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ABSTRACT

Existing full-depth precast concrete deck systems use either open channels or pockets to
accommodate the shear connectors of supporting girders for achieving composite systems. The
use of open channels or pockets requires cast-in-place concrete/grout to fill these
channels/pockets and deck overlay to cover the exposed surface. These operations negatively
affect the quality of precast concrete decks and their speed of construction, which are the
expected benefits of using precast concrete deck systems. Recent developments in full-depth
precast concrete deck systems include using covered individual pockets at large spacing to
simplify construction and eliminate the need for deck overlays to cover exposed surfaces. This
requires flowable concrete/gout to completely fill deck pockets and gaps between the precast
concrete deck panels and bridge girders (i.e. haunches). The high cost of commercial grouts and
their strict requirements of surface preparation and application procedures reduce the

constructability and cost-effectiveness of precast concrete deck systems.

The objective of this project is to investigate the constructability of using self-consolidating
concrete (SCC) to fill the gap between precast concrete deck panels and bridge girders as well as
covered deck pockets. This includes developing SCC mixture(s) with specific requirements in
terms of flowability, passing ability, stability, workability retention, and pumpability and
evaluating the performance of these novel construction materials in small-scale and full-scale
specimens. Sequence of pouring/pumping SCC as well as its quality control and quality
assurance procedures are also determined. This experimental investigation is crucial for the
success of the new generation of full-depth precast concrete deck systems and improving its

competitiveness against cast-in-place deck systems.



1 INTRODUCTION

a. Background

Full-depth precast concrete deck systems have several advantages, such as improved
construction quality, reduced construction time and impact on traveling public, possible weight
reduction, and reduction of total project life-cycle cost. The quality of precast deck systems is
superior to field-cast concrete bridge decks because production occurs in a controlled plant
environment. The variability of construction due to environmental conditions is eliminated in the
plant that uses consistent casting operations and curing techniques. Moreover, there is a major
weakness of cast-in-place (CIP) decks for which a solution has not been found. When concrete is
placed over relatively stiff girders, it becomes part of the girder/deck composite system as soon
as it begins to harden—several hours after placement. At that time, its tensile capacity is small.
Shrinkage in the first few hours after setting as the heat of cement hydration dissipates causes a
reduction in concrete volume that cannot be accommodated by the restraint of the supporting
girders. This often results in cracking, especially in the transverse direction, that continues to
develop as concrete shrinks, most of which occurs in the first 60 days of age. Shrinkage and

cracking can be eliminated by using precast concrete deck systems'.

The size of precast concrete deck panels is smaller than the full bridge deck, thereby reducing the
concrete mixing, placing, and finishing variability that exists in the field. Also, because the
panels are small, curing is easily controlled and applied immediately to achieve the best material
performance characteristics. High-performance concrete (HPC) is recommended for all bridge
decks to repeated load cycles in severe environmental conditions. Plant casting provides greater
assurance that the performance characteristics of HPC will be achieved. For example, plant-
produced 8,000 psi concrete panels are just as easily produced as 4,000 psi concrete panels,
while a CIP concrete deck is hard to consistently produce at a strength higher than 4,000 or 5,000
(witch one?) psi [Reference to support the comment?]. More important than strength in bridge
decks, shrinkage and the associated cracking are greatly controlled. A two-way prestressed
concrete deck is expected to be crack-free for the service life of the bridge, an advantage that is
not practical to achieve on CIP decks. The construction method becomes more critical as

available field labor decreases or labor turnover for contractors persists.



Precast concrete deck panels can be designed as composite or non-composite with the supporting
girders. A non-composite panel is less complicated and more cost efficient to fabricate.
Elimination of the shear connectors simplifies forming the panel and reduces work during post-
tensioning operations. This, however, requires that relatively large girders be used to carry traffic
loads without aid from the deck as in composite systems. The more common composite system is

structurally superior and overall is much more cost-effective’.

b. Problem Statement

Projects constructed using full-depth composite precast concrete deck systems in the U.S. have
used either continuously open channel along the girder lines, such as Skyline Bridge, Omaha,
NE, or open individual pockets at maximum spacing of 2 ft, such as US-24 Mississippi River
Bridge, Quincy, IL. These channels/pockets had to be filled with CIP concrete/grout and overlaid
with wearing surface before being open to traffic. These operations increase the construction cost
and duration significantly and reduce the attractiveness of full-depth precast concrete deck

systems as deck overlay needs to be replaced several times during the service life of the bridge.

Recent developments in full-depth precast concrete deck systems include using covered
individual pockets at 4 ft spacing, eliminating deck overlay, and placing post-tensioning strands
in the gap between precast panels and supporting girders (i.e. haunch)’. These developments
reduce construction cost and duration significantly and increase the deck service life to match the
service life of other bridge components. However, for implementing these developments, a
flowable concrete/gout is required to completely fill deck pockets and the gap between the
precast concrete deck panels and bridge girders (i.e. haunch). The high cost of commercial grouts
and their strict requirements of surface preparation and application procedures hinder their use in

this application.

Self-consolidating concrete (SCC) is proposed as a cost-effective and efficient option for
connecting full-depth precast concrete deck panels and bridge girders. SCC is a specially
proportioned hydraulic cement concrete that enables the fresh concrete to flow easily into the
forms and around the steel reinforcement without segregation. Use of SCC with the newly
developed precast concrete deck systems improves their constructability, cost-effectiveness, their

competitiveness against CIP concrete deck systems. In addition, the use of SCC to fill the deck



shear pockets is expected to result in higher interface shear capacity for the deck-girder

connection than that of grout-filled pockets due to the effect of aggregate interlock.

The new generation of full-depth precast concrete deck system (known as ond generation of
NUDECK) is being implemented in the construction of the Kearney East Bypass Bridge project.
The bridge connects 11" street to the 56™ street over the US-30 and Union Pacific Rail Road in
Kearny, NE. The project consists of twin bridges: the south bound bridge will be constructed
using conventional CIP deck; and the north bound bridge will be constructed using the 0
generation NUDECK system. Each bridge is a two-span continuous bridge that is 41 ft 8 in. wide
and 332 ft long. Each span is 166 ft long and consists of five precast/prestressed concrete girders
(NU1800) at 8 ft 6 in. spacing as shown in Figure 1.1. Each bridge has a 14° skew and 2% cross
slope. Figure 1.2 shows a plan view of all deck panels, dimensions and reinforcement of one
typical panel, and cross sections of typical panel-to-girder connections. For more details on the
implementation of this project, refer to the final report titled “Implementation of Precast
Concrete Deck System NUDECK (2“0l Generation)™. The following YouTube link shows

animation of bridge construction: http://www.youtube.com/watch?v=FOqcmkik 4Y
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Figure 1.2 — Precast concrete deck panel: a) plan views; b) elevation sectional view; and c) cross
sectional view (hatched areas are to be filled with SCC).

NOTE: The shaded areas in sections A-A and B-B represent the haunch and pockets that need to
be grouted for connecting precast concrete deck panels to the supporting girders.
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c. Objective
The objective of this project is to experimentally investigate the feasibility and constructability
of using SCC to fill gaps between precast concrete deck panels and bridge girders as well as

covered deck pockets. This includes the following specific goals:

e Develop SCC mixture(s) with specific requirements in terms of flowability, passing
ability, stability, workability retention, and pumpability that are needed for this
application.

e Evaluate the fresh and hardened properties of the developed SCC mixture(s) batched in
small quantity (i.e. using laboratory mixer), and large quantity (i.e. using plant mixer).

e Evaluate the pumpability of the developed SCC mixture(s) using mockup and full-scale
pumping tests.

e Develop special provisions for the SCC mixing, pouring, and quality control/assurance

procedures in this specific application.
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2 DEVELOPMENT OF SCC MIXTURES

For all the investigated mixtures, Type I Portland cement with specific gravity of 3.15 was used.
Either Type F or Type C Fly ash was employed at 20% substitution of total cementitious
materials, by mass. Either CTS Komponent or Conex supplied from Euclid chemicals was used
to reduce and/or control of shrinkage of the concrete. Dosage rates of these expansive agents
were varied during the optimization process and are presented in Section of test results and
findings. Natural sand with specific gravity of 2.53 and absorption of 0.62% was used as fine
aggregate. Pea gravel of MSA of 3/8 in. was used as coarse aggregate. Specific gravity and
absorption values of the gravel were 2.54% and 2.7%, respectively. It is important to note that
the natural sand and Pea gravel used in this project meets sieve gradation limits elaborated in
ASTM C 33, “Standard Specification for Concrete Aggregates”, as presented in Figures 2.1 and
2.2, respectively. Technical data of the materials used for laboratory and mockup test

investigation are listed in Appendix A.
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Figure 2.1 — Sieve analysis results of sand and ASTM limits
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Figure 2.2 — Sieve analysis results of Pea gravel and ASTM limits

Conex is an expansive Type G component, which produces a calcium hydroxide platelet crystal
system based on calcium aluminate/calcium hydroxide, as specified in ACI 223. On the other
hand, CTS Komponent is an expansive cement which when added to regular Portland cement,
produces ASTM C845 Type-K cement. Typically, about 15% of the cement is replaced with
Komponent to meet the requirements of ASTM C845 Type-K cement.

