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ABSTRACT

The constructability and performance of non-proprietary thixotropic UHPC for thin bonded bridge
deck overlay construction was investigated. The project includes four tasks. Task 1 involved
conducting a literature review for the use of UHPC in thin bonded overlay for bridge deck
rehabilitation, selection of non-proprietary UHPC including mixtures developed at Missouri S&T,
as well as the monitoring of crack density, overlay-substrate bond strength, and flexural behavior
for 16 composite overlay slabs cast with UHPC (MoDOT project TR201704). The slabs measured
39 x 79 in. with a depth of 6 in. and were reinforced with two mats of #4 longitudinal bars. The
overlay materials included a conventional concrete (CC), a latex-modified concrete (LMC), and
five non-proprietary UHPC mixtures made with different combinations of saturated lightweight
sand (LWS) and expansive agent (EA), two fiber volumes of 2% and 3.25%, and overlay
thicknesses of 1, 1.5, and 2 in. After approximately 33 months of outdoor exposure, no surface
cracking was observed for the UHPC overlay slabs regardless of the fiber volume, overlay
thickness, and use of LWS or EA. The slabs repaired with CC and LMC mixtures showed extensive
surface cracking due to shrinkage. The direct pull-off bond strength ranged between 290 and 430
psi for the UHPC mixtures compared to 220 psi for the CC mixture and 290 psi for the LMC
mixture. Flexural testing of overlay slabs made with substrate concrete made for bridge
construction and thin bonded overlays showed that the use of UHPC overlay delayed crack
opening and propagation in the slab specimens compared to the composite slabs repaired with
LMC overlay. Task 2 involved the fine tuning of two non-proprietary UHPC mixtures to enhance
thixotropy, robustness, and flexural performance. The mixtures were also prepared with 17%
saturated lightweight sand and 1% shrinkage-reducing admixture (LWS17 and SRA1 mixture) or
only 17% saturated lightweight sand (LWS17 mixture) to reduce autogenous and drying shrinkage.
The effect of nanoclay, diutan and welan gums, cellulose-based viscosity-modifying admixture
(VMA), anti-bleeding and segregation (ABS) admixture, styrene-butadiene rubber, and acrylic
ester on key properties was evaluated. The use of 0.5% of the ABS admixture, by mass of binder,
exhibited the highest thixotropy without mitigating mechanical properties of UHPC. Furthermore,
the effect of internal and external curing (3 and 7 d and continuous moist curing) on UHPC
performance was evaluated. Compared to the reference UHPC mortar made without LWS and
SRA, the LWS17 and SRA1 mixture exhibited 20% lower shrinkage than the reference mixture (-
310 pe at 56 d) and a 28-d compressive strength of 19,150 psi compared to 17,990 psi for the
reference mixture. The 7-d moist curing was selected for field construction. In the third part of this
task, the effect of fiber volume (2% to 3.25%) was evaluated, and 3.25% volume was selected to
enhance hardened properties. The robustness of the optimized UHPC was evaluated by varying
the w/cm by +10% and sand moisture content by +1%. These variations did not have a significant
influence on rheology, shrinkage, and compressive strength. Task 3 developed provisional
performance-based specifications in collaboration with Missouri DOT (MoDOT) for the non-
proprietary thixotropic UHPC for bridge overlay construction. The specifications included two
proven mixture designs, batching and mixing protocols, test methods, and performance criteria for
workability, mechanical properties, as well as autogenous and drying shrinkage.
Recommendations were provided for minimum moist curing duration and compressive strength
development before bridge opening. Task 4 involved the implementation of the non-proprietary
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thixotropic UHPC with a volume of 3.25% steel fibers (the LWS17 and SRA1-3.25% mixture) for
the rehabilitation of two MoDOT bridge decks over Highway 70. A mockup slab measuring 3 x 6 ft
was prepared at Missouri S&T in June 2022 to demonstrate the workability, placement,
consolidation, and finishing of the UHPC. The mixture exhibited good workability with ease of
placement and finishing with no sagging on a 2% sloped concrete subbase. After 8 months of
outdoor exposure, the slab did not exhibit any sign of cracking. In the second phase, a field mockup
test consisting of two slabs measuring 12 x 12 ft was conducted. The LWS17 and SRA1-3.25%
mixture was used; however, the fiber was changed from %2 to 1 in. in length. Two UHPC mixtures
were prepared with initial slump flow values of 8.5 and 6 in., and the latter was recommended for
field work. Full-scale implementation of the LWS17 and SRA1-3.25% mixture to rehabilitate two
bridge decks consisting of one-lane bridges measuring approximately 202 ft in length and 21 ft in width.
Bridge placement took place between October 20 and November 6, 2022 at ambient temperatures
of 66 to 80 °F. The temperature of the fresh UHPC at the end of mixing ranged from 90 to 99 °F,
which is higher than the specified value of 86 °F to reduce the risk of cracking. The slump flow,
air content, and variation of static yield stress with rest time met the performance specifications of
the UHPC. A curing compound and wet burlap and plastic sheet cover were stipulated for 7 d or
until the UHPC developed a compressive strength of 14,000 psi before bridge opening. However,
there were problems keeping the overlay continuously moist-cured. Temperature recorded in the
UHPC overlay dropped from 78°F at 1 d to 40° F after 2 d in the Route M overlay and down to
20° F after 7 d. Two sets of samples taken from the South bound lane of Route Z Bridge exhibited
much higher compressive strength than two other sets of samples secured from the North bound
lane that was cast 2 days earlier. For instance, the 2-, 7-, and 28-d compressive strengths of two
sets of samples taken from the South bound lane were 10,580, 14,470, and 18,030 psi, respectively,
compared to 7,680, 13,510, and 15,070 psi, respectively, for samples taken from the North bound
lane. All compressive strength results were consistently lower than the minimum specified values
0f 17,400, and 18,700 psi at 7 d and 28 d, respectively. The 2-, 7-, and 28-d compressive strengths
of samples taken from the North bound lane are 38%, 7%, and 24%, respectively, lower than those
from the South bound lane. Furthermore, samples taken from two successive batches along the
same lane of Route Z Bridge exhibited some variation in compressive strength. For example, the
2-, 7-, and 28-d compressive strength results of samples taken from the North bound lane had 18%,
8%, and 11% variation between successive batches. Lower variations of 15%, 1%, and 6%,
respectively, were obtained for samples taken from the South bound lane. The high spread in
compressive strength between samples taken from different batches of the Z Bridge can be
attributed to material quality control issues, especially in the case of excess water that was
encountered in some cases with the saturated LWS taken from the lower parts of the supersacs.

Strain values of -3000 and -2400 pe (in compression) were recorded in the thin-bonded overlay at
the midspan of the bridges in Route Z and M overlays, respectively. Field inspection was carried
out one week and approximately 3 months following the end of construction. The West bound of
Route Z Bridge had no signs of cracking after 96 d. However, approximately 25% of the North
bound lane showed extensive cracking. The surface crack widths ranged from 0.01 to 0.04 in. (0.25
to 1 mm) with an average of 0.02 in. and average length of 9 in. The 2-, 7-, and 28-d compressive
strengths of samples taken from the North bound lane were 38%, 7%, and 24%, respectively, lower
than those from the South bound lane. Relatively high variations of compressive strength between
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samples taken from different batches for the Route Z Bridge was observed. This can be attributed
to material quality control issues, as indicated earlier.

The M Bridge overlay that was cast in early November 2022 exhibited cracking in approximately
45% of the bridge deck surface. The cracking can be attributed to insufficient early-age strength
development and risk of microcracking resulting from the sharp drop in temperature after 3 d that
was not the case for the Z Bridge. A lack of continuous moist curing for the first 7 d of age can
also contribute to a higher risk of cracking.
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EXECUTIVE SUMMARY

The objective of this research was to evaluate the constructability and performance of non-
proprietary thixotropic ultra-high-performance concrete (UHPC) for thin bonded bridge deck
overlay construction. Task 1 reviewed literature on the use of UHPC in thin bonded overlay for
bridge deck rehabilitation and the performance of non-proprietary UHPC. The task also monitored
signs of cracking and bond strength between overlay and substrate slabs after 2.5 years of outdoor
exposure. The flexural behavior of 16 overlay slabs cast in MoDOT project TR201704 was
determined to select candidate mixtures for bridge deck rehabilitation. Figure 1(a) showed that
UHPC overlay slabs exhibited 35% to 75% higher flexural load capacity compared to slabs
repaired with latex-modified concrete and conventional concrete. The increase of overlay
thickness from 1 to 2 in. enhanced flexural load capacity by 30% to 40%, as shown in Figure 1(b).
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Figure 1 Load-deflection curves of UHPC overlay slab mixtures

Task 2 involved the fine-tuning of the non-proprietary UHPC mixture by enhancing thixotropy
shrinkage performance. The effect of nanoclay (NC), welan gum (WG), diutan gum (DGQG),
cellulose-based VMA (CE), anti-bleeding and segregation (ABS) admixture, styrene-butadiene
rubber (SBR), and acrylic ester (AE) on key fresh and hardened properties was evaluated. The
ABS admixture was most effective to enhance thixotropy. The effect of shrinkage-reducing
admixture (SRA) and saturated lightweight sand (LWS) on shrinkage and the potential to reduce
external moist curing duration was evaluated. The LWS17 and LWS17SRA1 UHPC mixtures
shown in Figure 2 were finally selected given their superior overall performance. External moist
curing of 7 d was recommended. The effect of fiber volume ranging between 2% and 3.25% on
UHPC performance was also evaluated. The upper value was selected given 30% reduction in
restrained shrinkage and 30% increase in flexural load capacity compared to UHPC made with 2%
fiber, as shown in Figure 3. The robustness of the optimized UHPC was also evaluated. The
investigated parameters included small changes in w/cm, sand moisture content, and
superplasticizer (SP) dosage. Test results showed that the variations of w/cm by £10% and sand
moisture content by +1% did not have a significant influence on rheology, shrinkage, and
compressive strength of the selected UHPC.
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Figure 2 Influence of LWS and SRA on (a) drying shrinkage and (b) compressive strength for
samples subjected to 7 d of moist curing
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Figure 3 Influence of fiber volume on (a) restrained shrinkage and (b) flexural performance

In Task 3, provisional performance-based specifications for the non-proprietary thixotropic UHPC
were developed. The specifications included two proven mixture designs, batching and mixing
protocols, test methods, and performance specifications for workability, mechanical properties,
and shrinkage. Recommendations were provided for minimum moist curing duration.

In Task 4, two Missouri DOT bridges were rehabilitated between October 20 and November 6, 2022
using the LWS17 and SRA1-3.25% UHPC. A laboratory mockup was performed to demonstrate
the constructability of the mixture. No signs of cracking were observed after 7-d moist curing and
8 months of outdoor exposure. A field mockup test was conducted to verify the constructability of
the mixture on site using materials selected by the contractor, including a 1-in. long twisted steel
fiber instead of 0.5-in. long straight microfiber. Two single-lane bridge decks measuring
approximately 203 ft in length and 21 ft in width were rehabilitated using 1.5 in. thin bonded overlays.

viil



The compressive strength of samples taken from six batches from the UHPC repair material used
for Route Z and M overlays were consistently lower than the minimum specified values of 17,400,
and 18,700 psi at 7 d and 28 d, respectively. The reduction of 7- and 28-d compressive strengths
ranged from 17% to 25% and 5% to 19%, compared to the specified values of 17,400 and 18,700
psi, respectively. Route Z and M Bridges were inspected after 96 and 81 d, respectively. A
maximum strain of -3000 and -2400 pe (in compression) was recorded at the midspan of the
bridges in Route Z and M overlays, respectively. A visual inspection was carried out 7 d after the
construction of Route Z Bridge and indicated no surface cracking; Route M Bridge was covered
by snow at 7 d. The South bound of Route Z Bridge had no signs of cracking after 96 d. However,
approximately 25% of the North bound lane showed extensive cracking. The surface crack widths
after 96 and 81 d ranged from 0.01 to 0.04 in. (0.25 to 1 mm) with an average of 0.02 in. and
average length of 9 in. The 2-, 7-, and 28-d compressive strengths of samples taken from the North
bound lane were 38%, 7%, and 24%, respectively, lower than those from the South bound lane.
Relatively high variations of compressive strength between samples taken from different batches
for the Route Z Bridge was observed. This can be attributed to material quality control issues,
especially in the case of excess water that was encountered in some cases with the saturated LWS
in the lower parts of the supersacs. The top part of the supersacs may have dried out, thus resulting
in further variations in the moisture content of the LWS. The M Bridge overlay that was cast in
early November 2022 exhibited cracking in approximately 45% of the bridge deck surface. The
cracking can be attributed to insufficient early-age strength development and risk of microcracking
resulting from the sharp drop in temperature after 3 d that was not the case for the Z Bridge. A
lack of continuous moist curing for the first 7 d of age can also contribute to a higher risk of
cracking. A summary of key performance-based criteria for the UHPC is presented in Table 1.

