shape Height = 1.375 inches

Input Values Shape Calculations
Material = Steel Shape Area = 24.75 inch"2
Shape Weight/Unit Length =

84.21875 Ibs /it

dngvenicay = 4026842 inches
Gofrorzontay = 0 inches
Isnaperverty = 3.8089414 inch™4
Ishapetrioniz; = 668.25 inch™
Modular Ratio = 1-

e

b T

%

i

!

i
e

Support for this software is available on the internet @ www jbs-software.com

CBeam 1.0

File Name = E:\Pete\Cbeam\GroveSt.sct

Date = 08-15-2005
Time = 14:59:36

Page 3

CBeam 1.0

File Name = E:\Pste\Cheam\GroveSt.sct

Date = 08-15-2005
Time = 14:59:36

Page 2

Shape Number 2

Shape Type = Rectangie
Xop = Qinches

Yor = Olnches |

Shape Width= 5 inches

input Values Shape Calculations
Material = Steel Shape Area = 24 inch®2

Shape Weight/Unit Length =
81.66666 lbs./ft.

dogverieay = 15.58092 inches
ntrorzontan = 0 Inches

Shape Height =48 inches

Isnapeqveny = 4608 inch™4
Isnapotarz) = .5 Inch™4
Modular Ratia = 1+

T
Haight
+ L

Shape Number 3

input Values

Shape Calculations

Material = Steel

Shape Type = Rectangle
Xep = 0inches

Yer = 4Binches

Shape Width = '18 inches
Shape Height = "875 inch:

Shape Area = 15.75 inch*2
Shape Weight/Unit Length =
53.69375 Ibs.fit
Hovaieay = 8.856575 inches
Hogorzonen = 0 Inches
Isnapavar) = 1.004883 inchn4
es Ionapeqionz) = 4285.25 inch™4
Modular Ratio = 1+ ‘

T
steight
i

’Lngxrs;r sfRa & Q;L'&St»:h

Shape Number 4

Yep = 48.876 inches,
Shape Width = 18 inches
Shape Height = 2 inches

Input Vaiues Shape Calculations
Material = ECC Shape Area = 36 inch"2
= Shape Weight/Unit Length =
Shape Type = Rectangle 1225 s,
Xcp = Oinches Gnverican = 10.29507 inches

Gagiorizontan = O InChes
Ishapaverty = 12 inch™4
Ishapetrioriz) = §72 inch®4
Modutar Ratio = .1

£
Height
&

Shape Number §

input Values

Shape Calculations

Material = ECC

Shape Type = Rectangle
Xcp = Qinches

Yer = 80.875 inches
Shape Width =84 inches
Shape Height = 9 inches

Shape Area = 756 inch*2
Shape Weight/Unit Length =
2572.5 s /it

Gngverican = 15.79408 inches
Gngpiorizontay = 0 inches
Isnaperveny = 5103 inch®4
Ishepertoriz) = 444528 inch*4
#odular Ratio = 1.

-
I

Support for this software is available on the internet @ www.jbs-sofiwarg.com

Support for this software Is available on the internet @ www jbs-software.com

CBeam 1.0
File Name = E:\Pete\Cbeam\GroveSt.sct
Date = 08-15-2005
Time = 14:59:36 Page 4
RESULTS
Composite Beam Properties
Arga = 856.5 inch*2
Weight/Unit Length = 2914.479 Ibs /it
Vertical Horizontal

Moment of Inertia = 71559.64 inch™4

Moment of Inertia = 45644 inch™4

Neutral Axis from Top = 20.28408 inch

Neutral Axis from Left = 42 inch i

Neutral Axis from Bottor

US
Section Modulus (Bottom

40.85592 inch Neutral Axis from Right = 42 inch -

Section Modulus (Left) = 1086.762 inch™3
Section Modulus (Right) = 1088.762 inch"3

1747.235 inch*3

)

TNA.

G 19

Support for this software is available on the internet @ www.jbs-software.com
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CBeam 1.0

+Date = 08-15-2005

__File Name = E\Pete\Cbeam\GroveSt segment c.sct

CBeam 1.0

File Name = E:\Pete\Cb |

oveSt

te.sct

Date = 08-15-2005

Time = 16:29:32

Page 2

Shape Number 3

input Values

Material = Steel
Shape Type = Rectangle

0 inches

48inches .