Two types of superplastizers were introduced to the SCC mixtures. Plastol 5000 was used to
secure initial slump flow and Plastol 6200 EXT was introduced to maintain the flow consistency.
The specific gravity values of Plastol 5000 and Plastol 6200 EXT are 1.07 and 1.09, respectively.
In addition, Eucon retarder 100 and Visctrol were used to control the setting time and to enhance
stability, respectively. Both admixtures have specific gravity of 1.2. For a stable air-void system,

Eucon AEA 92 was introduced to the mixer before adding cement and cementitious materials.

The slump flow (T-50, VSI), V-funnel, air content, J-ring, column segregation, sieve stability,

and static bleeding test were conducted for the development of optimized SCC mixtures. The
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slump flow (ASTM C 1611) test was used to evaluate the filling ability of SCC. The V-funnel
test and J-ring test were conducted to evaluate the passing ability. The column segregation
(ASTM C 1610) and sieve stability tests were used to evaluate the stability of SCC. The SR
index in the sieve stability test refers to mass percentage of mortar pass through the 5-mm sieve
to initial concrete sample mass. A static bleeding test (ASTM C 940) was used to determine
static bleeding as well as volume change during 3 hours after cement and water contact. In
addition to workability and stability aspects, compressive strength (ASTM C 39) and shrinkage
(drying and autogenous) were determined. Several 4 x 8 in. cylindrical specimens were sampled
to determine compressive strength at 1, 7, and 28 days of age. Drying shrinkage was conducted
according to ASTM C 157 using digital comparator. Autogenous shrinkage was monitored using
vibrating wire gauges embedded in concrete prisms measuring 3 x 4 x 16 in. Autogenous
shrinkage prisms were completely sealed with adhesive aluminum tape to prevent any moisture

loss.

Several stages of trial batches were made to optimize the SCC mixtures that meet the target

performance of the project specification. Details of each stage are shown below.

a. Stage 1: Optimization of SCC mixture proportioning

In order to fill deck pockets and gaps between the precast concrete deck panels and bridge
girders, SCC mixtures should have high flowability, high passing ability, as well as high
resistance to bleeding and segregation. Therefore, such novel construction materials need to
secure both high slump flow of 25.5 to 29.5 in. and excellent J-ring passing ability (difference
between slump flow and J-ring values less than 2 in.), as presented in Table 2.1. In addition, the
SCC mixtures should be stable (high resistance to bleeding and segregation) in order to minimize
any gap in the dockets and gaps, which should be prevented to secure shear capacity of bridge

structure.

For the first stage of the optimization, the Komponent expansive agent was used at the dosage of
15%, by total mass of cementitious materials. The mixture composition of the optimized SCC is
given in Table 2.2. All fresh properties of the optimized SCC mixtures were within the targeted
performance ranges, as presented in Table 2.1. In addition, 28-day compressive strength of the

optimized concrete was 8,840 psi, which is higher than the targeted strength of 6,000 psi.
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Table 2.1 — Target performance ranges and properties of SCC optimized with Komponent
expansive agent

. Testing age (min.) Target
Properties 10 60 120 | 180 | Value/Range
Slump flow (in.) 29.5 27.2 23.5 27 25.5-29.5
V-funnel flow (sec) 5.5 5.5 4.5 7 <12
Air content (%) 8 7 6 5.5 5-9
L-box ratio (h,/h;) 1.0 - - - 0.8t0 1.0
Slump flow J-
J-ring (in.) 29.5 ) ) ) ring spread
diff. <2
Column segregation (%) 0.41% - - <10
Static bleeding 0 0 0 0 -
Compressive strength at 1 day (psi) 3,140 (mean of 2 out of 3) -
Compressive strength at 7 days (psi) 5,140 (C.0.V. of 6%) 3,500
Compressive strength at 28 days (psi) 8,840 (C.0.V. of 4%) 6,000

Table 2.2 — Mixture composition of the SCC optimized with Komponent expansive agent

Materials Imperial unit Sl unit
(Ib/yd® or fl.oz/yd®) (kg/m® or mL/m?)
Type I Portland cement 570 338
Class F fly ash 145 86
Expansive agent (Komponent) 125 74
Total binder materials 840 498
Water 295 175
w/b 0.35 0.35
Sand 1340 795
3/8 in. Pea gravel (coarse agg.) 1390 824
Superplasticizer 1 (Plastol 6200 EXT) 75.0 2,900
Superplasticizer 2 (Plastol 5000) 142.0 5,500
Set-retarder (Retarder 100) 33.0 1,277
VEA (Visctrol) 11.5 445
Air-entraining agent (AEA92) 1.4 54

b. Stage 2: Performance comparison of SCC made with different expansive agents

An experimental work was undertaken to compare the effect of different expansive agents on
deformation and compressive strength development of corresponding concrete. Three concrete
mixtures were prepared with Komponent, Conex, and without any expansive agent. For each

concrete, after demolding, prismatic samples were subjected to different exposure conditions,
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which included specimens stored at a temperature of 73.4 £+ 3.5°F (23 + 2°C) and a relative
humidity of 50% + 4%, sealed specimens stored at 73.4 + 3.5°F (23 + 2°C), and immersed
specimens in lime-saturated water at 73.4 + 3.5°F (23 £ 2°C). Similarly, cylindrical samples were

exposed to water-curing (lime-saturated) and sealed-curing.

In total, three SCC mixtures were optimized. Fresh properties of the three mixtures are presented
in Table 2.3. All three optimized mixtures met the targeted performance range set for this
project, which include high flowability, high passing ability, and adequate static stability. Among
the three mixtures, the SCC made with Komponent expansive agent exhibited slightly greater
slump flow and higher passing ability compared to the other two mixtures, as presented in Table
2.3. There was no clear difference in compressive strength results of the various mixtures made

with different the expansive agents and curing conditions.

Table 2.3 — Fresh properties and compressive strength of SCC made with different expansive

agent
Reference
Expansive Agent Komponent Conex (without any
expansive agent)
Testing time (min) 10 70 15 75 15 75
Slump flow (in.) 31.5 30.7 30 28.3 29.7 29
V-funnel flow (sec) 5.1 5.5 33 4.0 4.2 4.6
Air content (%) 5.2 6.5 5.5 3.5 5.0 5.5
L-box ratio (hy/h;) 1.0 1.0 0.89 0.86 0.93 0.86
J-ring (in.) 30.5 26 29.3 27.8 27.5 27
Static bleeding 0 - 0 - 0 -
Curing condition water sealed water sealed water sealed
1 day compressive strength 2,825 2,420 2,445 2,430 1,905 2,130
7 day compressive strength 4,600 4,500 4,785 4,905 4,290 4,410
28 day compressive strength 6,185 5,825 5,580 5,560 5,500 6,165

The effect of different expansive agents on deformation of the concrete is compared in Figure
2.3. The K-SCC, C-SCC, and R-SCC mixtures refer to the concrete mixtures made with the
Komponent, Conex, and reference concrete without any expansive agent, respectively. It is

interesting to note that the influence of expansive agents on the deformation differs with the
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curing condition. For example, in the case of water-curing, concrete containing the Komponent
at the 15% replacement ratio had almost 200% higher expansion than similar mixture containing
the Conex admixture at the dosage rate of 10%, by mass of binder. On the other hand, the air-
dried samples of the Komponent mixture had 200% higher shrinkage at 28 days compared to
those made with the Conex expansive agent (-410 vs. -210 um/m). Similarly, under the sealed
condition, concrete made with Conex had relatively higher expansion than similar concrete

containing Komponent.
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Figure 2.3 — Deformation of concrete mixtures made with different expansive agents and

subjected to different curing conditions

c. Stage 3: Batching sequence comparison and robustness evaluation

Different batching sequences were applied to a given concrete. As presented in Table 2.4,
sequence A was used to simulate the situation where all chemical admixtures are introduced on
site upon concrete delivery. On the other hand, sequence B involves the incorporation of all
chemical admixtures at the batching plant. Different batching sequences were applied to both
SCC mixtures that were optimized using the Komponent expansive agent and similar concrete
made with the Conex expansive agent. For both cases, 30-minute mixing time was applied to

simulate the transportation of the concrete to the job site.

The mixture compositions of the two optimized mixtures are presented in Table 2.5. It should be
noted that all chemical admixtures were fixed, except for the SP2 (Plastol 5000) which was
adjusted to secure initial target slump flow of 28.5 £ 0.4 in. (725 £ 10 mm) for the different

batching sequences.

Performance of highly flowable concrete is in general more sensitive to the variations in concrete
temperature, SP dosage, and water content. Therefore, an experimental work was undertaken to
evaluate the influence of concrete temperature (59 vs 95°F (15 vs 35°C)), SP dosage (+10% from
the optimum dosage of SP1), and mixing water content (+x10% from optimum water content).