Table 1 Summary of performance-based specifications for non-proprietary thixotropic UHPC

Test methods Range
Initial slump flow before jolting (ASTM C230) 4-6 in.
Initial slump flow after 25 cycles of jolting (ASTM C230) 6-7 in.
Air content (ASTM C138) <2.5%
UHPC temperature after mixing <86 °F
Static yield stress at 5 min (Portable vane) > (.1 psi
Increase rate of static yield stress from 5 to 30 min > (0.01 psi/min
1-d compressive strength (ASTM C109) > 7,700 psi
7-d compressive strength (ASTM C109) > 17,400 psi
Minimum period of moist curing 7 d or time to reach 14 ksi
Strength at bridge opening > 14,000 psi
28-d compressive strength (ASTM C109) > 18,700 psi
28-d flexural stress at first crack (ASTM 1609) > 1,500 psi
28-d flexural strength (ASTM C1609) > 2900 psi
28-d flexural tension ratio (peak to first crack) >1.25
28-d flexural toughness (ASTM C1609) > 350 lb.in.
28-d tensile strength > 720 psi
28-d autogenous shrinkage <450 pe
56-d drying shrinkage after 7-d of moist curing (ASTM C157) | <500 pe
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Chapter 1: Introduction

Missouri has the seventh-largest state highway system in the U.S. totaling 33,856 miles, which
includes 10,385 bridges. Missouri Department of Transportation (MoDOT) reports that the number
of structures in good condition is declining, which adds to the number of structures in fair or poor
condition. Bridge decks are highly prone to deterioration, which can be caused by a combination
of various factors including vehicle loading, freeze-thaw degradation, cracking, or corrosion of
internal reinforcement. One promising approach to rehabilitate bridge decks is the use of thin
bonded ultra-high-performance concrete (UHPC) overlays. Thin bonded UHPC overlays can
reduce dead weight and secure superior durability and mechanical properties. This includes tensile
and flexural strengths, bond to the substrate, resistance to cracking, and strain-hardening and
ductility characteristics compared to conventional overlay materials, such as latex-modified
concrete (LMC) and fiber-reinforced concrete (FRC).

Haber et al. (2017) of the Federal Highway Administration (FHWA) compared different overlay
materials that can be used for thin bonded overlay. As summarized in Table 1-1, proprietary UHPC
overlay materials with a thickness of 1 to 2 in. can have a unit cost ranging from $9 to $18/ft> of
overlay surface compared to $18 to $39/ft> for LMC and $13 to $19/ft> for low slump concrete.
Non-proprietary UHPC has the lowest unit cost compared to other overlay materials.

UHPC thin overlays can reduce dead weight compared to conventional thicker overlays or LMC.
The use of UHPC for thin bonded overlay for bridge deck rehabilitation has been successfully
used, although on a limited scale in the U.S., including some pilot studies in lowa, Delaware, and
New York (Brithwiler et al., 2015). Such novel material can enable the construction of thin bonded
overlays of 1 to 2 in. thickness for the rehabilitation of bridge decks and restoration of the structural
capacity of bridges.

Table 1-1 Comparison of different overlay materials (Haber et al., 2017)

Overlay type Overlay thickness (in.) | Cost ($/ft?)
High performance concrete 1.0-5.0 17-25
Low slump concrete 1.5-4.0 13-19
Latex-modified concrete 1.0-5.0 18 -39
Asphalt with membrane 1.5-4.0 3-8
Polymer-based 0.13-6.0 10-17
Non-proprietary UHPC 1.0-2.0 3-6(a)
Proprietary UHPC 1.0-2.0 9—18 (b)
Structural rehabilitation of Chillon 1.6 20 (¢)
Viaduct using proprietary UHPC )

Note: (a): Price reflects materials cost only, assumes cost of $1,000 per cubic yard; (b):
Price reflects materials cost only, assumes cost of $3,000 per cubic yard; (c): Price reflects
cost of material and installation

A new class of cost-effective, non-proprietary UHPC mixtures that are self-consolidating to
facilitate placement and finishing has been developed. These formulations were prepared with



conventional riverbed concrete sand, masonry sand, and different combinations of supplementary
cementitious materials (SCMs) selected to reduce superplasticizer demand, plastic viscosity,
autogenous shrinkage, and unit cost (Meng et al., 2017). As shown in Table 1-2, the performance
of four non-proprietary UHPC mixtures proposed from that study is compared to that of a
proprietary UHPC proportioned with 25% undensified silica fume (SF) and fine quartz sand with
a maximum diameter of 600 um. The non-proprietary UHPC mixtures included two binary
binders, a 50% cement replacement with slag (G) and another one with 60% class C fly ash (FA),
by volume of binder. Two mixtures with ternary binders were also developed, 50% G and 5% SF
as well as 40% FA and 5% SF, by volume of binder. These non-proprietary mixtures were prepared
with widely available concrete river sand and finer masonry sand at 70% and 30% volume ratios
to achieve high packing density.

The non-proprietary UHPC mixtures developed approximate compressive strengths of 18,000 psi
at 28 d under standard moist curing condition and presented approximately 50% cost savings
compared to the proprietary UHPC that had compressive strengths of 19,600 and 23,900 psi under
moist and steam curing, respectively.

Table 1-2 Performance of a proprietary and four non-proprietary UHPC mixtures

Drying 1 e Scaling
Curing | Unit cost | 28-d f. 28-d | 28-d shrinkage** Rapd C | o
Code . 3 . fr Es permeability
regime | ($/ft°/psi) | (psi) ) | ) at 100 d (Coulomb) loss
(ue) (Ib/ft%)
Ductal ® 1,300 23,930 | 2,900 | 7,800 | -555 360 None
" * 1,560 19,580 | 2,855 | 7,600 | -600 - None
G50SF5 | * 940 18,130 | 2,930 | 7,200 | -430 - None
G50 * 820 17,985 | 3,305 | 7,200 | -55 - None
FA40SF5 | * 840 17,980 | 3,090 | 7,500 | -465 20 None
FA60 * 760 17,405 | 2,915 | 6,700 | -500 - None

Note: f.: compressive strength; Es: elastic modulus; fi: flexural strength; ® 48-h steam curing at 140 °F
followed by air curing; *: 28-d moist curing; **: positive and negative length changes denote expansion
and shrinkage, respectively

Under MoDOT projects TR201701(Khayat et al., 2018) and TR201704 (Khayat et al., 2018), non-
proprietary UHPC mixtures with low shrinkage, which is of special interest to overlay
construction, were developed. Shrinkage mitigating approaches included the use of saturated
lightweight sand (LWS), CaO- and MgO-based expansive agents (EXC and EXM), and shrinkage-
reducing admixture (SRA). Test results showed that the use of 25% LWS (by volume of river
sand) led to 30% increase in compressive strength and 35% reduction in autogenous shrinkage.
Furthermore, the combined use of EXC and LWS resulted in an early-age expansion that
compensated for subsequent autogenous and drying shrinkage. In general, the SRA3LWS60
mixture made with 3% SRA and 60% LWS (expressed as replacement of normal weight sand, or
42% of the total sand volume) exhibited the highest overall performance with compressive strength
of 18,100 psi at 28 d, -20 pe autogenous shrinkage at 28 d, and -320 pe drying shrinkage at 91 d.

As shown in Table 1-3, some of the optimized UHPC mixtures were selected to cast thin bonded
overlays in the laboratory at Missouri S&T (Teng et al., 2022). In total, 16 composite slabs with a
dimension of 39 x 79 x 6 in. in thickness were cast with a MoDOT bridge concrete mixture. The
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UHPC mixtures were prepared with either 2% or 3.25% fiber volume using 'z in. straight fibers.
The composite slabs were stored outdoors and monitored for signs of cracking for 2.5 years. Direct
tensile bond pull-off tests were carried out at 185, 350, and 500 d of age. Test results indicated that
the non-proprietary UHPC mixtures with low shrinkage characteristics exhibited high resistance
to cracking and high direct pull-off bond strength to the substrate material. On the other hand,
overlays made with low slump concrete or LMC exhibited cracking and delamination within 6
months and had a bond strength of 290 psi to the substrate concrete compared to 290 and 430 psi
for the UHPC mixtures.

Table 1-3 Compressive strength and shrinkage values of non-proprietary UHPC mixtures
made with saturated lightweight sand and shrinkage mitigating admixtures

. 28-d autogenous 91-d dryin
Lo RO (i) shrinkageg(us) shrinkar;e ﬁts) *
G50 13,930 -520 -520
G50-LWS60 19,150 -75 -750
G50-EXC7.5 13,490 -50 -415
G50-EXC7.5LWS25 16,250 -195 -525
G50-EXC7.5LWS40 16,680 +30 -550
G50-EXC7.5LWS60 17,120 +270 -620
G50-EXCS5LWS60 17,410 +225 -565
G50-EXCI0LWS60 15,520 +785 -395
G50-EXM5LWS60 16,250 -25 -600
G50-EXM7.5LWS60 15,520 +215 -545
SRA1.5LWS60 18,130 -180 -555
SRA3LWS60 17,700 -20 -315

Note: * refers to 3 d of moist curing; positive and negative length changes denote expansion and
shrinkage, respectively

The investigated UHPC mixtures had a self-consolidating consistency with an approximate slump
flow of 11 in., without any jolting on the flow table, to facilitate placement of UHPC in repair
applications (e.g., repair of columns and girders). However, these highly flowable mixtures are not
suitable for bridge deck overlay construction given the sloped bridge deck surface that can vary
from 2% to 7% (Sritharan et al., 2018). Such sloping surfaces necessitate the reduction of the initial
flowability of the UHPC to resist sagging. Yet, sufficient workability is needed to facilitate the
mixing, placement, consolidation, and finishing of the UHPC. The mixtures for overlay
construction are therefore designed to enhance thixotropy where the UHPC can flow readily when
sheared during mixing, placement, and consolidation (i.e., structural breakdown) followed by rapid
gain in static yield stress at rest after consolidation (i.e., structural build-up) to resist flow on sloped
surfaces. Field demonstration of the constructability and performance of these non-proprietary
thixotropic UHPC mixtures is critical for further acceptance of this novel construction material.

1.1 Research Objectives

The main objective of this research was to evaluate the constructability and performance of non-
proprietary thixotropic UHPC for thin bonded bridge deck overlay construction. The specific
objectives of the project that is elaborated in this report are as follows:
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1. Fine-tune non-proprietary UHPC mixtures to enhance structural build-up characteristics at
rest to enable the rehabilitation of bridge decks with sloped surfaces.

2. Carry out field implementation of thin bonded overlay measuring 1.5 in. in thickness to
rehabilitate bridges with the collaboration of MoDOT and evaluate the constructability,
mechanical properties autogenous and drying shrinkage of the non-proprietary UHPC.

3. Monitor in-situ properties of thin overlays including variations in strain, temperature, and
relative humidity with time, and signs of distress in the overlay.

4. Propose candidate mixtures for bridge deck rehabilitation and develop performance-based
specifications and guidelines for mixing, placement, and curing of the UHPC.

1.2 Research Approach

The work plan was grouped into the following tasks: (1) selection of cost-effective non-proprietary
UHPC; (2) fine-tuning of the mixture to enhance the performance of thixotropic UHPC; (3)
develop performance-based specifications for non-proprietary thixotropic UHPC for bridge
overlays and provide recommendations and guidelines for UHPC overlay construction; and (4)
carry out field implementation using a thixotropic UHPC for bridge deck overlay construction and
fine-tune the performance-based specifications.

Task 1 Selection of cost-effective non-proprietary thixotropic UHPC

In this task, a thorough review of the available literature, specifications, and field performance of
cost-effective non-proprietary UHPC for bridge deck overlay construction was conducted. The
mixture proportioning and key fresh and hardened material properties of candidate UHPC mixtures
were compared. The review also focused on strategies that could be used to secure thixotropic
UHPC mixtures to prevent flow of the concrete after placement and consolidation. Key hardened
performance of UHPC overlay materials including tensile and flexural properties, autogenous and
drying shrinkage, and bond strength between overlay and substrate were reviewed. Test methods
for quality control were reviewed and summarized in this task.

The performance of the 16 experimental overlay slabs cast at Missouri S&T (MoDOT project
TR201704) was summarized in terms of cracking resistance and direct pull-off bond to the
concrete substrate. Flexural testing of the 16 composite overlay slabs was conducted to determine
flexural strength, the extent of cracking, and flexural toughness. The information generated in Task
1 was used to finalize the candidate UHPC mixtures for the design of non-proprietary thixotropic
UHPC for bridge deck rehabilitation.

Task 2 Fine-tuning of mixture design

Task 2 was carried out in four parts. The effect of various specialty admixtures on UHPC mortars
was evaluated. Furthermore, the effect of internal and external curing on UHPC performance was
investigated. In the third phase, the effect of fiber volume ranging between 2% and 3.25% on
UHPC performance was studied, and finally, the robustness of the optimized UHPC mixture was
investigated.



Task 3 Develop performance-based specifications

Based on Tasks 1 and 2, recommendations and guidelines about the use of non-proprietary
thixotropic UHPC overlay to rehabilitate the bridge deck were developed. This included:

L.

il

1il.

1v.

Performance-based specifications of thixotropic UHPC for bridge deck overlay
construction.