Shape Width = 18 inches
Shape Height = 878 inches

Onevacticaly =

Ongrtorizontay = 0930233 inches
Isnapeveny = 1.004883 inch™4
Istapegionzy = 425.25 inch*4
Modular Ratio = 1

Shape Calculations

Shape Area = 15.75 inch*2
Shape Weight/Unit Length =
53.59375 Ibs. AL

27.94331 inches

t for this

isa

Time = 16:29:32 Page 1
INPUT
Description =
Materials List
Material Description M“"”‘”?é’g‘as"c“y Unit Weight (pcf.)
Steel ! 29000 | 450 Xep =
Yep =
Reference Material = Steel
Number of Shapes = 3
da = the distance from the shapes centroid to the sections neutral axis.
isnape = the moment of inertia for the shape.
Shape Number 1
input Vaiues Shape Calculations .
Material = Steel Shape Area = 24.75 inch*2
_ Shape Weight/Unit Length =
Shape Type = Rectangle 84.21875 Ibs.Jft.
Xep = Oinches dogverean = 21.18169 inches
Yee = Qinches Gngorzamay = 0930233 inches
Shape Width = 18 inches Ishapeqverty = 3.899414 inch™
Shape Height = *1.375 inches  lenepeiionzy = 868.25 inch™
Modular Ratio = 1
G m.itm
i
Shape Number 2
input Values ~ Shape Calculations
Material = Steel Shape Area = 24 inch*2
. Shape Weight/Unit Length =
Shape Type = Rectangle 81 66666 1hs /.
Xge = Qinches doverseay = 3.506814 inches
Yor = Oinches Gnglosizontay = 1589787 Inchsa
Shape Width = .8 inches
Shape Height =48 inches
Modular Ratio = 1
Support for this software is available on the internet @ www Jbs-software.com
PP
CBeam 1.0
File Name = E:\Pete\Cbeam\GroveSt segment ¢.sct
Date = 08-15-2005
Time = 16:29:32 Page 3

RESULTS

Area = 64.5 inch"2
Weight/Unit Length = 219.4792 lbs /it

Composite Beam Properties

Vertical

Horizontai

{ Moment of Inertia = 28310.37 inch™4

oment of Inertia = 1094.942 inch™4

Neutral Axis from Top = 28.38081 inch
Neutral Axis from Bottor = 21.86918 inch
Section Medulus (Top) = 997.5178 inch*3

" |'Section Modulus (Left

eutral Axis

m

069

eutral Axis from Left= 9.093023 inch

h
0.4156 inch”3

Section Modulus (Bottom) = 1284.632 inch"3

Section Modulus (Right) = 122.9308 inch*3

NA

Support for this software is available on the internet @ www.jbs-software.com

2

5

le on the internet @ www.jbs-software.com
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CBeam 1.0

File Name = E:\Pete\Ch \GroveSt seg b.sct
«Date = 08-45-2005
Time = 16:23:18 Page 1
INPUT
Description =
‘ Materials List
Material Description | Motius O EBSIEN | 4y weight (pet)
Steel 29000 490
ECC 29060 150

Reference Material = Steel
Number of Shapes = 2

dy = the distance from the shapes centroid to the sections neutral axis.

Isnapo = the momient of inertia for the shape.

Shape Number 1
Input Vaiues Shape Caiculations
Material = ECC

Shape Type = Rectangle
Xce = 33inches

Yoe. = Uinches

Shape Width = 18 inches
Shape Height = 2 inches

los./ft,

Shape Area = 36 inch’2 |
Shape Weight/Unit Length = 37.5

Covertcan = 3.223684 inches
Aogterizonay = 3.814697E-08 inches
Ishapatverty = 12 inch4

Isnapeqronzy = 972 inch4

Modular Ratio = 1

CBeam 1.0

File Name = E:\Pete\Cbeam\GroveSt segment b.sct

Date = 08-15-2008
Time = 16:23:18

Page 2

Shape Number 2

Shape Type = Rectangle

Xop = Oinches
Yer = 2inches |

input Values Shape Caiculations
Material = ECC Shape Area = 420 inch*2

Shape Weight/Unit Length =
437.5 Ibs./ft

Cogventican = 2783157 inches
dogrorzontay = 3.814697E-08 inches

Support for this soffware is available on the internet @ www.jbs-software.com

CBeam 1.0

File Name = E:\Pete\Ch \GroveSt

egment b.sct

Date = 08-15-2008
Time = 16:23:15

Page 3

RESULTS

Composite Beam Properties

Area = 456 inch*2
Weight/Unit Length = 475 Ibs./ft.