This analysis is important to evaluate the robustness of the proposed SCC mixture.
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Table 2.4 — Details of batching and mixing used for different batching sequences

Batching sequence A

Batching sequence B

Time (min)

Action

Time (min)

Action

Pre-mixing of 5 minutes:
Coarse aggregate and sand, mix for 1 minute at 12 rpm

Add %2 of mixing water and mix for 1 minute at 12 rpm

Add cement, fly ash, and expansive agents and mix for 3 minutes at 12 rpm

30 Mix for 30 minutes at 8 rpm to 3 Add AEA and retarder and mix for 3
simulate transport to job site minutes
30+3 Add AEA and rgtarder and mix for 3 6 Add SP1 and mix for 3 minutes
minutes
30+6 . . 9 . .
Add SP1 and mix for 3 minutes Add VMA and mix for 3 minutes
30+9 . . 12 . .
Add VMA and mix for 3 minutes Add SP2 and mix for 3 minutes
30+12 Add SP2 and mix for 3 minutes 12+30 MP{ for 30 minutes at 8 rpm to
simulate transport to job site
12+120 Agitate until 2 hours at 2 rpm to 12+ 120 Agitate at 2 rpm until 2 hours to

simulate casting period

simulate casting period
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Table 2.5 — Mixture composition of mixtures made with Komponent and Conex admixtures

. SCC with Komponent SCC with Conex
Materials
(Iblyd®) (fl.oz/yd®) (Iblyd®) (fl.oz/yd®)
Type I Portland cement 570 600
Class F fly ash (20% of total binder) 170 179
Expansive agent (Komponent) 125 -
Expansive agent (Conex) - 87

Total binder materials 865 866

Water 285 285

w/b 0.33 0.33

Sand 1615 1615

3/8 in. Pea gravel (coarse agg.) 1077 1077
Superplasticizer 1 (Plastol 6200 EXT) 103.0 75.0
Superplasticizer 2 (Plastol 5000) 23.0 69.0
Set-retarder (Retarder 100) 33.0 33.0
VEA (Visctrol) 0 33.9
Air-entraining agent (AEA92) 1.4 1.4

Variations of slump flow values for mixture made with the Komponent expansive agent are
presented in Figure 2.4. Komponent mixture prepared with the batching sequence A (admixtures
added at job site) exhibited sudden decrease in slump flow beyond 40 minutes. The slump flow
values at 40 and 130 minutes were 30.3 and 20.3 in. (770 and 515 mm), respectively, as
presented in Figure 2.4. However, the same mixture prepared with the batching sequence B
(admixtures added at the batching plant) had adequate slump retention with values of 31 and 28
in. (785 and 710 mm) at 40 and 130 minutes, respectively. This indicates that SCC containing
the Komponent expansive agent is more sensitive to changes in batching sequence. This makes

the quality control more difficult at batching plant and job site.

On the other hand, mixtures made with the Conex exhibited similar slump flow retention with
respect to time, regardless of the batching sequence, A or B (Figure 2.5). Therefore, all the
mixtures used for robustness evaluation were prepared with Conex expansive agent. It is
important to note that for a given concrete, SCC prepared with the batching sequence B exhibited

significantly higher stability compared to similar concrete made with sequence A. The Conex
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mixture prepared with sequence B had 60% lower SR index from sieve stability test and 75%
lower percent static segregation from column segregation test, as presented in Figure 2.6.

Therefore, batching sequence B is used for further experimental work, including robustness

study.
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Figure 2.4 — Variations of slump flow with respect to time for the Komponent SCC mixtures

prepared with different batching sequences
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Figure 2.6 — Comparison of static segregation resistance of the Conex mixtures made with

different batching sequences

Fresh properties of the SCC mixtures made with relatively small variations in SP dosage, water
content, and concrete temperature are summarized in Table 2.6. Sieve stability tests were carried
out only once for each mixture. In the case of slump flow and V-funnel time, water content and
concrete temperature had more significant effect on the initial value, and its variation with
respect to time. On average, the mixture made with 10% higher water content had 6% greater
initial slump flow compared to that prepared with 10% lower water content. However, the slump
retention of the two mixtures was similar. It should be noted that the SCC with 10% higher water
content led to significant increase in segregation index determined from the sieve stability test
compared to the SCC with 10% lower water content (21% vs. 2%). On the other hand, the SCC
with £10% SP1 dosage spread did not result in clear difference in sieve segregation index (4.4%
vs. 5.6%). The SP1 dosage variation of £10% affected slump retention ability. For example, SCC
containing 10% higher SP1 had only 2.2 in. (55 mm) slump loss between 20 and 120 minutes,
compared to 4.3 in. (110 mm) for the SCC with (-) 10% SP1.
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Table 2.6 — Fresh properties of mixtures made with different SP dosages, water contents, and

initial concrete temperatures (Conex expansive agent) (25.4 mm = 1 in.)

Time after cement-water contact (min)
Parameter 20 | 50 | 30 | 120
Slump flow (mm)
Reference at 73.4°F (23°C) 740 685 660 688
(+) 10% SP1 755 710 695 700
(-) 10% SP1 743 673 668 635
(+) 10% water 810 750 745 775
(-) 10% water 765 745 725 720
95°F (35°C) 715 645 540 515
59°F (15°C) 765 735 740 710
V-funnel (sec)
Reference at 73.4°F (23°C) 4.39 4.34 5.35 5.87
(+) 10% SP1 4 3.56 5 5.37
(-) 10% SP1 3.75 3.59 4.37 4.63
(+) 10% water 2.22 2.54 3.69 422
(-) 10% water 6.6 4.38 6.68 6.5
95°F (35°C) 4.85 432 5.72 8.25
59°F (15°C) 4.13 4.38 5.18 5.57
Air content (%)

Reference at 73.4°F (23°C) 7.7 6.8 5 6
(+) 10% SP1 8 9.5 6.6 6.2
(-) 10% SP1 7 6.7 5.8 4.8

(+) 10% water 7 6.2 5.5 4
(-) 10% water 7 7.6 6.6 4.5

95°F (35°C) 6 6.5 5.6 5
59°F (15°C) 8 5.5 6.5 5.5

Sieve stability (SR in %)

Reference at 73.4°F (23°C) 4.9 - - -

(+) 10% SP1 4.4 - - -

(-) 10% SP1 5.6 - - -

(+) 10% water 20.6 - - -

(-) 10% water 1.9 - - -

95°F (35°C) 1.0 - - -

59°F (15°C) 9.6 - - -

In general, slump flow or flowability of concrete at high temperature decreases faster with
respect to time. As presented in Table 2.6, concrete at 35°C (95°F) had lower initial slump flow
of 28.1 in. (715 mm) compared to 30 in. (765 mm) for the similar concrete at 15°C (59°F). In
addition, the former concrete exhibited significantly higher slump flow loss between 20 and 120
minutes than the latter one (8 in. (200 mm) at 95°F (35°C) vs. 2.2 in. (55 mm) at 59°F (15°C)).

Similar tendency was found for the V-funnel flow results. Therefore, additional dosage of set-
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retarder or superplasticizer may be needed to secure workability retention for concrete subjected

to high temperature.
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3. PUMPING MOCKUP FIELD TESTS

Three mockup pumping campaigns were carried out in this project and are described below.

a. Pumping Mockup Field Test No. 1

In this test, SCC was optimized with the Komponent expansive agent for the placement of an
element measuring 2 in. thick, 48 in. wide, and 48 ft long. The mockup simulates the haunch area
between precast concrete girders and precast concrete deck panels that needs to be filled with
SCC. The concrete was pumped using 2 in. diameter hose from one end of the test setup, as
shown in Figure 3.1. The dimensions of this specimen are shown in Figure 3.2. This field test
was conducted on May 24™ 2013 at the HyPoint laboratory at Missouri S&T. The SCC mixture
had high flowability and adequate stability which is necessary for the challenging casting
condition. At the beginning of pumping, concrete flowed very smoothly into the formwork
without any signs of blockage or segregation. Yield stress and plastic viscosity rheological
parameters determined using the ICAR rheometer were 7 Pa and 14 Pa.s, respectively, which
indicate excellent flowability. However, due to the high pressure exerted by pumping, the
formwork started to open and leak during pumping, as shown in Figure 3.3. The pumping

process was then stopped without completing the test.