Field-oriented test methods and acceptance criteria to evaluate workability and
thixotropy of UHPC.

Acceptable criteria for hardened properties including shrinkage.
Guidelines for proportioning and mixing of thixotropic UHPC mixtures.

Recommendations for batching, mixing, placement, consolidation, and curing of UHPC
overlay materials.

Task 4 Field implementation

The research team from Missouri S&T and MoDOT engineers conducted a field implementation
to construct thin bonded bridge deck overlay prepared one of the two proposed non-proprietary
thixotropic UHPC mixtures developed in Task 2. The field implementation was divided into the
following parts:

1.

1l.

1il.

1v.

Carry out laboratory mockup test at Missouri S&T using the materials and mixing
equipment used in Task 2.

Carry out field mockup test using the materials and mixer proposed by the contractor.

Cast and evaluate the performance of bridge deck overlays for two MoDOT bridges
using the same UHPC mixture and two surface preparation methods (hydrodemolition
and scarification by diamond grinding).

Fine-tune the performance specifications presented in Task 3.



Chapter 2: Selection of Non-Proprietary Thixotropic UHPC
2.1 Literature Review

The purpose of this task was to conduct a thorough review of available literature, specifications,
and field performance of UHPC that can be used for bridge deck overlay rehabilitation. Table 2-
1 summarizes the characteristics of three UHPC bridge deck overlay field projects with overlay
thicknesses varying between 1.25 and 1.75 in. The 1.25-in. overlay was used for waterproofing,
whereas the thicker overlay (> 1.5 in.) was cast with reinforcing bars to enhance the structural
integrity of the bridge deck. Given sloping surfaces of bridge deck that can vary between 2% and
7%, the UHPC mixture is formulated to be thixotropic to prevent flow and sagging of the repair
overlay after casting and consolidation. Haber et al. (2017) recommended limiting the slump flow
of thixotropic UHPC to 7 in. after jolting, based on the mortar flow table test (ASTM C1437).

Table 2-1 Summary of UHPC bridge deck overlay field application projects (all these mixtures
ae prepared with 0.5 in. fibers)

Bridee Overlay Bridee Substrate
Location £ UHPC | thickness | Reinforcement ¢ | surface
name . slope .
(in.) preparation
Switzerland Chlllon Ductal 1.75 Reinforcing 7% Hydrodemolition
Viaduct bars
Buchanan | Mud Wire mesh
Country, Creek Ductal 1.50 over pier 5% Scarification
lowa Bridge location
Cudrex 1.25 (1.75
Switzerland | (. Ductal structural | None N/A N/A
Viaduct .
sidewalks)

Typical properties of UHPC mixtures from published literature are shown in Table 2-2. The
proprietary UHPC is the Ductal NaG3 TX mixture. The non-proprietary mixtures were developed
at Missouri S&T by the PI using high volume replacement of the cement with supplementary
cementitious materials. Such an approach, coupled with the use of concrete river sand and fine
masonry sand as a replacement for the fine quartz sand, enabled the reduction of unit cost and
shrinkage of the non-proprietary UHPC. The non-proprietary mixtures were prepared with a water-
to-cementitious material ratio (w/cm) of 0.20 and 0.5 in. fibers.

The field-cast proprietary UHPC shown in Table 2-2 included 3.25% micro steel fibers, by
volume, and measuring 0.5 in. in length, to ensure high resistance to cracking when used for thin
bonded overlays. The non-proprietary UHPC mixtures shown in Table 2-2 were developed for
casting self-consolidating UHPC for structural applications and proportioned with 2% micro steel
fibers. The proprietary field-cast UHPC mixtures and non-proprietary UHPC mixtures had similar
hardened properties under moist-curing conditions. UHPC can develop high autogenous shrinkage
due to its low w/cm and use of SCMs, especially SF. Such shrinkage can lead to high shear stress
at the interface between overlay and substrate, which can cause cracking and delamination. The
substrate material can restrain shrinkage of the UHPC, which can result in the development of



tensile stresses at early-age leading to cracking in the overlay material. In MoDOT projects
TR201701 and TR201704 carried out by the PI, non-proprietary UHPC mixtures with low
autogenous and drying shrinkage were developed using various shrinkage mitigating approaches
including the use of saturated LWS, EXC, EXM, and SRAs.

Table 2-2 Performance of field-cast proprietary and three non-proprietary UHPC mixtures

Proprietary Non-proprietary
Property Field-cast FAC40SF5 | FAC60 G50 (Men
(Wibowo et (Meng et al., (Meng et al., ot al 2017%
al., 2018) 2017) 2017) N
28-d compressive strength (psi) | 18,000 17,980 17,410 17,990
28-d elastic modulus (ksi) 6,530 7,540 6,700 7,200
28-d tensile strength (psi) 1,300%* 1,740%%* 1,450%* 1,740%%*
Drymg.shrmk'age at 90 d after | 500 465 500 55
7-d moist curing (ue)
Diffusion coefficient of CI° 12 12 12 12
at 90 d (f/s) <1.1x10 <1.0x10 <1.0x10 <1.0x10

Note: * refers to results measured by direct tensile test using dogbone specimens; ** refers to results
measured by splitting tensile test using cylinder specimens

Key characteristics of these mixtures are summarized in Table 2-3. The LWS35 mixture refers to
the mixture made with a replacement of 35% of the total sand by pre-saturated LWS that was used
for internal curing. The EXCS5LWS35 and EXCI0OLWS35 mixtures had 5% and 10% EXC,
respectively, combined with 35% LWS. The fiber volume of UHPC varied from 2% to 3.25%.
Test results showed that the use of 25% LWS (by volume of river sand) led to 35% reduction in
autogenous shrinkage and 30% increase in compressive strength. Furthermore, the combined use
of EXC and LWS resulted in early-age expansion that partially compensated autogenous and
drying shrinkage. In general, the SRA3LWS60 mixture made with 3% SRA and 60% LWS
(expressed as replacement of normal weight sand or 42% of the total sand volume) exhibited the
highest overall performance with 28-d compressive strength of 18,100 psi, 28-d autogenous
shrinkage of 20 pe (expansion), and 91-d drying shrinkage of 315 pe.

In the Mud Creek Bridge deck overlay project (Wibowo et al., 2018), the concrete surface was
ground and grooved to expose coarse aggregate and create a target surface roughness of 1/8 in.
The substrate surfaces were water sprayed before casting the UHPC overlay. A vibrating truss
screed was used to consolidate the UHPC and maintain a thickness of 1.5 in. The curing compound
was applied to the UHPC immediately after placement. Traffic was allowed on the bridge when
the compressive strength of the UHPC reached 11,600 psi, which was obtained after 4 d of age.
The direct tensile pull-off strength conducted on the overlay was 335 psi. The failure location was
in the adhesive layer between the metallic disc and UHPC overlay, thus indicating that the bond
strength between the substrate and overlay was greater than 335 psi.
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Table 2-3 Hardened properties of non-proprietary UHPC mixtures (MoDOT TR201704)

Code 28-d compr@ssive 28-@ autogenous 91-d drying shrinkage
strength (psi) shrinkage (pe) (pne)*
FA40SF5 17,980%** -500 -565
FA40SF5-LWS25 22,920%* -330 N/A
FA40SF5-LWS50 20,310%* -265 -465
G50-LWS60 19,150* -75 -750
G50-EXC7.5 13,490* -50 -415
G50-EXC7.5LWS25 16,250* -195 -525
G50-EXC7.5LWS40 16,680* +30 -550
G50-EXC7.5LWS60 17,120* +270 -620
G50-EXC5LWS60 17,410* +225 -565
G50-EXC10LWS60 15,520* +785 -395
G50-EXM5LWS60 16,250* -25 -600
G50-EXM7.5LWS60 | 15,520* +215 -545
SRA1.5LWS60 18,130* -180 -555
SRA3LWS60 17,700* -20 -315

Note: * refers to 3 d of moist curing; ** refers to 28 d of moist curing

Graybeal and Haber (Haber et al., 2017) investigated the effect of substrate surface preparation
using the hydrodemolition and scarification methods on the overlay-substrate bond of UHPC. The
hydrodemolition method necessitated the removal of approximately 1/2 in. of concrete bridge deck
substrate compared to 3/8 in. for the scarification method. The results showed that the use of
hydrodemolition led to tensile pull-off strength of 495 psi where the failure location was within
the substrate material. On the other hand, the pull-off strength was limited to 115 psi for the
scarification method, and the failure location was at the overlay-substrate interface. Such low
overlay-substrate bond strength can be attributed to the fact that excessive scarification can
introduce microcracking on the substrate material.

2.2 Performance of Composite Overlay Slabs
2.2.1 Cracking and Bond Performance

Surface cracking, direct pull-off testing, and flexural performance of the 16 composite overlay
slabs that were cast as part of MoDOT project TR201704 were determined. This included the
evaluation of variations of in-situ strain, temperature, and internal relative humidity (IRH) as well
as the cracking density and overlay-substrate bond strength, as shown in Figure 2.1. The slabs
included five non-proprietary UHPC mixtures and one LMC mixture used to cast thin bonded
overlays with thicknesses of 1, 1.5, and 2 in. The G50 mixture described earlier was taken as the
reference UHPC mixture and was prepared without any shrinkage mitigating materials.

Conventional concrete with 28-d compressive strength of 5,800 psi was used to cast the substrate
slabs. The slabs measured 39%79 in. and 6 in. in depth, as shown in Figure. 2.2. All substrate slabs
were reinforced using a mat made with two-layer of #4 bars measuring 0.5 in. diameter. The top
and bottom reinforcing bars were located at 1 and 2 in. from the top and bottom of the slab,



respectively. The reinforcing bars were spaced at 6 in. center to center in both directions. The
coarse aggregate at the top surfaces was exposed before casting the overlay to enhance bond with
the substrate. The roughness level of the bonded surface corresponds to CSP10 of the ICRI
concrete surface profile classification, which is the highest classification for surface roughness.
Unlike the base slab, no rebar was installed in the overlay material.

(@) (b) (c)

Figure 2.1 (a) Overview of overlay slab specimens, (b) cracking of slab specimens repaired
with UHPC overlay, and (c) direct tensile pull-off bond test
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Figure 2.2 Reinforcement details of substrate slab

Table 2-4 summarizes the characteristics of the investigated overlay materials, fiber volume,
thicknesses, as well as the 28-d compressive strength and 90-d drying shrinkage results of samples



obtained during the casting of the various overlay materials. All mixtures were proportioned with
straight microsteel fibers measuring 0.5 in. in length.

The slab specimens were stored indoors after casting for approximately 6 months then moved
outdoors in the winter of 2018. Structural health monitoring was determined as part of this subtask
after approximately 2.5 years of outdoor exposure. The overlay materials included a conventional
concrete (CC), an LMC, and five non-proprietary UHPC mixtures made with different
combinations of saturated LWS and EXC. Temperature variations of the 1.5-in. thick overlay slab
specimen made with the EXCIOLWS35 mixture are shown in Figure 2.3. Similar results were
observed in other overlay slab specimens.

Table 2-4 Characteristics of overlay systems

No. | Code Thickness | Fiber 28-d compressive | 90-drying
) (in.) vol. (%) | strength (psi)* shrinkage (ne)**
1 LMC-38 1.5 0
2 | LMC-50 2.0 0 6,670 39
3 G50-38-2 1.5 2 16,100 -845
4 LWS35-38-2 1.5 2 19,580 -455
5 EXC5LWS35-25-2% 1.0 2
6 | EXC5LWS35-38-2% 1.5 2 17410 250
7 EXCI0LWS35-25-2% | 1.0 2
8 EXCI0LWS35-38-2% | 1.5 2 15,230 175
9 EXCI10LWS35-50-2% | 2.0 2
EXCI10LWS35-25-
10 325% 1.0 3.25
EXCI10LWS35-38-
11 325% 1.5 3.25 17,410 175
EXCI10LWS35-50-
12 325% 2.0 3.25

Note: * UHPC was tested using 4x8 in cylinders;

°F until testing age

** 7 d of moist curing followed by dry curing at 73 + 2

Temperature (°C)

Outdoors

'|
200

400

Age (day)

10

600 800 1000

Figure 2.3 Temperature variation of EXCI0LWS35 mixture for 1.5-in. thick overlay



Figure 2.4(a) presents typical variations of IRH determined for various overlay materials cast at
1.5 in. thickness measured during the indoor curing period. The drop in IRH of the G50 mixture
after 7 d of moist curing was sharper than that of the other mixtures, which is due to the self-
desiccation of the material in the absence of saturated LWS. Unlike the G50 mixture, no drop in
IRH was observed for the LWS35 mixture within the first 30 d of age. Such UHPC exhibited 20%
greater IRH at 180 d than the G50 mixture. The use of EA accelerated the rate of moisture loss
given the hydration of the EXC (CaO-based material). Similar results were observed for the 1- and
2-in. thick overlay specimens prepared with different overlay materials. Figure 2.4(b) shows the
effect of overlay thickness on the variation of IRH of the EXC10LWS35 overlay slab. As expected,
the decrease in overlay thickness from 2 to 1 in. increased the rate of moisture loss. Similar results
were observed for the other overlay specimens.
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Figure 2.4 Variation of IRH of(a) repair materials used in 1.5-in. thick overlay and (b)
EXCIOLWS35 mixture used at overlay thickness of 1, 1.5, and 2 in.