Vertical

Horizonta!

Moment of Inertia = 129.3184 inch™4

Moment of Inertia = 24793.2 inch*4

Neutral Axis from Top = 2.776316 inch

Neutral Axis from Left = 42 inch

Neutral Axis from Bottom = 4.223684 inch

Neutral Axis from Right = 42 inch

Section Modulus (Top) = 46.57915 inch”3

Section Modulus (Left 90.3142 inch™3

Section Modulus (Bottom) = 30.61744 inch"3

Section Modulus (Right] = 590.3143 inch’3

NA

Shape Width = 84 inches
Shape Height = 5 inches

{shapeqvarty = 875 Inch™4
Isnepecorz) = 246960 inch™4
Modular Ratio = 1

¥
Heighit
i

Support for this software is available on the internet @ www jbs-software.com

CBeam 1.0

File Name = E:\Pete\Cbeam\Grove St with sw.sct
Date = 08-17-2008 ;

Time = 10:46:49

Page 1

INPUT
Description =
Materials List
Material Description Modu(uz&{)ﬂashcsty Unit Weight (pef)
Steel 28000 " 490
Concrete T3823676 b A 150
ECC 2900 150

Support for this software is available on the internet @ www.jbs-software.com

Reference Material = Steel

Number of Shapes = 8§

dn = the distance from the shapes centroid to the sections neutral axis.
fsnape = the moment of inertia for the shaps.

Shape Number 1

input Values Bhape Calculations
Material = Steel Shape Area = 24.75 inch"2
Shaps Type = Rectangle Shape Weight/Unit Length =

84.21875 ibs./ft.

Anvericay = 47.59554 inches
= 7.28738 inches

890414 inch*4

668.25 inch™4

Modular Ratio = 1

Xep = Oinches

Yep = Oinches -

Shape Width = 18 inches
Shape Height = 1.378 inches

G21 |

Support for this software is available on the internet @ www.jbs-software.com
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CBeam 1.0

File Name= E:\Pete\Cbeam\Grove St with sw.sct

# Date = 08-17-2005
Time = 10:46:49

Page 2

Shape Number 2

input Values

Shape Calcuiations

Material = Steel

Shape Type = Rectangle
Xep = Qinches

Ycp = Oinches

Shape Width = .,5 inches
Shape Height = 48 inches

Shape Area = 24 inch2
Shape Weight/Unit Length =
81.66666 Ibs./ft.
Grvercay = 22.80804 inches
dugriorzontsn = 7.29739 inches
Ishapagverty = 4608 inch™4
Ishapegrionzy = .5 inch™4
Modular Ratic = 1

el

fh&

Shape Number 3

Input Vaiues

Shape Calculations

Material = Steel .
Shape Type = Rectangle

Xcp = Olnches

Yeor = 48inches

Shape Width =18 inches
Shape Height = 1875 inches

Shape Area = 15.75 inch”2
Shape Weight/Unit Length =
53.69375 lbs./ft.

dovericay = 1.528457 inches
Guriorzonten = 729738 inches
{shapatverny = 1.004883 inch™4
Isnapeirionz) = 425.25 inch4
Modular Ratio = 1

theight

+*
-

Support for this software is available on the internet @ www.jbs-software.com

CBeam 1.0

File Name = E:\Pete\Cbeam\Grove St with sw.sct

Date = 08-17-2005

CBeam 1.0

File Name = E:\Pete\Cbeam\Grove St with sw.sct

Date = 08-17-2005

Time = 10:46:49 Page 3
Shape Number 4
Input Values Shape Calculations

Material = ECC»

Shape Type = Rectangle
Xep =-4.5 inches

Yep = 48.876 inches
Shape Width =" 27 inches
Shape Height = 2 inches

Shape Area = 54 inch 2
Shape Weight/Unit Length =
56.25 Ibs./ft.

nvertcan = 2.867957 inches
degrorzontay = 11.79738 inches
tonapeqverty = 18 inch™4
Ishapeciorizy = 3280.5 inch™.
Modular Ratio = ™1

e
s

Shape Number 5

input Values

Shape Calculations

Material = ECC*

Shape Type = Rectangle
Xop = 12inches

Ycp = 50.875 inches
Shape Widih = '80 inches
Shape Height = '8 inches

Shape Area = 540 inch*2
Shape Weight/Unit Length =
562.5 |bs./ft. .