Figure 3.1 — Photo of the formwork and pump connection at one end
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Figure 3.2 — Dimensions and reinforcement of the field test No. 1 specimen
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Figure 3.3 — Leakage of concrete after formwork failure due to high concrete pressure at one end

The concrete was sampled to determine hardened properties in addition to workability and
rheology. Fresh properties up to 90 minutes and compressive strength values at 1, 7, and 28 days
of ages are summarized in Table 3.1. The optimized SCC mixture exhibited adequate slump flow
and its retention up to 90 minutes and excellent resistance to bleeding which is required for static
stability of the concrete. In addition, the optimized mixture had the spread difference between
slump flow and J-ring flow of 0.4 to 0.5 in. and L-box ratio of 1 and 0.89 at 30 and 90 minutes,
respectively. These values indicate excellent passing ability of the SCC mixture. The
compressive strengths of the optimized mixture were greater than the targeted values, as

presented in Table 3.1.
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Table 3.1 — Fresh properties and compressive strength of SCC used for field test No. 1

(Komponent expansive agent)

Properties Time after cement-water contact (min) Target
30 90 120 180 Value/Range
Slump flow (in.) 30.7 28.3 25.5-29.5
V-funnel (sec) 4.0 4.3 <12
Air content (%) 3.6 2.1 Due to the high -
L-box ratio (hy/h,) 1.0 0.89 | pressure exerted by | 0.8t0 1.0
J-ring (in.) 30.3 27.8 pumping, the test Diff. <2
Static bleeding 0 0 was stopped. -
Yield stress (Pa) 7 - -
Plastic viscosity (Pa.s) 14 - -
Compressive strength at 1 day (psi) 3,340 -
Compressive strength at 7 days (psi) 5,960 3,500
Compressive strength at 28 days (psi) 8,060 6,000

Autogenous shrinkage of cast prism (3 x 4 x 16 in.) was monitored using vibrating wire gauges.

Prismatic specimens sampled for autogenous shrinkage were demolded at 1 day and then, were

completely sealed using adhesive aluminum tape to prevent any moisture flow between the

concrete and atmosphere. The shrinkage samples were stored at a temperature of 73.4 + 3.5°F

(23 £ 2°C). The data are presented in Figure 3.4. The optimized SCC mixture exhibited about 30

pm/m of expansion at the age of 7 days, which reached to null (zero) at approximately 25 days of

age. Such expansion seems to be low to compensate shrinkage of the concrete with respect to

time. Additional photos of the first field test are given in Appendix B.
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Figure 3.4 — Autogenous deformation of SCC used for field test No. 1

b. Pump Mockup Field Test No. 2

From the lessons learned from the first mockup test, a more rigid formwork was designed to
sustain the high pumping pressure for the second field testing. In this test, the wooden form was
reinforced with many 2 x 4 in. lumbers, as shown in Figure 3.5. As in the case of the first field
testing, the concrete was pumped from the one end point. A pressure indicator was installed to
the form to evaluate the concrete rise in a chimney type of set-up, as shown in Figure 3.6. The

mixture composition of the SCC used in the second field testing is summarized in Table 3.2.
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Figure 3.6 — Photo of the formwork, pump connection, and pressure indicator at one end

Table 3.2 — Mixture composition of SCC used for the second field testing (Komponent)

Materials Imperial unit Sl unit
(Iblyd® | (flozlyd®) | (kg/m®) | (mL/m®)
Type I Portland cement 570 338
Class C fly ash 170 101
Expansive agent (Komponent) 125 74
Total binder materials 865 513
Water 285+ 20 181
Sand 1615 958
3/8 in. Pea gravel (coarse agg.) 1077 640
Superplasticizer 1 (Plastol 6200 EXT) 103.0 3,985
Superplasticizer 2 (Plastol 5000) 23.0 890
Set-retarder (Retarder 100) 33.0 1,277
VEA (Visctrol) 0 0
Air-entraining agent (AEA92) 1.4 54

Table 3.3 summarizes the fresh and hardened properties of the SCC mixtures. The slump flow of
the concrete at the beginning of pumping was 26.5 in. (670) mm, which is within the acceptable

range of the targeted values of 25.5 to 29.5 in. (650 to 750 mm). The flow value was lower than
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that of the first field testing. However, a sudden set took place, and then the slump flow of the
concrete at 60 minutes dropped to 19.3 in. (490 mm), which is not adequate to pump the concrete
into the very restricted and long formwork. The concrete placement was stopped without the

completion. The form was barely one third of the total length, as shown in Figure 3.7.

Table 3.3 — Fresh properties and compressive strength of SCC used for field test No. 2

Properties Time after pumping started (min) Target
0 60 120 180 Value/Range
Slump flow (in.) 26.5 19.3 25.5-29.5
V-funnel (sec) 4.2 6.3 Placement was <12
Air content (%) - 4.5 stopped due to -
L-box ratio (hy/h;) 0.78 - sudden workability 0.8t0 1.0
J-ring (in.) 27.5 17.7 loss Diff <2
Static bleeding 0 0 -
Compressive strength at 1 day (psi) 3,840 -
Compressive strength at 7 days (psi) 6,410 3,500
Compressive strength at 28 days (psi) 7,895 6,000

Figure 3.7 — Photo of concrete flow in the field test No. 2 (sudden loss of workability)
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Such sudden loss of workability is attributed to the fact that high temperature condition
significantly accelerated the ettringite formation of Komponent which also consume considerable
amount excess water that can contribute the flowability of the concrete. In addition, such high
rate of ettringite formation may be speeded up in the presence of Class C fly ash at the high
temperature. It is important to note that all the chemical admixtures were added to the mixture at
the job site and the set-retarder may not be effective in controlling setting and workability
retention, specifically at the high temperature. The concrete temperature of the second field test
was higher than 95°F (35°C). More photos of the second field test are given in Appendix B.
Deformations of concrete prisms subjected to different curing conditions (air-drying, sealed, and
water-cured) were monitored and given in Figure 3.8. The SCC used for the second field test had
about 150 um/m of shrinkage at the age of 28 days under sealed conditions, which is similar to
the exposure condition of actual concrete placed between the deck slab and bridge girder. In
addition, the second field test revealed that control of concrete temperature is very critical
especially for this type of SCC made with various chemical admixtures. Performance of such
type of concrete is more sensitive to some variations in temperature, SP dosage, and water

content. It is important to verify the robustness of this type of concrete.
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Figure 3.8 — Deformation of SCC used in field test No. 2 under different curing conditions
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c. Pumping Mockup Field Test No. 3

For the field test No. 3 that was carried out on August 19" 2013, the Conex expansive agent was
used. Unlike the first and second field tests, all chemical admixtures were added at the batching
plant, and additional adjustment of the SP1 was carried out at the job site to secure adequate
slump flow. Concrete arrived at the job site approximately 30 minutes after the contact of the
cement and water. After SP adjustment, the pumping of the concrete started from the one end
point and was gradually continued to push the concrete to the other end of the form. Figures 3.9
and 3.10 show photo and schematic of the pumping line connection to the form as well as a

detailed drawing of this connection.

Figure 3.9 — Pumping line connected to the one end of the formwork and concrete pressure

indicator tower to monitor pressure build-up exerted on the formwork
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Figure 3.10 — Schematic of the pumping line connected to the one end of the formwork
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The mixture compositions and test results of the SCC used in the third field test are summarized
in Tables 3.4 and 3.5, respectively. A total of 4 yd® of concrete was arrived at the job site
(HyPoint laboratory). After the first SP adjustment, slump flow and J-ring flow values of the
concrete were 30.7 and 29.7 in. (780 and 755 mm), respectively. The pumping of the concrete
started from the one end at the age of 40 minutes. At the initiation of the pumping, the concrete
had excellent slump flow of 29.1 in. (740 mm), high passing ability of J-ring flow diameter of
29.5 in. (750 mm), and high resistance to segregation (sieve stability, SR index of 4.3% and
static segregation of 3.5%). Concrete flowed smoothly into the form without any leakage or

major problem.

Table 3.4 — Mixture composition of SCC used for field test No. 3 (Conex)

_ Imperial unit
Materials
(Iblyd®) (fl.ozlyd?)
Type I Portland cement 600
Class F fly ash (20% of total binder) 179
Expansive agent (Conex) 87
Total binder materials 866
Water, initial 292
Sand 1615
3/8 in. Pea gravel (coarse agg.) 1077
Superplasticizer 1 (Plastol 6200 EXT) 75 (initial)
Superplasticizer 2 (Plastol 5000) 6.8
Set-retarder (Retarder 100) 33.0
VEA (Visctrol) 33.9
Air-entraining agent (AEA92) 1.4
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Table 3.5 — Fresh properties and compressive strength values of SCC used for field test No. 3

(Conex expansive agent)

Time after cement-water
contact (min) 25 40 60 70 75 80 120
Real time (hour:min) 9:25 9:40 10:00 10:10 10:15 10:20 11:00
Observation Slump }oss and high| Pumping | Recovery of
pumping pressure | stopped | slump flow
5 gallon of| Y4 gallon-
Start 1™ water water & 250
Action taken Accepted umpin Testing | Testing | added to 2 {ml-SP1 added| Testing
pumping yd® of | then start 2™
concrete pumping
Concrete temperature (°F) 82.6 79.2 - - - 86.4 83.3
Slump flow (in.) 30.7 29.1 26 25.6 28 31.5 26.2
T-50 (sec) 0.59 1.09 1.10 0.84 0.4 1.47
V-funnel flow (sec) - 3.94 - - - 3.0 3.46
Air content (%) - 9 - - - 8 9
Unit weight (kg/m’) - 2180 - - - 2165 2175
L-box ratio (hy/h;) - 0.86 - - - 0.86 0.88
J-ring (in.) 29.7 29.5 - - - 26.8 25.2
Column segregation, static ) 350,
segregation (%)* e
Sieve stability, SR (%) - 4.3% - - - - -
VSI 1 0 0 0 0 1 0
Yield stress (Pa) - - 13 - - - 42
Plastic viscosity (Pa.s) - - 28 - - - 20
Compressive strength at 1 i
day (psi)
Compressive str;ngth at7 3,760
days (psi)
Connnes&vesnepgﬂlat28 5.360
days (psi)