Figure 2.5 compares the in-situ strain results of the various repair materials used in bonded overlay

slab specimens. Positive and negative strain values represent expansion and shrinkage,
respectively. In the first 185 d (indoor exposure), the in-situ strain decreased gradually. A drop in
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strain was observed when the specimens were moved outdoors, and the concrete temperature
dropped from 77 to -14°F. In-situ strain varied thereafter with daily temperatures. The in-situ strain
of the CC and LMC specimens was interrupted after approximately 250 and 400 d, respectively,
due to cracking of the overlay material that resulted in damage to the embedded strain gauges. The
incorporation of EXC significantly increased the early-age expansion of the UHPC overlay. For
example, the combined use of 10% EXC and 35% LWS led to a high in-situ strain of 850 pe at 7
d.

1000 | e
800 1 LMC-38
600 o G50-38

2400 LWS35-38

5200 1. n Ly, 7 o — - -EXC5LWS5-38

St . .

@A . e s -/ N~

0 I \ //\/ ----- EXC10LWS35-58

200 - \\/ L EXC10LWS35-3.25-38
_400 T !l T T

0 100 200 300 400 500 600 700 800 900 1000
Age (day)

Figure 2.5 Variation of in-situ strain of 1.5-in. overlay slabs

Unlike the CC and LMC mixtures, no surface cracking was observed for the UHPC overlay
specimens during the testing period of approximately 1000 d. The evolution of the crack density
of the CC and LMC overlay slabs is shown in Figure 2.6. For a given overlay thickness, the LMC
overlay slab specimens had less surface cracking compared to CC slabs. For example, the relative
area of surface cracking in the 1.5- and 2-in. thick CC overlays were 7% and 16% greater than
those made with LMC, respectively. The increase in overlay thickness reduced the density of
surface cracking. For example, the increase in LMC thickness from 1 to 2 in. led to 50% decrease
in the relative crack area at 1000 d.
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Figure 2.6 Relative crack area with time of CC and LMC overlay specimens
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Table 2-5 presents the results of the direct pull-off test bond strength at 185, 350, and 500 d. The
mean bond strength of three samples, coefficient of variation (COV) values, and failure mode are
reported. The average bond strength was 220 psi for the CC mixture and 290 psi for the LMC
mixture. The failure location of the CC and LMC mixtures was systematically observed at the
overlay-substrate interface, thus indicating that bond strength was lower than the tensile strength
of the CC substrate. On the other hand, the failure location of the UHPC overlay occurred within
the substrate, regardless of the testing age. The mean direct pull-off strength ranged between 290
and 430 psi.

Table 2-5 Bond strength of overlay specimens

185d 350d 500d :
Test Mean | COV | Mean | COV | Mean | COV Fa1lu'r N

s |00 | s |0 | s o |
CC-38 220 27.1 235 15.6 | 220 23.2 Interface
CC-50 245 31.2 200 1.3 | 175 17.8 Interface
LMC-25 335 21.4 230 19.6 | 310 20.3 Interface
LMC-38 305 17.9 350 32.8 | 250 11.1 Interface
LMC-50 260 19.8 305 24.7 | 220 22.9 Interface
G50-38 365 24.1 235 23.8 | 275 34.5 Substrate
LWS35-38 310 22.1 350 | 222 |305 9.2 Substrate
EXCSLWS35-25 405 20.5 400 37.2 | 370 21.7 Substrate
EXCSLWS35-38 390 19.7 380 14.5 | 280 26.8 Substrate
EXCI0LWS35-25 390 26.4 360 19.0 | 355 17.3 Substrate
EXCI0LWS35-25R 375 27.1 420 262 |335 16.4 Substrate
EXCI0LWS35-38 365 16.8 365 289 [360 |32.1 Substrate
EXC10LWS35-50 430 17.3 410 21.7 ]380 18.8 Substrate
EXCI10LWS35-25-3.25 | 390 19.2 365 18.6 | 360 29.9 Substrate
EXCI0LWS35-38-3.25 | 550 233 385 17.8 | 385 19.5 Substrate
EXCI0LWS35-50-3.25 | 395 27.9 290 156 [320 |21.3 Substrate

2.2.2 Flexural Performance of Composite Slabs

The flexural behavior of 12 experimental slabs repaired using thin bonded UHPC overlay was
investigated. The composite slabs made with the CC-38, CC-50, and LMC-25 mixtures were not
tested since they had developed substantial amount or cracking during the 2.5 years of outdoor
exposure. The EXC10LWS25 mixture was used to cast two composite slabs. Only one slab was
tested in flexure. The slabs were tested and analyzed with respect to failure modes, load-deflection
response, and load-compressive strain response. The four-point bending test was carried out to
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evaluate the flexural performance of the overlay slabs, as shown in Figure 2.7. The span of the
slabs was 70 in., and the area subjected to pure bending moment was 30 in. in length.

Loading Loading 4.5 in.
70 in. (1,770 mm) (11|5 mm)

UHPC or LMC overlay

6 in.
(150 mm)

Strain gauge

Support Support

245in. (620mm) | 30in. (760 mm) | 24.5 in. (620 mm)
I I

79 in. (2,000 mm)

Figure 2.7 Test setup and instrumentation

Six linear vertical displacement transformers (LVDTs) were installed at mid-span and the edges
of the slabs to monitor deflection, as shown in Figures 2.8(a) and (b). Four concrete strain gauges
were installed at the bottom of the overlay slabs to monitor strain variations in the compressive
region, as presented in Figure 2.8(c). The loading rate was set at 0.1 in./min.

(c) & S5 s
Figure 2.8 Experimental photos of (a) flexural test setup, (b) instrumentation using LVDT,
and (c) strain gauges installed at the bottom of overlay slabs
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Figure 2.9 shows typical failure modes for the LMC and UHPC overlay slab specimens. For the
LMC overlay, several cracks occurred on the overlay in the pure bending region after the applied
loading exceeded the LMC cracking loading. As the loading further increased, the cracks became
wide and propagated along the depth towards the bottom of the slab. However, the change of crack
amount was limited. At the failure stage, the LMC overlay exhibited four main cracks with the
crack width ranging between 0.12 and 0.31 in.

In the case of UHPC overlay, the cracks also initiated in the pure bending moment region. As the
loading increased, many new micro-cracks occurred at that region, but the change in crack width
was limited. After reaching peak loading, no new cracks occurred, and one of the cracks developed
as the main crack. At the failure stage, the UHPC overlay specimens exhibited one main crack and
15 to 25 fine cracks. The width of the main crack was greater than 0.4 in., while the width of the
other cracks was limited to 0.04 in.

(b)
Figure 2.9 Typical failure modes of slab repaired using (a) 1.5 in. LMC overlay and (b) 1.5 in.
EXC10 LWS35-3.25 overlay
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Figure 2.10 compares the load-deflection curves of slabs strengthened with various overlay
materials. The thickness of the overlay was 1.5 in. The flexural response included three stages.
The first stage is the elastic stage where the loading linearly increased with the deflection. The
second one is the cracking stage where the overlay slab specimens started cracking, but the
longitude rebar did not yield. In this stage, the load increased with the deflection with a decreasing
slope. The last stage corresponds to the yield of the longitude rebar. The UHPC and LMC overlay
slabs exhibited different load-deflection responses in this stage. For the UHPC overlay, the load
decreased with the increase of deflection. In the case of LMC overlay, the load increased slowly
with a significant increase in deflection.

UHPC overlay slabs exhibited a higher load capacity in the first and second stages compared to
the LMC overlay slab due to the cracking-bridging effect of the fibers. For example, the peak load
of the G50 overlay slab was 51,410 Ib compared to the 27,650 1b for the LMC overlay slab.

The increase of the volume of the 0.5-in. long microfibers from 2% to 3.25% was shown to enhance
the maximum load capacity from 53,930 to 65,535 1b. However, the loading deflection response
of UHPC overlay slabs became similar to that of LMC overlay slabs after the peak loading was
reached. This is attributed to the fact that the fibers were pulled out and could not effectively bridge
the cracks.
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Figure 2.10 Effect of overlay materials on load-deflection curves

Figure 2.11 presents the effect of overlay thickness on the load-deflection curves of overlay slabs.
In general, the increase of overlay thickness led to higher peak load capacity. However, the slabs
strengthened using a thicker overlay exhibited sharper reduction in load capacity after the peak of
loading was reached. In general, the load-deflection response became similar after the deflection
exceeded 0.5 in. for slab strengthened using different overlay thicknesses.
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Figure 2.11 Effect of overlay thickness on load deflection of (a) EXCI10LWS35-3.25% overlay,
(b) EXC5LWS35-2% overlay slab, and (c) LMC overlay slab
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Table 2-6 summarizes the key parameters of flexural loading-deflection response at different
stages for the investigated overlay slab specimens. In the cracking stage, the deflection (A¢r) and
loading (Pcr) at first cracking occurred in the overlay slabs. The cracking width (W), loading (Pp),
and toughness (Tp) at the start of the yield stage (also known as peak state) are reported. The
parameters (Wuy, Py, and Ty) at the end of the yield stage (ultimate state) are also investigated. The
Tp is defined as the area within the flexural load-deflection curve between deflection values of 0
and values corresponding to the peak of loading. The T, is defined as the area between the
deflection values of 0 and 1.2 in. The results show that the use of UHPC overlay enhanced the
cracking and peak loading and delayed the formation and development of cracking compared to
the LMC overlay. The UHPC overlay slabs exhibited 185% to 270% higher Tp and 15% to 35%
greater Ty compared to the LMC overlay slab. The highest load capacity was obtained when the
cracking width propagated to approximately 0.02 to 0.05 in. for the UHPC overlay slabs. The
increase of UHPC overlay thickness from 1 to 2 in. enhanced P, by 30% to 40% and T, by 15% to
25%. Such levels of improvement were 5% to 10% and 10% to 30% when the fiber content
increased from 2% to 3.25%.

Table 2-6 Summary of flexural test results for all overlay slab specimens

Cracking state Peak/yield state Ultimate state
Specimen Acr Per W, B s Wu Pu Tu

(n) |(b) (in) | (b) (bin) | (n) | (1b) (Ib-in.)
LMC-38 0.130 | 8,745 | 0.138 | 38.873 |5.705 | 0287 | 35219 | 36,030
LMC-50 0.146 | 11432 | 0.157 | 42.285 | 7.608 | 0319 | 37.139 | 39.477
G50-38-2% 0.193 | 30.660 | 0.035 | 52343 | 16412 | 0.622 | 32.692 | 42.397
LWS3538-2% | 0.183 | 35239 | 0.022 | 52.579 | 17.062 | 0.539 | 31,042 | 46.105
gg{istss- 0.141 | 32782 | 0.031 | 41944 | 11,665 | 0.516 | 31.284 | 42,047
E;fg;}ws”' 0.198 | 36,601 |0.033 | 55347 | 18297 | 0421 | 40,667 |46.016
gg{y{)Ost.%s- 0.185 |35.924 |0.027 |47354 | 12,642 | 0520 | 39,482 | 44.145
E;fg(y{)OLWS"’S' 0209 138,799 |0.020 |52.446 |16331 | 0480 | 36,539 | 45513
Eéfgylo()LWS?’s' 0240 |49.666 |0.016 |65282 |14.890 | 0.465 | 38243 | 47,700
gg:;(;stw- 0.187 | 35718 |0.020 |51.453 |13.498 | 0.646 | 36,901 |46.857
13%2312(;st35- 0201 46273 |0014 |65533 |21.055 | 0.602 | 32,747 | 49226
1533%:12(;st35- 0256 |55.841 |0.030 |70.562 | 16,894 | 0.465 | 34,516 | 46321

Figure 2.12 compares the load-compressive strain curves of slabs strengthened with various
overlay materials. The thickness of the overlay was 1.5 in. The increase in loading led to a lower
compressive strain level in UHPC overlay slabs compared to that of the LMC slab. When the
applied loading was approximately 30,000 lb, the EXC10LWS35-2% overlay slab exhibited 780
pe in compression compared to 915 pe for the LMC overlay slab.
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Figure 2.12 Effect of overlay material on load compressive strain curves

Figure 2.13 presents the effect of overlay thickness on load-compressive strain curves of UHPC
overlay slabs. The increase in overlay thickness led to a slightly lower compressive strain in the
subbase slab. When the applied loading reached approximately 40,000 Ib, the increase of overlay
thickness from 1 to 2 in. reduced the compressive strain from 1,115 to 990 pe for the
EXC10LWS35-3.25% slab.
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2.3 Summary

In this task, a thorough review of the available literature and field performance of non-proprietary
UHPC that can be used for bridge deck overlay construction was conducted. The direct pull-off
bond strength, as well as the monitoring of temperature, IRH, and in-situ strain of 16 composite
slabs repaired with CC, LMC, and UHPC mixtures were conducted. Furthermore, the flexural
testing of the 16 composite slabs cast was determined. The major findings of this task are
summarized below.