Ogverticay = 8.486057 inches
Unghiorizontan = 4.70261 inches
Isnapeqverty = 3645 inch™4
Ishopaqonizy = 162000 inch”4
Modular Ratic =".1

Time = 10:46:49 Page 4
Shape Number 6
input Values Shape Calculations
Material = Concreter Shape Area = 538.125 inch*2
Shape Weight/Unit Length =

Shape Type = Rectangle

Xep = 11.25 inches

Yop. = 59.875 inches 625

Shape Width = 61.5 inches
Shape Height =*8.75 inches

560.5469 Ibs. /L.

Drovarticay = 17.34196 inches
Agrorzoniay = 3.95261 inches
Tshapeqvert) = 3433.35 inch™4
Ishapetrionz) = 189610.3 inch*4
Modutar Ratio = “1318500

el
. 4

i
|
i

Support for this

is avai on the inte

t @ www.jbs-software.com

Support for this software is available on the internet @ www,jbs-software.com

CBeam 1.0

File Name = E:\Pete\Cbeam\Grove St with sw.sct

Date = 08-17-2005
Time = 10:46:49

Page 5

RESULTS

Composite Beam Properties

Area = 1186.625 inch"2
Weight/Unit Length = 1398.776 lbs./ft.

Vertical

Horizontal

Moment of Inertia = 99387.7 inch4

Moment of Inertia = 46474.31 inch*4

Neutral Axis from Top = 2171696 inch

Neutral Axis from Left = 26.79739 inch

Neutral Axis from Bottom = 48.28304 inch

Neutral Axis from Right = 34.70261 inch

Section Modulus (Top) = 4578.502 inch?3 Section Modulus (Left
Section Modulus (Bottom) = 2068.438 inch*3

1734.285 inch"3
Section Modulus (Right) = 1339.217 inch*3

N.A.

G 22

Support for this software Is available on the internet @ www . jbs-software.com
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CBeam 1.0

File Name = E:\Pete\Cbeam\GroveSt segment b.sct
~Date = 08%(7-2005

Time = 12:48:28

Page 1

INPUT
Description =
Materials List
) oy Modulus of Elasticity y .
Material Description (ksi) Unit Weight {pcf.)
Steel 28000 480
ECC 2900° 150

Reference Materfal = Stesl

Mumber of Shapes = 2

ds = the distance from the shapes centroid to the sections neutral axis.
isrape = the moment of inertia for the shape.

Shape Number 1

input Values Shape Calculations N
Material = ECC » Shape Area = 54Ainch'“2
Shape Type = Rectangle 533;?“\)1: %ghtll)mt Length =

Kop = Oinches
Yep = Oinches
Shape Width = 27 inches
Shape Height =2 inches

Anprertican = 5 inches
Hngorzontay = 18 inches
lshapaqven) = 18 inch™4
Isnapeqrionz) = 3280.5 inch*4
Modular Ratio = .1

Support for this software is available on the internet @ www jbs-software.com

CBeam 1.0

File Name = E:\Pete\Cbeam\GroveSt seg b.sct
Date = 08-17-2006

Time = 12:48:29

Page 2

Shape Number 2

Input Values Shape Calculations
Material = ECC- Shape Area = 540 inch*2
o Shape Weight/Unit Length =

Shape Type = Rectangle 562.5 los R,
Kcp = Qinches dogvenican = .5 inches
Yep = 2inches . dngonzontan = 1.489988 inches
Shape Width = 80 inches {shapeverty = 3645 inch™4
Shape Height =* 8 inches istapotrionzy = 162000 inch™d
Madular Ratio = 1

CBeam 1.0

File Name = E:\Pete\Cb \GroveSt segment b.sct

Date = 08-17-2005

Time = 12:48:28 Page 3
RESULTS

Composite Beam Properties

Area = 584 inch™2
Weight/Unit Length = 618.75 ths /ft,

| Vertical Horizontal

Moment of Inertia = 514.8 inch™4 Moment of inerfia = 17864.55 nch™4

Neutral Axis from Top = 5 inch Neutral Axis from Left = 28.5 inch
 Neutral Axis from Bottom = § inch

Neutral Axis from Right = 31.5 inch
Section Modujus (Top} = 102.86 inch"3 1 Section Modulus (Left) = 6268263 inch'3

Section Modulus (Bottom) = 86.8 inch®3 Section Modulus (Right) = 5671286 inch®3

CNA

Support for this sofiware is available on the internet @ www.jbs-software.com

Support for this software is available on the internet @ www.jbs-software.com
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