* Static segregation was determined on the top and bottom sections in accordance with ASTM C

1610.
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Slump flow determined at 60 and 70 minutes were 26 and 25.6 in. (660 and 650 mm),
respectively. Due to the high loss of the slump flow, pumping pressure increased rapidly and
reached to nearly the maximum allowable level before opening of the enclosed section, as
presented in Figure 3.11. On the first pumping stage, the concrete flew up to about half of the
total length of the element (24 ft out of the total length of 48 ft), as presented in Figure 3.12. The
pumping process stopped, and '2 gallon of water was added to remaining concrete of
approximately 2 yd*. After the addition of another % gallon of water and 250 ml of SP1, slump
flow of the SCC backed to 31.5 in. (800 mm) at 80 minutes, which was 40 minutes from the
initiation of the first pumping. The pumping line was connected to the other end of the form. The
second pumping process started at 80 minutes of age (Figure 3.13). The form was completely
filled by the age of 100 minutes (Figure 3.14). It should be noted that there were few minor leaks

on the form due to high pumping pressure.

Figure 3.11 — Photo of indication of nearly maximum pumping pressure on the formwork
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Figure 3.12 — Photo of center of the form after the first pumping stage

Figure 3.13 — Photo of the second pumping stage
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Figure 3.14 — Photo after the completion of casting from both ends

After 1 week from the casting, the forms were stripped, and visual inspection was carried out. As
presented in Figure 3.15, the concrete slab did not have any visible voids or any major issue with
the surface finish. In addition, all the chimneys that represent the pockets in the pre-fabricated
bridge panels (see Figure 4.3) were completely filled, which indicates that the SCC can indeed
fill all the shear keys between bridge decks and girder connections. There were some air pockets

at the interface between the connects and the wooden form.

The cast slab was cut into sic separate sections in order to verify the aggregate distribution of
each section. All cut sections exhibited very homogenous distribution of coarse aggregate
without any segregation or defects. Detail photos of the visual inspections, including top, side,

and section views are presented in Appendix B.

The concrete used for the third filed test exhibited higher expansion compared to the two

previous field test mixtures. The concrete exhibited about 250 um/m of expansion (isothermal) at
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7 days, which reached to the peak and will be reduced with respect to time due to autogenous
shrinkage (Figure 3.16). The concrete deformation was monitored up to 45 days. The concrete

still had an expansion of 220 um/m at 45 days of age, as shown in Figure 3.16.

Figure 3.15 — Photo of overall appearance of the cast element

41



300 T —e—Isothermal deformation T 90
——Material temperature
tas
O
—~ 200 9
E 0 8
= T >
3, <
2 5
o 100 —+ +—3 o
-; E
© ]
E o
= il T
L 30 =
5) 0 2
a o
A 2
=100 f | . AM\ | 20
0 10 20 30 40 50

Elapsed time (day)

Figure 3.16 — Isothermal deformation of concrete used for the third field test

The optimized SCC mixture has high flowability, adequate stability, and no shrinkage. The
optimized SCC was used to cast an element measuring 2 in. thick, 48 in. wide, and 48 ft long.
The thin and long element was successfully filled using the developed SCC mixture made with
w/cm of 0.34 and Conex expansive agent (10% by total mass of binder). However, the three field
tests revealed that sharp reduction in flowability or slump flow with respect to time should be
prevented in order to reduce high pumping pressure. In addition, viscosity of the concrete should
be reduced to increase the flow rate of the concrete on the form and to prevent rapid structural

build-up (thixotropy) which may cause sharp increase in pumping pressure with rest time.

d. Further optimization of SCC mixture
In order to improve the flow properties of the concrete, the following approaches can be applied

for further optimization of the SCC mixture composition:

- Use of Class F fly ash instead of Class C fly ash
- Reduction of VMA dosage (1/4 of the current dosage)
- Use of self-consolidating mortar (absence of coarse aggregate reduces viscosity), if

needed
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Based on these suggestions, a self-consolidating mortar was developed using Class F fly ash and
reduced amount of VMA (1/4 of current dosage). Mixture composition and fresh properties of
the mortar are presented in Tables 3.6 and 3.7, respectively. The prepared self-consolidating
mortar had excellent initial slump flow of 31 in. (790 mm) without any bleeding (0.12%
bleeding) and good retention of the slump flow for 3 hours (28.3 in. (720 mm) at 180 minutes).
In addition, the mortar mixture had V-funnel flow time values of 3.3 to 3.8 seconds, thus
indicating good passing ability and dynamic stability. The mortar mixture developed
approximately 20% higher compressive strength compared to that of optimized SCC mixture

(5,360 vs. 6,350 psi) at 28 days.

Table 3.6 — Mixture composition of self-consolidating mortar mixture

Materials Mortar with Class F Fly ash
(Iblyd) (fl.ozlyd®)
Type I Portland cement 808
Class F fly ash (20% of total binder) 241
Expansive agent (Conex) 117
Water 393
Sand 2175
Superplasticizer 1 (Plastol 6200 EXT) 45.5
Superplasticizer 2 (Plastol 5000) 9.2
Set-retarder (Retarder 100) 44 .4
VEA (Visctrol) 11.4
Air-entraining agent (AEA92) 1.4

Table 3.7 — Fresh properties and compressive strength of self-consolidating mortar mixture

Time (min) 10 60 120 180
Slump flow (in.) 31 28.7 29.5 28.3
T-50 (sec) 1.4 1.28 1.22 1.2
Air content (%) 5.0 3.1 4.6 35
Temperature (°F) 73.2 74.3 73.8 73.4
V-funnel flow (sec) 3.44 3.78 3.32 34
Unit weight (kg/m”) 2234 2275 2248 2265
Static bleeding (%) 0 0 0 0.12
Compressive strepgth at 28 6.350
days (psi)
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4. FULL-SCALE PUMPING TEST

In order to evaluate the constructability of pumping the developed SCC mixture for connecting
precast concrete deck panels and I-girder, a full-scale pumping testing was conducted. The full-
scale specimen consisted of 58 ft 10 in. long NU900 (3 ft deep) precast/prestressed concrete I-
girder and five precast concrete deck panels (three typical panels + two end panels). The
specimen was designed and detailed using the same procedures and details proposed for the
construction of Kearney East bypass bridge project presented earlier. Figure 4.1 shows the
concrete dimensions and reinforcing details of the NU900 girder specimen fabricated by
Concrete Industries Inc., Lincoln, NE on June, 20, 2013. Figure 4.2 shows photos of girder
fabrication presenting the shear connectors, post-tensioning deviators, and metal tabs similar to

those designed for the Kearney East Bypass bridge project.
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Figure 4.1 — Elevation view, middle cross section (left), and end cross section (right) of NU900

girder specimen
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Figure 4.2 — Photos of girder fabrication

A total of five precast concrete deck panels were also fabricated to erect the full-scale specimen:
three typical panels and two end panels to simulate actual bridge construction. The three typical
panels were obtained by saw cutting a full size demonstration panel fabricated by Concrete
Industries Inc., Lincoln, NE on April 25, 2013 as shown in Figure 4.3. The cutting layout
resulted in three skewed panels that are 8 in. think, 12 ft long and 7 ft 8.25 in. wide as shown in

Figure 4.4. Each panel has three pockets at 4 ft spacing: two pockets with lifting inserts (type A),
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and one pocket without lifting inserts (type B). The two end panels were also fabricated by
Concrete Industries, Inc. in Lincoln, NE in a later date. Each end panel is 8 in. thick, 11 ft 4.75
in. long, and 7 ft 8.25 in. wide with 14° skew. End panels contain embedded anchor blocks for
deck post-tensioning. Figure 4.5 shows the concrete strength of the specimen girder and deck

components. Curing compounds were sprayed to the pre-fabricated girder and decks for curing.

Figure 4.3 — Photo of full size demonstration deck panel showing panel soffit and shear pockets

H 311d kw-gg"a&«m-%" 4'-4%"%4'-9%"ﬂ
311k sl 2 F3'-11%" | 1543 sk b

1

42-115" |

Figure 4.4 — Layout of panel saw cutting
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Figure 4.5 — Concrete strength of precast girder and deck panels

The NU900 girder specimen and the five deck panel specimens were shipped to UNL Structural
Laboratory in Omaha for erection and testing. The steps followed in the specimen erection are
shown below. Photos of these steps are shown in Appendix C, and a video of specimen erection

can be seen at the following YouTube link: http://www.youtube.com/watch?v=Jky8gpaGhRc.