1.

The non-proprietary UHPC mixtures exhibited high bond strength (290 to 430 psi within
substrate) compared to the composite slabs repaired with CC (220 psi at interface) and
LMC (290 psi at interface) mixtures. Furthermore, the incorporation of saturated LWS in
the UHPC mixtures reduced the sharp drop in IRH by up to 20% compared to the mixtures
made without any LWS.

The use of UHPC overlay delayed the crack opening and propagation in slab specimens
compared to LMC overlay. UHPC overlay slabs made with 3.25% steel fiber volume
exhibited 95% and 270% higher flexural load capacity and toughness, respectively,
compared to the LMC overlay slabs at a crack width of 0.04 in.

At a maximum crack width of 0.04 in., the flexural load capacity of slabs made with UHPC
overlay increased by 35% with the increase of overlay thickness from 1 to 2 in. for UHPC
prepared with 3.25% fiber volume. In the case of slabs with a lower UHPC overlay
thickness of 1.5 in., the increase of fiber volume from 2% to 3.25% led to 25%
enhancement in flexural load capacity at a crack width of 0.04 in.

In general, the investigated non-proprietary UHPC mixtures exhibited no cracking after
approximately 2.5 years of outdoor exposure (without mechanical loading) regardless of
the fiber content and overlay thickness. The UHPC made with 0.5-in. long steel microfiber
used at a volume of 3.25% is recommended. The cracking and flexural performance of the
1.5- and 2-in. thick UHPC overlays were similar. The use of the 2-in. thick overlay is more
conservative to reduce the potential of cracking and crack propagation and extend service
life.
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Chapter 3: Design and Performance of Thixotropic UHPC for Thin
Bonded Overlay Construction
3.1 Materials and Mixture Proportion

In this study, a proven non-proprietary UHPC mortar derived from the FAC40SF5 mixture
described in Chapter 2 was chosen as the base mixture. The investigated mixture had a self-
consolidating consistency that is not suitable for casting bridge deck overlays. The mixture
proportioning of the non-fibrous mortar is shown in Table 3-1. The binder combination consisted
of 5% silica fume and 40% Class C fly ash used to replace 45% of a Type III cement, by volume.
The w/cm was fixed 0.20, by mass. A 70% concrete river sand and a 30% masonry sand, by
volume, were used to enhance the packing density of the aggregate. The binder-to-sand volume
ratio was fixed at 1.

Table 3-1 Mixture design (kg/m?)

Type III cement | Silica fume Class C fly ash | Water Masonry sand \ River sand
649 41 405 219 302 | 688

The objective of this first part was to use specialty admixtures to enhance the thixotropy of
flowable UHPC as well as bond strength to the substrate in the case of latex-modified admixture.
As shown in Table 3-2, seven chemical admixtures were used to enhance thixotropy. The dosage
of the superplasticizer (SP) was adjusted to maintain a fixed initial slump flow of 7.5 £ 0.5 in. for
ease of placement. This investigation was conducted using non-fibrous mortar. A polyether-based
air detraining admixture (ADA) was employed to reduce the volume of entrapped air.

Table 3-2 Specialty chemical admixtures

Type Content (% of binder, by mass)
Nanomaterial Nanoclay (NC) 0,0.25,0.5, 1

Welan gum (WG) 0.09, 0.18, 0.27
Viscosity- Diutan gum (DG) 0.0015, 0.003, 0.0075, 0.015
modifying Cellulose-based VMA (CE) 0.25,0.5,1, 1.5
admixture EUCON anti-bleeding, and

segregation (ABS) 0.1,0.25,0.5,1
Latex-modified Styrene-butadiene rubber (SBR) 0.9, 1.8
admixture Acrylic ester (AE) 0.45,0.9

The objective of the second part was to select an optimum curing protocol to reduce shrinkage and
enhance the mechanical performance of thixotropic UHPC. The investigated mixtures were
prepared with 2% steel microfibers measuring 0.5 in. in length. Table 3-3 presents the various
curing scenarios that were implemented; mainly, external moist curing of 3 and 7 d combined with
internal curing using four different contents of saturated LWS. Furthermore, 56-d moist curing
was applied as the reference curing regime. In addition to using saturated LWS to mitigate
shrinkage, the UHPC made with 17% LWS was prepared with 1% or 1.5% SRA.
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Table 3-3 Shrinkage mitigation methods for UHPC

Mixture Saturated LWS content SRA coptent
(% of total sand, by volume) (% of binder, by mass)

Ref 0 0

LWSI10 10 0

LWS17 17 0

LWS25 25 0

SRA1 0 1

SRA2 0 2

LWS17 and SRAI 17 1

LWS17 and SRA1.5 17 1.5

Note: * All mixtures were subjected to 3-, 7-, and 56-d moist curing

The objective of the third part was to investigate the influence of fiber content on key fresh and
hardened properties, as well as autogenous, drying, and restrained shrinkage of UHPC. Two UHPC
mixtures, one containing only 17% LWS and the other one containing a combination of 17% LWS,
and 1% SRA were studied. The investigated fiber contents ranged between 2% and 3.25%, by
volume. The mixture proportions are shown in Table 3-4.

Table 3-4 Investigated UHPC mixtures

Mixture 2% 2.6% 3.25%
steel fiber | steel fiber | steel fiber

LWS17 X X X

LWS17 and SRAI X

The objective of the fourth part was to evaluate the robustness of the optimized UHPC mixtures
that were proportioned with 17% LWS, 1% SRA, and 3.25% steel microfibers. Robustness is
considered the ability of the material to tolerate small changes in mixture parameters without
undergoing considerable changes in performance. Table 3-5 summarizes the investigated
parameters, including the w/cm, moisture content of the sand, and SP dosage that deviated from
the optimized values. The SP dosage was varied with the w/cm and sand moisture to maintain an
initial slump flow of 7+ 0.5 in. The effect of these parameters on key fresh and hardened properties
including autogenous and drying shrinkage was evaluated.

Table 3-5 Parameters to determine the robustness of non-proprietary UHPC

Parameters w/cm Moisture of sand | SP dosage

Variation +10% +1% +10%

3.2 Experimental Program

Flow properties of the UHPC were determined using the slump test in accordance with ASTM
C230. Unit weight was determined in accordance with ASTM C138. The Contec 5 coaxial cylinder
rheometer was employed to determine the plastic viscosity of the investigated mortar mixtures
based on the steady-flow measurement protocol. The measurement started at the end of the mixing.
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The samples were pre-sheared at 0.5 rad per second (rps) for 25 s followed by a reduction of
rotational velocity from 0.5 to 0.025 rps in 10 steps. The data points at a rotational velocity of 0.5
and 0.45 rps were removed after checking the signs of equilibrium. The plastic viscosity was
calculated using the Bingham model, as shown in Egs. 1-2.

T=G+H-N (1)
(772

_ R Ro 2

H 8m2h 2)

where 7 (N-m) is the torque, G (N-m) is the intercept of the flow curves, H (N-m/s) is the slope of
the flow curves, N (m/s) is the rotational velocity, u (Pa-s) is the plastic viscosity, R; (m) is the
radius of coaxial cylinders, Ry (m) is the radius of the container, and / (m) is the height of the inner
cylinder submerged in the materials tested in the rheometer.

The static yield stress of UHPC mortar was evaluated after rest periods of 5, 15, and 30 min with
the mortar placed in the rheometer, which corresponds to 5, 20, and 50 min after the end of mixing,
respectively. The mortar was subjected to a very low rotational velocity of 0.05 rps for 120 s
without any pre-shear. The resulting torque was progressively increased with time to a peak value,
then it decreased to an equilibrium value.

The static yield stress(ts) was calculated as follows:

_— Tmax
S ZnhRf

where Tmax (N-m) is the peak torque in the process of testing.

The undisturbed slump spread (USS) and disturbed slump spread (DSS) shown in Figure 3.1 was
used to evaluate thixotropy. Cylindrical specimens measuring 4x8 in. were employed to conduct
the test. The USS test method involved filling UHPC in four moulds at the end of mixing. The
moulds were removed consequently after rest periods of 5, 10, and 15 min, and the diameter of the
spread was determined. In parallel, the UHPC was remixed after conducting the USS test using a
Hobart mixer for 1 min, and the diameter of spread was measured. This is known as the disturbed
slump spread. The difference between the undisturbed and disturbed spread diameters can be used
to quantify thixotropy.

Figure 3.1 Undisturbed and disturbed slump spread test
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The portable vane (Omran et al., 2009) is a simple and reliable field-oriented method to evaluate
the thixotropy of concrete, as shown in Figure 3.2. Three vanes measuring 3 in. in diameter and
various heights of 8, 6, and 4 in. were used to conduct the test after three periods of 5, 15, and 30
min, respectively. The vane was rotated under the applied slow shear rate for 10 to 15 s, and the
maximum torque T was measured. The static yield stress was calculated as follows:

Tsy =T/K

where K = 2nr?(h + 1/37), and h and r are the filling height and radius of the vane (m),
respectively.

5 min 15 min 30 min [
Figure 3.2 Portable vane test

The compressive strength of concrete was determined using 2-in. cubic samples. The flexural
properties of UHPC were determined using prismatic specimens measuring 16x3x3 in. in
compliance with ASTM C1609 and ASTM C1856. The loading rate was set at 0.1 mm/min. The
area under the load-deflection curve between deflection values of 0 to 0.08 in. was used to
determine the flexural toughness. For each mixture, an average of two beams were tested.

The autogenous shrinkage of UHPC mortar (without fiber) was evaluated in accordance with
ASTM C 1698 using samples in corrugated plastic tubes and stored immediately after casting at
70 = 0.5 °F and 50% + 2% RH. The first measurement is taken as final setting. The second
measurement is taken at 12 h after final setting. Other measurements are carried out daily within
the first week, and then, weekly until 28 d after final setting.

The autogenous shrinkage of fiber-reinforced UHPC was tested using sealed specimens with

embedded vibrating strain gauges as shown in Figure 3.3. Data acquisition was used to collect
data at a 5-min interval.
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Figure 3.3 Autogenous shrinkage test of sealed prismatic samples

The restrained shrinkage was tested using the ring test method (ASTM C1581). As shown in
Figure 3.4, the deformation of the inner steel ring was measured using strain gauges. The data
acquisition system was used to test the strain at a 6-min interval after the final setting time.

Figure 3.4 Restrained shrinkage test
3.3 Results and Discussion
3.3.1 Effect of Specialty Admixtures

Figure 3.5 shows the effect of various chemical admixtures on plastic viscosity and SP demand
of UHPC mortar prepared with a fixed initial slump flow of 7.5 £ 0.5 in. Given the constant slump
flow, the yield stress measured approximately 40 Pa (0.0058 psi) for the investigated mixtures.
The use of VMA had a greater effect on the increase of plastic viscosity compared to the NC and
polymer latex admixtures (AE and SBR). For example, the increase of WG content from 0 to
0.18% increased plastic viscosity from 7 to 60 Pa-s. On the other hand, the maximum value of
plastic viscosity was limited to 12 Pas for the mixtures made with NC and 19 Pa-s for those made
with the SBR. Furthermore, the increase in VMA and NC contents led to a significant increase in
SP demand. For example, the use of 0.015% DG increased the SP demand by 265% compared
with the reference mixture made without any thixotropy-enhancing admixture. Furthermore, the
incorporation of SBR and AE latex had a limited influence on SP demand.

The variation of the static yield stress of the reference mixture with rest time is shown in Figure
3.6 The static yield stress increased more rapidly in the first 5 min of rest, followed by a linear
increase with rest time. Two thixotropic indices were used to describe the evolution of static yield

25



stress. The 77, (Pa or psi) refers to the initial increase of yield stress due to particle flocculation
after a short time of rest (in this case taken as 5 min). The other index is the 4 (Pa/min or psi/min)
which refers to the slope of the linear growth of static yield stress with rest time.

Figure 3.7 compares the effect of various admixtures on the thixotropy of UHPC mortar with a
slump flow of 7.5 £ 0.5 in. In general, the use of DG and ABS had the highest effect on thixotropy,
followed by WG, CE, as well as SBR and AE latex. The use of NC had a limited effect on the
increase of thixotropy. This can be related to the increase in SP demand that affects thixotropy.
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Figure 3.5 Effect of different admixture contents on plastic viscosity and SP demand of UHPC
mortar with slump flow of 7.5 £ 0.5 in. (1Pa=0.000145 psi)
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Figure 3.6 Example of evolution of static yield stress of the reference mixture with rest time
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The compressive strength of the investigated mortars is shown in Figure 3.8. The increase of NC
content from 0 to 1% led to a 6% increase in compressive strength at 28 d (17,120 to 18,280 psi).
The compressive strength decreased by 15% with the incorporation of VMA. For example, the
increase of WG from 0 to 0.27% reduced the 28-d compressive strength from 17,120 to 15,090
psi. A significant drop of 40% to 70% compressive strength was observed in mixtures made with
SBR and AE compared to the reference UHPC mixture.
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Figure 3.7 Effect of various admixtures on Amix and tao. of UHPC mortar with a slump flow
of 7.5 £ 0.5 in. (1 Pa = 0.000145 psi)
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Figure 3.8 Influence of specialty admixtures on 28-d compressive strength of UHPC mortar
with a slump flow of 7.5 + 0.5 in.

The variation of autogenous shrinkage of UHPC mortar made with NC, WG, and DG admixtures
is shown in Figure 3.9. For example, the increase in NC content from 0 to 1% increased the 28-d
autogenous shrinkage from -555 to -630 pe. The mortar made with 0.27% WG exhibited a lower
autogenous shrinkage of -485 pe at 28 d compared to -555 pe for the reference mixture.
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The variation of autogenous shrinkage of UHPC mortar made with CE, AE, and ABS admixtures
is shown in Figure 3.10. For example, the increase of SBR content from 0 to 1.8% reduced slightly
the 28-d autogenous shrinkage from -550 to -490 pe.
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Based on the results, the ABS admixture with 0.5%, by mass of binder, was selected and used in
the subsequent subtask which involved investigating the effect of LWS and SRA.

3.3.2 Effect of LWS and SRA

The temperature and the unit weight and calculated air content of the mixtures made with LWS
and SRA are presented in Table 3-6. The air content was reduced by 15% for the mortar made
with 17% LWS and increased by 15% for that prepared with 2% SRA. UHPC made with 17%
LWS and 1% or 1.5% SRA had a similar air content compared to the reference UHPC.

Table 3-7 presents the effect of LWS and SRA on the variation of slump flow of UHPC with rest
time. The slump flow test was conducted with and without 25 cycles of jolting. In general, the use
of LWS accelerated the loss of workability, whereas the loss of workability was retarded using

SRA.
Table 3-6 Unit weight, air content, and temperature of fresh UHPC
Ly Alr Temperature
Mixture weight content °
ab/fe) | () F)

Ref 151 24 85.6

LWSI0 150 2.0 84.6

LWS17 148 2.1 86.2

LWS25 146 2.1 86.7

SRA1 151 2.5 87.6

SRA2 150 2.8 87.1

LWS17 and SRA1 148 23 84.4

LWS17 and SRA1.5 | 147 2.5 87.8

Table 3-7 Variation of slump flow with a rest time of UHPC
Mixture Slump flow before jolting (in.) Slump flow after 25 jolts (in.)
Omin | Smin | 15min | 30 min | O min | Smin | 15 min | 30 min

Ref 7.7 5.9 4.7 4.3 9.5 8.1 7.3 5.9
LWSI0 7.9 5.7 4.5 4.1 9.8 7.9 7.3 59
LWS17 7.1 5.1 4.3 4.0 9.3 7.0 6.4 5.5
LWS25 7.3 5.1 4.1 4.0 9.1 6.9 6.3 5.5
SRA1 7.5 6.1 4.9 4.2 9.1 8.1 7.3 6.3
SRA2 7.4 6.3 5.0 4.3 9.2 8.3 7.3 6.5
LWS17 and SRA1 7.6 5.7 4.7 4.2 9.1 7.7 7.1 6.2
LWS17 and SRA1.5 | 7.8 6.2 4.9 4.2 9.1 8.1 7.2 6.3

The effect of LWS and SRA on SP demand to maintain a fixed slump flow of 7.5 + 0.5 in. is shown
in Figure 3.11. The increase of LWS content from 0 to 25% led to 30% reduction in SP dosage.
The incorporation of SRA had a limited influence on SP demand.
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The effect of LWS and SRA on yield stress and plastic viscosity of UHPC is presented in Figure
3.12. The yield stress ranged between 75 and 95 Pa (0.011 and 0.014 psi). The plastic viscosity
ranged from 10 to 15 Pa's (0.0014 to 0.0022 psi-s) reflecting the limited effect of LWS and SRA
on viscosity.
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Figure 3.11 Influence of LWS and SRA on SP demand (slump flow of 7.5 £ 0.5 in.)
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Figure 3.12 Influence of LWS and SRA on rheological properties of UHPC with slump flow
of 7.5+ 0.5 in.

Figure 3.13 presents the 1/, and Amix of UHPC made with LWS and SRA. The increase of LWS
from 0 to 25% led to 25% and 30% increase in zso and Aumix, respectively. However, UHPC made
with 2% SRA exhibited 15% and 10% lower 770 and Amix, respectively, compared to the reference
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UHPC made without any SRA and LWS. UHPC made with 17% LWS and 1% or 1.5% SRA
exhibited similar 7, and A compared with UHPC made without any LWS and SRA.
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Figure 3.13 Influence of LWS and SRA on Amix and taix of UHPC

Examples of linear increase in static yield stress with a rest time of UHPC made with different
LWS contents are shown in Figure 3.14(a). The slope of the curve is used as a thixotropic index
of Amix.pv(Pa/min or psi/min). Figure 3.14(b) presents the variation of Az py of UHPC made with
LWS and SRA. The increase of LWS from 0 to 25% led to 55% increase in Aumix.py. However,
Aunix.pv was reduced by 30% using 2% SRA compared to reference UHPC made without any SRA
and LWS.
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Figure 3.14 (a) Examples of variations of static yield stress with rest time for UHPC made
with different LWS contents and (b) influence of LWS and SRA on Amix.pv of UHPC (1 Pa =
0.000145 psi)
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As reported in Table 3-8, the use of LWS accelerated the loss of spread for both USS and DSS
tests, whereas the spread loss was retarded using SRA. This agrees with the results of the portable
vane and Contec 5 rheometer tests.

Table 3-8 Variations of USS and DSS with a rest time of UHPC

USS (in.) DSS (in.)
Mixture

Omin |Smin | 10min | 15min | Omin | Smin | 15 min | 30 min
Ref 12.5 9.5 7.4 5.8 12.5 10.5 10.0 9.5
LWSI10 13.0 (94 5.1 4.0 13.0 10.3 9.5 7.5
LWS17 13.0 8.7 4.2 4.0 13.0 10.0 |9.0 7.0
LWS25 12.5 8.2 4.0 4.0 12.5 9.5 8.0 6.5
SRAI 13.0 |9.8 8.2 6.5 13.0 11.5 10.8 10.5
SRA2 13.0 11.0 8.9 7.1 13.0 13.0 12.5 12.0
LWS17 and SRAI 12.0 8.0 52 4.0 12.0 10.5 10.3 10.0
LWS17 and SRA1.5 | 13.0 | 9.5 6.8 6.0 13.0 11.0 10.5 10.3

The effect of saturated LWS, SRA, and curing time on the length change of UHPC is shown in
Figure 3.15. The moist curing had the greatest effect on reducing shrinkage, followed by SRA and
LWS. For example, the increase of moist curing from 3 to 56 d reduced the 56-d shrinkage from -
520 to -260 pe for the reference UHPC made without any saturated LWS and SRA. The use of 2%
SRA reduced the 56-d shrinkage from -520 to -350 pe for the mortar subjected to 3-d moist curing.
The combined use of 17% LWS and 1.5% SRA exhibited the lowest shrinkage regardless of the
moist curing duration.

The compressive strength of UHPC made with saturated LWS and SRA is presented in Figure
3.16. UHPC made with 17% LWS exhibited the highest compressive strength regardless of the
curing type. The compressive strength was increased with the extension of the curing age. For
example, the increase of curing age from 3 to 28 d led to 10% enhancement in 28-d compressive
strength of the reference UHPC mixture. The use of SRA reduced compressive strength. The 28-
d compressive strength of UHPC subjected to 7-d moist curing was reduced by approximately 15%
when incorporating 2% SRA. The use of 17% LWS and 1% SRA exhibited similar compressive
strength compared to reference UHPC prepared without any LWS and SRA.
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Figure 3.15 Influence of LWS & SRA on shrinkage of UHPC at (a) 3 d, (b) 28 d, and (c) 56 d
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Figure 3.16 Influence of LWS, SRA, and curing age on compressive strength of UHPC at (a)
1d,(b)3d,(c)7d,(d)28d,and (e) 56d

In general, the increase of autogenous shrinkage slowed down after 7 d. The incorporation of LWS
and SRA was effective in reducing the autogenous shrinkage as shown in Figure 3.17. For
example, 14-d autogenous shrinkage was reduced by 25% using 25% LWS or 30% using 2% SRA.
The combined use of 17% LWS and 1% SRA exhibited a low autogenous shrinkage of -315 pe at
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14 d. The LWS17 and SRA1.5 mixture exhibited a similar autogenous shrinkage compared to the
LWS17 and SRA1 mixture.
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Figure 3.17 Influence of LWS and SRA on autogenous shrinkage of UHPC

3.3.3 Effect of Fiber Content

The unit weight, air content, and temperature of UHPC made with LWS and SRA is presented in
Table 3-9. In general, the increase of fiber content from 2% to 3.25% increased the unit weight
from 148 to 153 Ib/ft? for the LWS17 and LWS17 and SRA 1 mixtures. The air content was slightly
reduced with the increase in fiber content.
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The effect of fiber content on SP demand to maintain a fixed slump flow of 7.5 &+ 0.5 in. is shown
in Figure 3.18. The increase of fiber content from 2% to 3.25% led to 10% increase in SP content
for the LWS17 and LWS17 and SRA1 mixtures.

Table 3-9 Unit weight, air content, and temperature of fresh UHPC

Mixture Unit weight | Air content | Temperature
(Ib/ft) (%) (°F)
LWS17-2% 148 2.1 86.2
LWS17-3.25% 153 0.9 86.4
LWS17 and SRA1-2% 148 2.3 84.4
LWS17 and SRA1-2.6% | 150 1.7 85.8
LWS17 and SRA1-3.25% | 153 1.0 86.0
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Figure 3.18 Variation of SP demand with LWS and SRA (slump flow of 7.5 £ 0.5 in.)

Table 3-10 presents the effect of fiber content on the variation of slump flow of UHPC with rest
time. In general, the UHPC made with higher fiber content showed a lower level of fluidity.

39



The effect of fiber content on yield stress and plastic viscosity of UHPC is presented in Figure
3.19. The increase in fiber content from 2% to 3.25% led to an increase of yield stress from 95 to
130 Pa (0.0138 to 0.0189 psi) and plastic viscosity from 10 to 20 Pa-s (0.0014 to 0.0029 psi-s).

Table 3-10 Variation of slump flow with a rest time of UHPC

Slump flow before jolting (in.) Slump flow after 25 jolts (in.)

Mixture
Omin | Smin | 15min | 30 min | O min | 5min | 15 min | 30 min

LWS17-2% 7.1 5.1 43 4.0 9.3 7.0 6.4 5.5

LWS17-3.25% 6.7 4.8 4.0 4.0 8.3 6.9 6.1 52

LWS17 and
SRA1-2% 7.6 5.7 4.7 4.2 9.1 7.7 7.1 6.2
LWS17 and
SRA1-2.6% 7.2 5.7 4.6 4.0 8.6 7.5 6.5 5.9
LWS17 and
SRA1-3.25% 6.9 5.6 4.6 4.0 8.2 7.2 6.1 54
Yield stress OPlastic viscosity
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g : © L8 &
% 150 ! >
3 i L 15 g
@ I 2z
o 120 I %
i i 12
> 90 - i 5
i -9 s
i i ~
60 | P
i
30 4 I ;
|
0 i 0

Figure 3.19 Influence of LWS and SRA on yield stress and plastic viscosity of UHPC

Figure 3.20 presents the variations of z#ix and Amix of UHPC made with different fiber contents.
For the LWS17 and SRA1 mixture, the increase of fiber content from 2% to 3.25% led to 100%
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and 45% increase in Tmsix and Auix, respectively. Such increase was 140% and 50% for ticand A v,
respectively, for the LWS17 mixture.
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Figure 3.20 Influence of fiber content on tuix and Amix of UHPC

As shown in Figure 3.21, 4. pv was enhanced with the increase of fiber content. For example,
for the LWS17 and SRA1 mixture, the increase of fiber content from 2% to 3.25% led to an
increase of Asmix.py from 105 to 120 Pa/min (0.015 to 0.017 psi/min).

200

Ju—

D

S
1

A s py (Pa/min)
~
(e
1

801 | H &
w04 |
0 e . . L . e .
Q\g g\o g\o o\e
A “ YV o o)
& @ @\:» >
< & A S &
Y S \)qk

Figure 3.21 Influence of fiber content on Amix.pv of UHPC (1 Pa = 0.000145 psi)
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Table 3-11 depicts the effect of fiber content on the variations of USS and DSS of UHPC. The
increase of fiber content accelerated the loss of spread for both USS and DSS tests.