1. Place the girder on roller supports located at the girder ends to create a simple span of 57
ft 10 in.

2. Lay down 12-0.6 in. diameter post-tensioning strands on the top flange and thread the
ends through the deviators at girder ends. Strands were 4 ft longer than the girder.

3. Install steel bent plates (or angles) used as deck support system by welding them to the
metal tab inserts on the girder top flange. The height of the bent plates was adjusted to
achieve at least 3 in. thick haunch and provide the required deck profile after considering
deck deflection. These bent plates are also acting as side forms for haunch concrete.

4. Adjust the height of shear connectors to have an embedment in the deck of at least 5 in.

5. Attach compressive material (backer rod) to the top of the bent plates to prevent leakage.
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6. Place precast concrete deck panels on the deck support system staring from the middle
and moving outward.

7. Form the sides and bottom of transverse joints between adjacent deck panels using backer
rod and wood forms.

8. Place the specified SCC mixture into transverse joints after cleaning and moistening
them.

9. Place anchor plates, post-tensioning chucks, and bearing/bulkhead plates at the two end
panels.

10. Post-tension the strands using mono-strand jack starting from the middle strands and
moving outward in a symmetrical manner to minimize the eccentricity.

11. Pump the specified SCC from the pump sleeves welded to the bulkhead plate provided at

girder ends until concrete overflows from the inspection vents.

The developed SCC mixture for connecting precast girder and deck panels was slightly revised
to accommodate material availability in the state of Nebraska. Table 4.1 lists the composition
and proportions of the revised SCC mixture that consists of 1PF cement (Type I cement pre-
blended with 23% + 2% Class F fly ash), 3/8” limestone aggregate, C33 natural sand (called

4110), and BASF admixtures. Technical data of these admixtures are shown in Appendix D.

Table 4.1 — Composition and proportions of the revised SCC mixture

Component Quantity US Units
IPF Cement 866 Ib/yd’
Water 285 Ib/yd’

wi/c 0.33 N/A

4110 Sand 1615 Ib/yd’
3/8 in. Limestone 1077 Ib/yd’
TOTAL AGG. 2692 lbryd®
HRWR (Glenium 3030) 4 oz/cwt
Retarder (Delvo) 4 0z/cwt
VMA (Rheomac 362) 4 oz/cwt
AEA (MB-AE 90) 0.2 oz/cwt
WRA (RheoTEC Z-60) 4 oz/cwt

A trial batch was conducted on September 27, 2013 to evaluate the performance of the revised

SCC mixture and pour the transverse joints between adjacent deck panels shown in Figure 4.6.
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The mixture achieved an average slump flow of 29 in. (735 mm), as shown in Figure 4.7, J-ring
slump difference less than 1 in., and VSI = 1.0. These values indicate that the revised SCC
mixture has adequate flowability, passingability, and resistance to segregation. Several 4 x 8 in.
cylinders were taken to evaluate the compressive strength and hardened visual stability index
(HVSI) shown in Figure 4.8. The same mixture with no modifications will be used in the

pumping test to fill the gap between the precast girder and deck panels of the same specimen.

Figure 4.6 — Transverse joint between adjacent deck panels.

Figure 4.7 — Slump flow of the SCC mixture used in filling transverse joints (VSI = 1.0)
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Figure 4.8 — Coarse aggregate distribution in joint concrete (HVSI = 1)

Pumping test was conducted on October 18, 2013 using ready mixed concrete from Lyman
Richey Co. and Hotz concrete pumping Co. Concrete was delivered with low flowability,
therefore, several dosages of HRWRA were added to achieve an average slump flow of 27.8 in.

as shown in Figure 4.9. Other workability properties are summarized in Table 4.2.

Figure 4.9 — Slump flow of the SCC mixture used in the pumping test (VSI = 0)
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Table 4.2 — Workability properties of the pumped SCC

Time (min)
Test Criteria

30 60 90*
Slump flow (in.) 26 -30 27.75 25 30.5
Visual stability index (VSI) 0-1 0 0 1
J-ring slump spread difference (in.) 0-2 1
Penetration (in.) 0-1 0.75
Filling capacity (%) 80 -100 96
Column segregation (%) 0-10 5.2
Long through segregation (%) 0-30 16.1
Air content (%) 5-9
Static yield stress (Pa) N/A 49
Dynamic yield stress (Pa) N/A 22
Plastic viscosity (Pa.s) N/A 3.3

* Another dosage of HRWRA was added to an assumed quantity of concrete

Pumping started by using a %2 cubic yard of slurry to lubricate the hose and haunch area, then

SCC was pumped from one end, and the flow of concrete from the 1 in. diameter holes at 4 ft

spacing was monitored to ensure the filling of shear pockets. Pumping continued until the

accumulated pressure caused uplifting of the specimen panels. Pumping stopped and proceeded

from the other end until the haunch and pockets were completely filled, and vents were plugged.

Below is a detailed sequence of events recorded in this investigation:

1:42 PM: 5 yd® of concrete arrived. Initial slump flow = 18 in.

1:52 PM: 1.5 fl.oz/cwt of HRWRA was added. Slump flow = 24 in.

1:56 PM: 1 fl.oz/cwt of HRWRA was added. Slump flow did not change significantly.
2:02 PM: 1 fl.oz/cwt of HRWRA was added. Slump flow = 27.75 in. Accepted.

2:05 PM: Pumping started at 35 to 50 bars in concrete pressure as shown in Figure 4.10.
Concrete overflow from vents was stopped using plugs, as shown in Figure 4.11.

2:15 PM: Concrete leaked after reached 29.5 ft from the pumping point due to the high
pumping pressure that cause uplifting of deck panels, as shown in Figure 4.12. Pumping
stopped.

2:37 PM: Pumping resumed from the other end as shown in Figure 4.13.

2:50 PM: 1.5 fl.oz/cwt of HRWRA was added to the remaining amount of concrete.
Slump flow = 30.5 in.
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e 3:04 PM: Pumping was completed.

A YouTube presentation of the pumping test can be seen

at: http://www.youtube.com/watch?v=8kLiKAfsylY

Figure 4.10 — Pumping SCC using 2 in. diameter hose

Figure 4.11 — Plugging 1 in. diameter vents
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Figure 4.12 — Concrete leakage during pumping due to deck uplift

Figure 4.13 — Pumping concrete from the other end of the specimen
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Figure 4.14 presents the compressive strength of the lab-mixed and ready-mixed SCC used in

pouring the transverse joints and haunch respectively. The plot indicates the reproducibility of

the proposed mixture. Figure 4.15 shows a cross section of the hardened haunch concrete after

specimen testing, which presents the coarse aggregate distribution. This figure indicates the

pumped SCC has adequate resistance to segregation.
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Figure 4.14 — Concrete compressive strength for CIP transverse joints and haunch

Figure 4.15 — Coarse aggregate distribution in haunch concrete (HVSI = 1.0)
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To evaluate the structural performance of the precast concrete girder-to-deck connection
capacity, the full-scale specimen was tested in flexure using a concentrated load at the mid-span
section, as shown in Figure 4.16. This testing setup generates a uniform interface shear force on
all the shear connectors. Several linear variable differential transformers (LVDTs) were used to
monitor the horizontal and vertical displacements of the precast deck relative to the CIP haunch;

and string potentiometer was used to measure the specimen deflection at the mid-span section.

Figure 4.16 — Test setup

Testing was conducted by loading the specimen at 50 kip increments. After each loading
increment, the specimen was visually inspected for cracking, and cracks were marked to evaluate
their propagation. This process was repeated until the load reached 200 kip. Then, the specimen
was loaded continuously to failure, which occurred at a load of 380 kip with a maximum
deflection of 8.4 in. The load was released, and the specimen maintained a permanent deflection
of 3.6 in. Figure 4.17 plots the load-deflection relationship of the specimen, which represents its
behavior while testing. This straight line relationship at the beginning indicates that the specimen
remained un-cracked up to a load of 200 kips, which is higher than the calculated cracking load
of 161 kip for a fully composite section. Table 4.3 lists the demand, theoretical capacity and
measured capacity for both cracking and ultimate loads. These results indicate that the tested

specimen outperformed the predicted capacities for a fully composite section.

55



Load (Ib)

400,000

350,000

300,000

250,000

200,000

150,000

100,000

50,000

0

_an gk
Y
WVV"'

/

/

/

/l

e

Deflection (in.)