Table 3-11 Variations of USS and DSS with a rest time of UHPC with different fiber contents

USS (in.) DSS (in.)
Mixture

Omin {Smin | 10min [15min |[Omin |Smin | I5min |30 min
LWS17-2% 13.0 8.7 4.2 4.0 13.0 10.0 9.0 70
LWS17-3.25% 10.2 7.3 4.0 4.0 10.2 8.5 7.5 7.2
LWS17 and
SRA1-2% 12.0 8.0 52 4.0 12.0 10.5 10.3 10.0
LWS17 and
SRA1-2.6% 10.5 7.5 5.4 4.0 10.5 9 8.0 7.6
LWS17 and
SRA1-3.25% 10.1 7.3 4.5 4.0 10.1 8.7 7.4 7.0

The variation of autogenous shrinkage of UHPC made with different fiber contents is shown in
Figure 3.22. The increase of fiber content had a limited effect on the autogenous shrinkage of
UHPC. For example, the increase of fiber content from 2% to 3.25% reduced the 28-d autogenous
shrinkage by 7% and 9% for the LWS17 and LWS17 and SRA1 mixtures, respectively.

Drying shrinkage was monitored after demolding at 1 d of age. The specimens were subjected to
initial moist curing of 7 d in lime-saturated water at 68 + 5 °F followed by air curing at 68 + 5 °F
and 50% = 4% relative humidity until the age of 56 d. The effect of fiber content on the shrinkage
of UHPC is presented in Figure 3.23. The increase of fiber content slightly decreased shrinkage.
For UHPC made with 17% LWS and 1% SRA, the increase in fiber content from 2% to 3.25%
reduced the 56-d shrinkage from -350 to -300 pe. Such reduction was from -400 to -380 pe for the
UHPC made with 17% LWS.

Figure 3.24 shows the variations of the strain of the inner steel ring with time. The negative value
indicates compressive strain. Shrinkage of UHPC led to compressive stress in the steel ring. In
general, the strain decreased gradually at first 7 d, followed by a rapid drop at 7 d due to the change
of moist curing to the beginning of the drying shrinkage (air curing). Then the rate of reduction
slowed down. Limited strain variation in shrinkage was found after 30 d. An increase of steel fiber
volume reduced shrinkage, resulting in lower compressive stress in the steel ring. For example,
the increase of fiber content from 2% to 3.25% of the UHPC prepared with 17% LWS and 1%
SRA reduced the compressive strain from 155 to 110 pe at 90 d.
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The compressive strength of UHPC made with different fiber contents is presented in Figure 3.25.
All mixtures were subjected to 3, 7, and 56 d of moist curing. The increase of fiber content
enhanced compressive strength. For example, the 28-d compressive strength of the LWS17 and
SRA1 mixture was enhanced by 10% with the increase of fiber volume from 2% to 3.25%.
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Figure 3.25 Influence of fiber content on compressive strength of UHPC

The effect of fiber content on flexural performance is shown in Figure 3.26. Three stages were
observed in the load-deflection curves, including the elastic stage (linear increase), the deflection-
hardening stage (non-linear increase), and the deflection-softening stage (non-linear decrease).

Figure 3.27 shows the variations of flexural strength and toughness of UHPC. The latter one is
defined as the area within the flexural load-deflection curve between deflection values of 0 and
L/150 (L is the span of the beam, and is equal to 12 in.) The increase of fiber content enhanced
flexural strength and toughness. For example, the 28-d flexural strength and toughness of the
LWS17 and SRA1 mixture increased by 30% and 35%, respectively, with the increase of fiber
volume.
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Figure 3.27 Influence of fiber content on (a) flexural strength and (b) toughness

3.3.4 Robustness of UHPC - Effect of Small Variation of W/CM, Sand Moisture Content,
and SP Dosage on Performance

The variations of unit weight and calculated air content and temperature of the investigated UHPC
mixtures with w/cm, sand moisture content, and SP dosage are shown in Table 3-12. The decrease
in w/cm from 0.2 to 0.18 increased unit weight from 153 to 160 Ib/ft’ and air content from 1% to
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2.7%. The variation in sand moisture by +1 and SP dosage by +10% had an insignificant effect on
unit weight, air content, and temperature.

Table 3-12 Unit weight, air content, and temperature of fresh UHPC

.. Unit weight Air content Temperature

Parameter | Variation (Ib/fE) (%) (°F)

0.18 160 2.7 89
w/cm 0.20 153 1.0 86

0.22 154 1.2 82

-1% 156 0.6 86
Sand 0 153 1.0 86
moisture

+1% 152 1.3 88

-10% 154 0.85 83
SP 0 153 1.0 86
dosage

+10% 155 0.3 81

The effect of w/cm and sand moisture on SP demand to maintain a fixed slump flow of 7.5 £ 0.5
in. is shown in Figure 3.28. The decrease in w/cm from 0.2 to 0.18 led to a 40% increase in SP
demand. Furthermore, the decrease in sand moisture content by -1% led to 20% reduction in SP
demand. The increase in sand moisture content by +1% showed an insignificant effect on SP
demand.
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Figure 3.28 Variations of SP demand with (a) w/cm and (b) sand moisture
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Table 3-13 presents the effect of w/cm, sand moisture, and SP dosage on the slump flow of UHPC
with rest time. The slump flow test was conducted before and after 25 jolting cycles. The reduction
in SP dosage by 10% reduced the initial slump flow and accelerated the loss of slump flow of the
UHPC. The changes in sand moisture and w/cm had a limited effect on the variation of slump flow
with time because additional SP was added to maintain slump flow.

Table 3-13 Variation of slump flow with a rest time of UHPC

Slump flow before jolting | Slump flow after 25 jolts
. lan) (in.)
Parameters | Variation
0 5 15 30 0 5 15 30
min | min | min min | min | min | min min
0.18 70 6.0 |5.1 4.8 95 |76 |74 7.3
w/cm 0.20 69 |56 |4.6 4.0 82 |72 |6.1 5.4
0.22 70 |53 |48 4.4 88 |79 |74 6.7
-1% 73 159 |53 4.8 98 |78 |75 6.4
Sand 0 69 |56 |46 |40 |82 |72 |61 |54
moisture
+1% 7.6 |57 |4.7 4.2 91 7.7 |7.1 6.2
-10% 45 |35 [3.0 3.0 6.0 |55 |50 4.5
SP
0 69 |56 |4.6 4.0 82 |72 |6.1 5.4
dosage
+10% 6.5 |58 |55 5.0 80 | 7.5 |65 6.0

The effect of w/cm, sand moisture content and SP dosage on the yield stress, plastic viscosity, and
thixotropy (zumix and Aumix) of the UHPC is presented in Figures 3.29-3.30. The yield stress, plastic
viscosity, i and Asmic increased by 460%, 40%, 160%, and 130% respectively with the increase
in SP dosage by 10%. Furthermore, the decrease in w/cm by 10% increased yield stress, plastic
viscosity, i and Amix by 80%, 40%, 40%, and 20% respectively.The increase in w/cm and sand
moisture content by 10% and 1% respectively had limited influence on the rheological properties
of UHPC.

Figure 3.31 presents the variation of Asmix.py with w/cm, sand moisture, and SP dosage. The 4umix.pr
was determined using a portable vane. The decrease in SP dosage by 10% increased Asmixpy by
40%. Similarly, the decrease in w/cm from 0.2 to 0.18 increased Amix.pv by 40%. The variation in
sand moisture content by +1% had an insignificant effect on Asmix.py.
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Table 3-14 shows the variations of undisturbed slump spread (USS) and disturbed slump spread
(DSS) of the UHPC with w/cm, sand moisture, and SP dosage. The decreasing rate of USS and
DSS values accelerated by reducing w/cm and SP dosage. However, the sand moisture had a
limited effect on USS and DSS.

Table 3-14 Variations of USS and DSS with a rest time of UHPC with a variation on w/cm,
sand moisture, and SP dosage

USS (in.) DSS (in.)
Parameters Variation . . 10 15 ' . 15 30
0 min | 5 min . . 0 min | 5 min . .
min min min min
0.18 9.5 8.0 6.8 6.5 13.0 8.0 7.5 7.3
w/cm 0.20 10.0 7.3 4.5 4.0 10.0 8.7 7.4 7.0
0.22 11.0 8.3 7.5 6.5 11.0 9.0 9.0 8.5
-1% 11.0 8.3 7.0 7.0 11.0 9.5 9.2 8.0
Sand 0 100 |73 |45 |40 |100 |87 |74 |70
Moisture
+1% 12.0 8.0 52 4.0 12.0 10. 10.3 10.0
-10% 8.5 7.5 7.0 6.5 8.0 7.7 7.0 6.7
SP dosage 0 10.0 7.3 4.5 4.0 10.0 8.7 7.4 7.0
+10% 12.0 8.0 52 4.0 12.0 10.0 10.3 10.0

The variation of autogenous shrinkage of UHPC with changes in w/cm, sand moisture content,
and SP dosage is shown in Figure 3.32. The decrease of w/cm from 0.2 to 0.18 reduced 28-d
autogenous shrinkage by 20%. The variation in sand moisture and SP dosage had a limited effect
on autogenous shrinkage.

The effect of the variation in w/cm, sand moisture, and SP dosage on the shrinkage of UHPC is
presented in Figure 3.33. The increase in w/cm by 10% increased the 56-d drying shrinkage from
-300 to -335 pe and in addition the decrease in w/cm resulted in a decrease in 56-d drying shrinkage
to -260 pe. On the other hand, the variations in sand moisture and SP dosage had a limited effect
on drying shrinkage.

As presented in Figure 3.34, the variation in w/cm by £10% and sand moisture by +1% had limited

influence on compressive strength. The compressive strength was reduced by 10% by decreasing
SP dosage by 10%. This was associated with the low fluidity that led to difficulty in consolidation.
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Figure 3.32 Variation of autogenous shrinkage of UHPC with limited changes in (a) w/cm, (b)
moisture content of sand, and (c) SP dosage
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Figure 3.34 Variation of compressive strength of UHPC with (a) w/cm, (b) sand moisture, and

The variations of the 28- and 56-d flexural performance of UHPC with slight changes in w/cm,
sand moisture content, and SP dosage are shown in Figures 3.35-3.37. Three stages were observed
in the load-deflection curves, including the elastic stage (linear increase), deflection-hardening




stage (non-linear increase), and deflection-softening stage (non-linear decrease). The peak flexural
tension stress for the mixtures made with 0.2 w/cm exceeded the minimum value specified by NY

DOT of 2,000 psi.
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Figure 3.35 Influence of change in w/cm on load-deflection curve of UHPC prismatic
specimens at (a) 28 d and (b) 56 d
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Figure 3.36 Influence of change in sand moisture on load-deflection curve of UHPC
prismatic specimens at (a) 28 d and (b) 56 d
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Figure 3.37 Influence of variation in SP dosage on load-deflection curve of UHPC prismatic

Figures 3.38-3.40 show the variations of flexural strength and toughness of the UHPC mixture
with w/cm, sand moisture content, and SP dosage, respectively. The toughness is defined as the
area within the flexural load-deflection curve between deflection values of 0 and L/150 (L is the
span of the beam and equals 12 in.). The slight decrease in w/cm by 10% reduced the 28-d flexural
strength and 28-d toughness by 30% and 40% respectively. Such flexural indices were reduced by
21% and 18%, respectively, by increasing the sand moisture content by 1%. Both the increase and
decrease in SP dosage reduced the 28-d flexural strength by 10% and 8%, respectively. This result
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was in an agreement with the effect of SP dosage on compressive strength.
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Figure 3.38 Influence of w/cm on (a) flexural strength and (b) T150 of UHPC
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3.4 Summary

The major findings of this task are summarized below.

1.

The EUCON ABS was the most effective specialty admixture to enhance the thixotropy of
UHPC without compromising SP demand, workability loss, plastic viscosity, compressive
strength, and autogenous shrinkage. The optimum content of the EUCON ABS was 0.5%,
by mass of binder.

Compared to the 17% LWS mixture, the 17% LWS and 1% SRA mixture showed the
lowest shrinkage (-350 pe at 56 d) and relatively high compressive strength (19,145 psi)
The former is also a suitable candidate for thin bonded overlays given its highest
compressive strength and thixotropy, as well as relatively low shrinkage.

. The 7-d moist curing is recommended for field construction of UHPC thin bonded overlay.

This duration is required despite the use of saturated LWS for internal curing.

The UHPC made with 3.25% fiber volume exhibited higher compressive strength (20,450
psi) and flexural strength (2,930 psi) and lower shrinkage (-300 pe initial measurement at
1 d) compared to that of 2% fiber.

. The variations of w/cm from 0.18 to 0.22 (=10%) and sand moisture content by +1% did

not greatly influence the performance of the LWS17 and SRA1 mixture including
rheology, autogenous shrinkage after 28 d, and 28-d compressive and flexural strengths.
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Chapter 4: Provisional Performance-Based Specifications

In collaboration with MoDOT, provisional performance-based specifications for the selected non-
proprietary thixotropic UHPC for bridge overlay construction were proposed. The specifications
included the mixture design of two candidate mixtures for thin bonded UHPC overlay, as shown
in Table 4-1. The proposed UHPC mixtures are prepared using Type III Portland cement, Class C
fly ash, and undensified silica fume. The UHPC makes use of locally available concrete river sand
and masonry sand. Pre-saturated LWS is used for internal curing. Both the LWS17 and SRA1 and
LWS17 UHPC mixtures presented in Chapter 3 were recommended for field work. The LWS
should be saturated for at least 24 hours, and the humidity of the LWS should be determined prior
to use. ASTM 1761 recommends the use of a centrifuge to drain excess water from the saturated
LWS, thus enabling saturated surface dry conditions. This approach can be adopted on a large
scale for field construction.