00 05 1.0 1.5 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9.0

Figure 4.17 — Load-deflection relationship of the specimen

Table 4.3 — Comparing theoritical and measured capacities

Cracking Load

Ultimate Load

Load Type (kip) (kip)
Theoretical capacity 161 338
Measured capacity 200 380
Ratio of measured-to- 124 112

theoretical
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5. MOCKUP POURING TEST

The challenge of pumping SCC into the haunch area from one end to the other one has indicated
that it is not practical to pump SCC for a 334-ft long girder line. Despite the optimized
rheological properties of the SCC, high pumping pressure would be required to ensure proper
filling of the haunch and pocket areas. This conclusion resulted in proposing a new approach,
which will be tested in this chapter. Testing was performed to evaluate the constructability of the
new full-depth precast concrete deck system by pouring SCC from a 4-in. diameter pouring port
located in the middle of a 12 ft long deck panel. The goal is to completely fill the haunch area
between precast deck panel and the supporting girder as well as the shear pockets within the deck
panel without pumping SCC. The mockup test aims to determine whether pouring every 12 ft
(using only one pouring port per panel) is adequate to ensure a complete and efficient filling of
the haunch and pockets. Figure 5.1 shows the cross section and plan views of the mockup
specimen, which consists of: a) wood formed channel that is 16 ft long, 4 ft wide, and 3.5 in.
thick; b) two deck panels with two shear pockets spaced at 12 ft; c¢) 2 in. plexiglass sheets
covering the top of the channel between the panels to allow observing the concrete flow; d) 8-0.5
in. diameter strands lightly tensioned and located in the mid-height of the channel to simulate the
post-tensioning strands used underneath the deck; e) several 2x2 lumber pieces to support the
plexiglass and simulate the shear connectors located every 4 ft along the specimen; and f) 1 in.
diameter vents to allow the air to escape while filling the haunch and pockets. Photos of the

pouring mockup test specimen are presented in Figure 5.2.
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Figure 5.2 — Photos of the pouring mockup test specimen
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Table 5.1 lists the proportions of the SCC mixture delivered by ready mix on Nov. 18, 2013 at
11:30 am. The mixture initially had very low flowability, which required several additional
dosages of HRWR and WRA as shown in Table 5.1 in order to achieve the required flowability.
Table 5.2 lists the tests performed and the results of workability tests. Photos of slump flow and
J-ring tests are shown in Figure 5.3 and photos of penetration resistance and air content tests are

shown in Figure 5.4.

Table 5.1 — SCC mixture proportions

Component ?):?rit(lg Units ?):?gt(lg
IPF Cement 866 Ib/yd? 2598
Water 285 Ib/yd? 855
wic 0.33 N/A 0.33
Sand 1615 Ib/yd® | 4845
3/8 in. Limestone 1077 | Ib/yd® | 3231
TOTAL AGG. 2692 | Ib/yd® | 8076
HRWR (Glenium 3030) 6 oz/cwt 156
AEA (MB-AE 90) 025 | oz/cwt 6
WRA (RheoTEC Z-60) 0 oz/cwt 0
Added at the site
HRWR (Glenium 3030) 5 oz/cwt 130
WRA (RheoTEC Z-60) 4 oz/cwt 104

Table 5.2 — Tests performed and their results

Camellie) | SRR Measured Parameter Value | Criteria Decision
Test Standard
Slump flow C1611/TP 73 Average diameter (in.) 27.8 26 - 30 OK
Slump flow C1611/TP 80 Visual stability index (VSI) 0 0-1 OK
J-ring Cl1621/Tp 74 | Differenceinslump flowand | s <2in. OK
J-ring flow diameter (in.)
Penetration C 1712 Penetration (in.) 025 | <05 oK
resistance
. . Add more
Air content C231/T152 Percentage of air (%) 3.8% 5%-9% AEA
Static Hardened visual stability index
segregation PP 58 (HVSI) 0 0-1 OK
Compressive C39/T22 Average 3-day strength (psi) | 6,520 > 3,500 OK
strength C39/T22 Average 28-day strength (psi) | 11,860 | > 6,000 oK
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Figure 5.3 — Slump flow (top) and J-ring (bottom) tests (VSI = 0)
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Figure 5.4 — Penetration resistance (top) and air content (bottom) tests
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Concrete was poured using a large bucket and a custom-made 8 in. diameter chute, as shown in
Figure 5.5, to easily pour the concrete into the cone/funnel used on top of the 4 in. diameter pipe.
Figure 5.6 shows photos of the concrete flowing from one pouring port to the other, completely
filling the channel and pockets, and encapsulating the strands in a very short time without
trapping any air pockets. By the end of the test, concrete overflow at one of the transverse joints
between Plexiglass sheets, as shown in Figure 5.7, because one of the screws holding the sheets
was pulled out due to concrete pressure causing a gap between adjacent sheets. This was not a
concern as it is not the case when adjacent deck panels are used. Table 5.3 shows the revised
SCC mixture to account for the lack of entrained air and the need for a retarder. Figure 5.8 shows
a photo of the hardened concrete after form stripping and cylinder testing. These photos show a
uniform distribution of coarse aggregate across the section, which indicates a hardened visual
stability index (HVSI) of 0. Figure 5.9 shows the compressive strength gain with time for SCC
cylinders. A video of the mockup pouring test is posted in YouTube

at: http://www.youtube.com/watch?v=85pAU3vyFs9s

Figure 5.5 — The bucket and chute used in pouring SCC
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Figure 5.6 — SCC flowing from one port to the other and completely filling the channel
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Figure 5.7 — Concrete overflowing at one of the joints between Plexiglass sheets

Table 5.3 — Revised SCC mixture proportions

IPF Cement 866 Ib/yd®
Water 285 Ib/yd’

wic 0.33 N/A

Sand 1615 Ib/yd’

3/8 in. Limestone 1077 Ib/yd®
TOTAL AGG. 2692 lbryd®
HRWR (Glenium 3030) 6 oz/cwt
Retarder (Delvo) 4 oz/cwt
VMA (Rheomac 362) 0 oz/cwt
AEA (MB-AE 90) 0.4 oz/cwt
WRA (RheoTEC Z-60) 4 oz/cwt




Figure 5.8 — Coarse aggregate distribution in hardened concrete (HVSI = 0)
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Figure 5.9 — Compressive strength test results of SCC

66



6. PUSH-OFF TESTS

The purpose of this investigation is to evaluate the interface shear capacity of the girder-to-deck
connection using the proposed SCC mixture. A total of eight push-off test specimens were
fabricated and tested for the four different groups listed in Table 6.1 (i.e. two specimens per
group). Each specimen consists of a T-girder with pre-installed shear connector assembly similar
to the one used in the full-scale specimen and a 8 in. thick precast concrete deck panel with one
shear pocket similar to the one used in the full-scale specimen. Table 6.1 shows that group A
specimens used self-consolidating grout (i.e. no coarse aggregate) to fill the haunch and pocket
areas. Table 6.2 lists the proportions of that grout. All other specimens (groups B, C, and D) used
SCC similar to the one used earlier in the full-scale pumping test and pouring mockup test (refer
to Table 5.3 for mixture proportions). Group C specimens had 8#5 Grade 60 bars placed
longitudinally around the shear connectors (4#5 bars on each side) at 2 in. spacing. These bars
are located at the mid-height of the haunch to evaluate the effect of the post-tensioning strands
used in the Kearney East Bypass project (refer to Figure 1.2). Group D specimens had smaller
dimensions for the haunch area to evaluate the effect of the cohesion between the haunch
concrete and precast deck soffit. This condition also simulates the cases where narrow flange I-
girders (e.g. AASHTO girders) or isolated haunches are used. Appendix E shows the photos of

specimen fabrication and tested for all the four groups.

Table 6.1 — Description of push-off test specimens

Group | Specimen Haunch Haunch Haunch

ID ID Concrete Dimensions | Reinforcement
Al Grout 48" x 417 none

A A2 Grout 48" x 417 none
Bl SccC 48" x 417 none

b B2 SccC 48" x 417 none
Cl SccC 48" x 417 8#5

¢ C2 SccC 48" x 417 8#5
D1 SccC 247 x 167 none

P D2 SccC 247 x 167 none
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Table 6.2 — Proportions of the grout used in Group A specimens

Material Quantity (Ib/cy)
Cement I/I1 602
Class F fly ash 180
Expansive agent 0
Coarse aggregate -
Fine aggregate 2,672
Water 315
HRWRA 5.9 oz/cwt
VMA 1.0 oz/cwt
AEA 0.2 oz/cwt
Retarder 2.9 oz/cwt

Figure 6.1 shows the dimensions and reinforcing details of the T-girders used in the 8 push-off
specimens. In all these specimens, the top of the shear connectors was maintained at 9 in. from
the top of the T-girder flange to ensure an embedment of 5.25 in. in the pocket after subtracting
3.75 in. that represents the haunch thickness. Figure 6.2 plots the compressive strength of the
concrete used in casting the T-girders up to the time of testing. This plot indicates that concrete
compressive strength of T-girders ranged from 8,000 — 12,000 psi at the time of testing. Precast
deck panels were placed after forming the haunch area using 4x4 lumber and adding 'z in. backer
rod on top of it to prevent haunch concrete from leaking as shown in Appendix E. The two
concrete deck panels used in group A specimens were formed and cast in the UNL structural
laboratory as shown in Appendix E. The remaining six deck panels used in all other specimens
were saw cut from the full-scale demonstration deck panel produced by Concrete Industries, Inc.
and shown earlier in Figure 4.4. The concrete compressive strength of all the deck panels was
approximately 9,000 psi at the time of structural testing. The haunch and pocket areas were then
filled with grout (for group A specimens) and SCC (for groups B, C, and D specimens) using a 4
in. diameter holes in the precast deck panel. The overflow of the concrete/grout was an
indication that the entire space was completely filled. Figure 6.3 shows the compressive strength
of the haunch grout/concrete at various ages. This figure indicates that grout had a significantly
lower compressive strength (approximately 3.8 ksi) than SCC (approximately 6.5 ksi) at a given
age of testing. It should be noted that the grout was mixed using lab drum mixer, while SCC was

provided using a local ready mix supplier.
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The grout used in group A specimens had an average spread of 29 in. with VSI = 1.0. No further
workability tests were conducted. The SCC used in groups B, C, and D specimens had low
flowability (average spread = 22.5), however, it was decided not to add extra dosage of HRWRA
to evaluate the structural performance of the connection when low flowability SCC is used,
which is more critical. Table 6.3 lists all the tested workability properties of SCC mixtures.
Figure 6.4 compares the rheological properties of the same SCC mixture when used for the
pumping test (high flowability) and for pouring the haunch in groups B, C, and D specimens
(low flowability).

Table 6.3 — Workability properties of the SCC mixture used for filling haunches and pockets

. Time (min)

Test Criteria 15 30
Slump flow (in.) 26 - 30 22.5
Visual stability index (VSI) 0-1 0
Slump flow J-ring Spread Difference (in.) 0-2 1
Penetration (in.) 0-1 0.25
Filling capacity (%) 80 - 100 85
Column segregation (%0) 0-10 2.4
Long through segregation (%0) 0-30 14.5
Air content (%) 5-9 4

Figure 6.4 — Comparing rheological properties
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Figure 6.5 shows the setup of the push-off testing conducted on all the eight specimens. It should
be noted that a strap was added to groups C and D specimens at the girder end facing the wall to

prevent its rotation under elevated loads.
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Figure 6.6 plots the load-displacement relationships for the eight push-off tests. This figure
indicates that all connections had an increased resistance until an initial slippage occurred (< 0.2
in.), where a significant drop in the connection capacity took place. By loading the connection
further, additional resistance was developed due to the dowel action of the shear connectors.
Ultimate capacity of the connection was reached at significantly higher displacement (> 1.5 in.)
only in groups C and D specimens, which were restrained from rotation. Figure 6.7 summarizes
push-off testing results by plotting the load at initial displacement and ultimate load. This figure
indicates that groups B, C, and D specimens have higher capacity than group A specimens due to
the high strength and presence of coarse aggregate in SCC mixture. The figure also indicates
that the dimensions of the haunch (group D) do not have negative effect on the connection
capacity. The presence of longitudinal reinforcement in the haunch (group C) has positive effect

on the ultimate capacity of the connection.
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Figure 6.6 — Push-off test results
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7. CONCLUSIONS

This study is an integral part of another research project that aims at evaluating the
constructability of a newly developed precast concrete bridge deck system (2" generation
NUDECK system). In this project, the development and use of SCC for connecting precast
concrete deck panels and bridge I-girders is vital to the success of the new deck system.
Therefore, the scope of this study includes the optimization of a specific SCC mixture for this
special application and evaluating its flowability and pumpability experimentally in small-scale
and full-scale specimens, as well as its hardened properties including strength and shrinkage.
Also, quality control and quality assurance procedures are investigated and presented to bridge
owners/contractors as special provisions. Based on the outcomes of the several experimental
investigations conducted in this study and the associated constructability experience, the

following conclusions can be made:

e A highly flowable and economical SCC mixture can be developed to fill the gap between
precast concrete deck panels and bridge I-girders (haunch) as well as the shear pockets in
deck panels while satisfying all workability and strength requirements. This development
eliminates the need for special expensive grouts that negatively affect the cost
effectiveness of precast concrete deck systems.

e The developed SCC mixture performs better than grout with respect to interface shear
capacity due to its high strength and presence of coarse aggregates in the optimized SCC.
Interface shear is an important design criteria for precast concrete bridge deck systems.

e Pumping SCC from one end of the bridge along the girder lines results in a significant
increase in concrete pressure with distance due to the geometric complexity of volume
that needs to be filled. The accumulated pressure could result in blow out of side forms or
uplift of deck panels. Therefore, pumping should be restricted to short span bridges or
when multiple pumping vents can be provided along the girder line.

e Pouring SCC from 4 in. diameter holes spaced at 12 ft is a simple, efficient, and
economical method for filling the haunch and shear pockets along each girder line.

e Special provisions for the use of SCC in this application were developed for NDOR, as

shown in Appendix F.
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9. APPENDICES

APPENDIX A: Materials Used in Pumping Mockup Testing
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APPENDIX B: Pumping Mockup Tests

First Pumping Mockup Test
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Second Pumping Mockup Test
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Third Pumping Mockup Test

90



Section A)

Section C)

Section E)

Section B)

Section D)

Section F)

91



Section A)

Section B)

Section C)

92



Section D)

Section E)

Section F)

93



Section A)

Section B)

94



Section C)

Section D)

95



Section E)

Section F)

96



APPENDIX C: Fabrication of Full-Scale Specimen
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APPENDIX D: Materials Used in Full-Scale Testing

104



105



106



107



108



109



110



111



APPENDIX E: Fabrication and Testing of Push-off Specimens
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APPENDIX F: NDOR Draft Special Provisions

SELF-CONSOLIDATING CONCRETE
Section 1002 in the Standard Specification is amended to include the following:
Description

Self-Consolidating Concrete (SCC) is defined as a highly workable concrete that can be placed under its
own weight and adequately fill all voids without segregation. SCC is placed without the need for
vibration or other mechanical consolidation.

Materials Requirements

a. The material shall be SCC and shall consist of the following:

(1) Cementitious materials Type 1PF and Class F fly ash designation are pre-blended or
Interground with Class F fly ash by the cement mill producer at a rate of 25% + 2%. No
additional Class F fly ash will be added at the batch plant. Type 1PF cement shall meet
all requirements of ASTM C 595.

(2) Fine Aggregate shall meet the specification AASTHO M 6.

(3) Coarse Aggregate shall meet AASTHO M 43 Size (No. 3/8 to No. 8).

(4) SCC shall consist of superplasticizer, accelerators, and air admixtures and water. All
admixtures shall meet the specifications in accordance with Section 1007 of this
specification.

b. No change shall be made to the approved SCC mix design during the progress of work without
the prior written permission of the Portland Cement Concrete (PCC) Engineer.

c. The SCC fresh, mechanical and permeability properties shall conform to the requirement in Table
1. The Contractor shall provide from a NDR Approved Independent Certified laboratory the
testing data within the last 5 years and be submitted with tests as specified in Table 1.

Table 1. Test and Criteria for evaluating the acceptance of SCC.

Self-Consolidating Concrete (SCC)

Slump Flow — ASTM C 1611 Range. 26 — 30 inches
Passing Ability by J-Ring Method — ASTM C 1621 Range. 0 — 2 inches
Visual Stability Index (VSI) — Appendix of ASTM C 1611 is required. VSI. 0 —1

Air Content (ASTM C 231) 6.0 —8.5%
Compressive Strength (ASTM C39) Min. 6 ksi at 28 days
Freeze-Thaw Resistance (ASTM C666-B; 600 cycles) RDM > 70%
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Mix Design Approval Requirements:

a.

b.

The Contractor shall submit a pre-test trial of SCC Mix Design consisting of a minimum 4 cubic
yards.
The pre-test trial SCC Mix Design shall be submitted to the Engineer 5-6 weeks prior to any SCC
being placed on the project.
The SCC pre-test trial shall not be paid for directly by the Department and shall be subsidiary to
items which direct payment is made.
Concrete shall not be placed on the project before the SCC testing has been reviewed and
approved by the Engineer.
Material shall be produced by a NDR’s approved Ready Mix Plant for SCC.
A SCC pre-test trial shall be tested at the project site and delivered by a NDR’s Approved ready
mix plant. SCC shall be sampled and tested by Material and Research Central Laboratory.

(1) Air Content of Freshly Mixed Concrete by Pressure Method — ASTM C 231.

(2) Temperature of Fresh Concrete at the time of casting.

(3) Compression Strength — ASTM C 39.

(4) Slump Flow — ASTM C 1611.

(5) Passing Ability by J-Ring Method — ASTM C 1621.

(6) Visual Stability Index (VSI) — Appendix of ASTM C 1611 is required.

(7) Any changes to the mix design require the approval of the Concrete Engineer and a batch trial

will be required.
(8) The contractor shall submit batching sequence as specified recommendation to the Engineer.

Project Requirements

a.

b.

Materials & Research personal will be on-sight to perform the quality assurance of SCC for the
following tests.

(1) Air Content of Freshly Mixed Concrete by Pressure Method — ASTM C 231

(2) Compression Strength — ASTM C 39.

(3) Slump Flow — ASTM C 1611.

(4) Passing Ability by J-Ring Method — ASTM C 1621.

(5) Visual Stability Index (VSI) — Appendix of ASTM C 1611 is required.
Concrete quality control shall be the responsibility of the Contractor.
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