The mixtures are proportioned with straight micro steel fibers measuring 0.5 in. in length and 0.008
in. in diameter. A polycarboxylate-based SP that can promote early strength gain and the EUCON
ABS thixotropic admixture were recommended. This admixture was not available commercially
by the company and was replaced by the EUCON AWA P20 which is a thixotropic admixture. A
polyether-based air detraining admixture (ADA) was incorporated to reduce the volume of
entrapped air.

Table 4-1 Mixture design of two selected non-proprietary thixotropic UHPC mixtures

Raw materials LWS17 LWS17 and SRA1
Type III cement 1080 Ib/yd* | 1080 Ib/yd?
Class C fly ash 675 Ib/yd® | 675 Ib/yd?
Silica fume 70 1b/yd? 70 Ib/yd?
Water 340 Ib/yd® | 333 Ib/yd’
River sand 860 Ib/yd®> | 860 Ib/yd?
Masonry sand 505 Ib/yd® | 505 Ib/yd?
Saturated LWS 195 Ib/yd® | 195 Ib/yd?
Steel fiber (3.25% by volume) 430 Ib/yd® | 430 Ib/yd?
Superplasticizer (PLASTOL 6400) 1.7 gal/yd® | 1.7 gal/yd?
Thixotropy enhancing admixture (EUCON AWA P20) | 1.07 gal/yd® | 1.07 gal/yd?
Shrinkage reducing admixture (EUCON SRA Floor) - 2.2 gallyd?
Air detraining admixture (EUCON Air Out) 1.2 gal/yd® | 1.2 gal/yd?

Test methods and performance criteria for workability, mechanical properties, as well as
autogenous and drying shrinkage are shown in Table 4-2. Autogenous shrinkage is monitored
using embedded strain gauges in sealed prismatic specimens.
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A high-shear mixer is recommended to secure efficient dispersion and homogeneity. Depending
on the ambient temperature, part of the mixing water can be replaced by crushed ice to maintain a
UHPC temperature lower than 86 °F at the end of mixing.

Table 4-2 Provisional performance-based specifications for non-proprietary thixotropic UHPC

Property Test method LTS
values

Unit weight (ASTM C138) 145-155 1b/ft?
Air content (ASTM C138) <2.5%
Temperature after mixing <86 °F

Fresh Properties Initial slump flow before jolting (ASTM C230) 6.5-8.0 in.
Initial slump flow after 25 jolts (ASTM C230) 8.0-9.5 in.
Static yield stress at 5 min (Portable vane) > 0.1 psi

Rate of gain of static yield stress from 5 to 30 min > 0.01 psi/min

(Portable vane)
1-d compressive strength (ASTM C109) > 7,700 psi
7-d compressive strength (ASTM C109) > 17,400 psi
28-d compressive strength (ASTM C109) > 18,700 psi
Hardened 7-d flexural strength (ASTM C1609) > 2,500 psi
Properties & P
7-d flexural toughness (ASTM C1609) > 310 Ib.in.
28-d flexural strength (ASTM C1609) > 2,900 psi
28-d flexural toughness (ASTM C1609) > 350 Ib.in.
Autogenous shrinkage at 28 d <-450 pe
Volume Change | Drying shrinkage at 56 d (ASTM C157) <-500 pe
Restrained shrinkage at 35 d (ASTM C1581) No cracking

The recommended mixing sequence for the UHPC using a high-shear EIRICH mixer with a
capacity of 40 gal (150 L) is as follows:

1. The mixer is prewetted before mixing.
The cementitious materials and all three types of sands are added and mixed for 2 min at 1

Ips.
3. 90% of the mixing water and 90% SP diluted in the water are added and mixed for 2 min at 6

ps.
4. The rest of the mixing water, SP, and other chemical admixtures (AWA P20, SRA, and ADA)
are incorporated and mixed for 4 min at 6 rps.
The steel fibers are gradually added over 1 min.
6. The material is mixed for 2 min at 10 rps.

N
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A different mixing duration can be required depending on the selected high-shear mixer for field
work. This aspect was required in the provisional performance-based specifications during the
mockup testing carried by the contractor.

The concrete discharged from the mixer should be uniform in composition and consistency. The
mixing capability should allow for a consistent pace during both the initial and final finishing
operations.

It is recommended that the UHPC mixture is delivered from the field mixer by motorized buggies.
A vibrating truss screed and hand tools are recommended for the placement and finishing of the
UHPC.

The final finishing is recommended to be completed before the formation of a plastic surface film.
It is also recommended that a minimum curing temperature of 60 °F be maintained until the initial
set of the UHPC. After placement, the UHPC overlay should be coated with a wax-based curing
compound and covered with wet burlap and plastic sheet for a minimum of 7 d or the time required
to reach a minimum compressive strength of 14,000 psi.
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Chapter 5: Field Implementation

5.1 Laboratory Mockup Test

The first of two laboratory mockup tests was conducted at Missouri S&T on June 21, 2022.
Representatives from MoDOT and the contractor were present during the mockup test. The UHPC
was prepared using a high-shear mixer and the materials that are described earlier for the
development of the thixotropic non-proprietary UHPC. The LWS17 and SRA1 mixture was
selected as the overlay material for the mockup test. The concrete was cast on a slab measuring 3
x 6 ft and 6 in. in depth that was cast using conventional concrete for the substrate. The surface of
the substrate was prepared using texturing and water blasting to enhance bond with the UHPC
overlay, as shown in Figure 5.1. The substrate surface was covered by wet burlap for one day to
ensure saturated surface dry (SSD) condition prior to the casting of the overlay. The substrate slab
was placed at a 2% slope.

Figure 5.1 Concrete substrate surface prepared using scarification and water blasting

The mixture proportion of the LWS17 and SRA1 UHPC is shown in Table 5-1. The binder
included a Type III cement, Class C fly ash, and undensified silica fume. The sand comprised of a
concrete river sand, a masonry sand, and a saturated LWS. Steel fiber measuring 0.5-in. in length
and 0.008 in. in diameter was used.

A high-shear EIRICH mixer with a capacity of 40 gal (150 L) shown in Figure 5.2 was employed
to prepare the UHPC. The mixer was located in the laboratory, and all of the mixing ingredients
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were maintained at approximately 79 °F. The batching sequence was the same as that described in
Chapter 4 for the provisional performance-based specifications.

Table 5-1 Mixture design of LWS17 and SRA1-3.25% mixture

Raw material Unit weight
Type 111 cement 1080 Ib/yd?
Class C fly ash 675 Ib/yd?
Silica fume 70 1b/yd?
Water 333 Ib/yd?
River sand 860 Ib/yd?
Masonry sand 505 Ib/yd?
Saturated LWS 195 Ib/yd?
Steel fibers (0.5-in. long, 3.25% by volume) 430 Ib/yd’
SP (Plastol 6400) 1.7 gal/yd?
Thixotropy enhancing admixture (EUCON AWA P20) | 1.07 gal/yd®
Shrinkage reducing admixture (EUCON SRA Floor) 2.2 gal/yd®
Air detraining admixture (EUCON Air Out) 1.2 gallyd®

Figure 5.2 High-shear EIRICH mixer

The homogeneity of the UHPC material was verified at the end of mixing to ensure that there are
no signs of bleeding or segregation. The material temperature, unit weight, and slump flow were
determined immediately after the end of mixing, as shown in Figure 5.3. The temperature after
mixing was 79 °F, which is lower than the upper limit of 86 °F). The initial slump flow test values
before and after jolting were 7 and 9 in., respectively.
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The mockup casting of 1.5-in. thick UHPC overlay was carried outdoors under an ambient
temperature of 87 °F. The concrete was loaded into a container using a forklift for casting the
overlay, as shown in Figure 5.4. The UHPC flowed readily into place and did not exhibit any risk
of segregation or sagging onto the sloped bridge deck. A rake was used to spread the concrete into
place before finishing using a hand-held trowel, as shown in Figure 5.5. In general, the mixture
exhibited excellent workability. Immediately after finishing, the UHPC overlay was cured using
wet burlap and plastic sheet for 7 d. No sign of cracking of the overlay was observed after 6 months
of outdoor exposure, as shown in Figure 5.6.

Figure 5.4 UHPC transport onto conventional concrete substrate using forklift
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Figure 5.6 Surface of mockup overlay after approximately 8 months of outdoor exposure
showing intact surface with no surface cracking
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5.2 Field Mockup Test

A field mockup test was conducted on October 10", 2022, shortly before field implementation to
verify the constructability of the UHPC using the materials and equipment selected by the
contractor for the placement and finishing of the UHPC. A 1-in. long twisted steel fiber was
selected by the contractor for the casting of the UHPC overlay for the bridge deck repair. This was
different than the 0.5-in. long micro steel fiber that was used for the mixture development. Given
the time constraint before field testing, the research team at Missouri S&T conducted preliminary
evaluation of key fresh properties, 1- and 7-d compressive strength and fiber distribution to
compare to previous results using the same materials that were employed for the mixture
development, in exception of the fiber type. It should be noted that the compressive strength testing
was performed on 2-in. cubic specimens instead of 3 x 6 in. cylindrical specimens that is stipulated
by ASTM C1856.

Slabs measuring 12 x 12 x 1.5 in. (x, y, and z) were cast with the same UHPC mixture prepared
with 1-in. long fibers and 0.5-in. long fibers to investigate the distribution and orientation of fibers
in the slabs. The slabs were inclined at a slope of 2%, and the UHPC mixtures were cast without
any mechanical consolidation in the direction shown in Figure 5.7.

A section measuring 6 x 6 x 1.5 in. was saw cut to observe the fiber distribution. As can be observed
in Figure 5.7, a lot more fibers (i.e., fiber count) can be observed with the section cast with 0.5-
in. long. Enhanced fiber distribution can reduce the risk of cracking and crack propagation. The 1-
in. long fibers were predominantly oriented along the x-y plane and less so in the vertical direction.
On the other hand, the 0.5-in. long fibers had oriented along all three directions.

TZ\’ Casting direction T

1.5 1n.

7

o Casting direction
3y . o
Figure 5.7 Cross section of slabs prepared using (a) 1-in. and (b) 0.5-in. long fibers

Two 12 x 12 ft slabs of different fluidity levels were cast for the mockup. The overlay thickness
was 1.5 in. and was cast outdoor on an existing concrete slab in an industrial area. Figure 5.8-5.13
shows the mixing, slump flow testing, placement, and finishing of the mockup mixtures.

Table 5-2 presents the fresh properties of the mockup mixtures. Both mixtures generated excessive

heat due to extended mixing time and adjustments in the batching sequence. The temperature of
the fresh concrete at the end of mixing for Mockups A and B were approximately 98 and 113 °F,
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which is much higher than the recommended limit of 86 °F. Given the insufficient mixing energy
of the selected mixer, the mixing time was extended to secure the desired consistency.

The 2™ mixture (mockup B) had a lower slump of 6 in. after jolting, but was successfully cast,
consolidated, and finished compared to the first mixture mockup mixture that had excess water
content and showed signs of segregation. Therefore, using a lower limit of slump flow of 6 in. after
jolting was proposed for the actual field work. The unit weight, calculated air content, and
thixotropy both mockup mixtures met the project requirements.

T

a :’T“

Figure 5.8 Mixing of UHPC using a skid steer concrete mixer (UHPC with excess water used
in mockup A)

Figure 5.9 Slump flow testing of UHPC used in field mockup
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Figure 5.10 Placement of mockup UHPC




Figure 5.11 Spreading of mockup mixtures on existing concrete slab
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Figure 5.13 Finishing of mockup mixtures with hand-held tools at contractors’ property

Table 5-2 Fresh properties of mockup mixtures and lab mixtures using I1-in. long fiber
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Property 35 leuc eifled Eﬁz tztreziﬁed Mockup A | Mockup B
Density (ASTM C138), Ib/ft? 145-155 149 150 150

Air content (ASTM C138), % <25 2.4 2.0 2.5
Temperature after mixing, °F <86 80.6 98.2 113.4
?thl%ll\ihgggof}f’x_beforeJ"ltmg 6.5-8.0 7.0 6.5 4.1
%Eg%ﬁl‘énggof}ﬁaﬁerJOltmg 8.0-9.5 9.0 8.8 6.2

Static yield stress at 5 min, psi >0.1 0.26 0.26 0.41
morease raie r‘;ﬁsta;z /l?ll’iierid stress— | 0,01 0.035 0.036 0.044

Note: 1 psi=6.89 Pa

The results of the 1- and 7-d compressive strengths of the laboratory verified mixture using the 1-
in. long fibers as well as the two mockup mixtures are shown in Table 5-3. The 1-d compressive
strength results of the laboratory verified, and two mockup mixtures were higher than the specified
value. However, this was not the case for the 7-d results where 10% to 15% strength reduction was
observed. The mockup B mixture showed a 20% higher 1-d compressive strength compared to the
mockup A mixture. The COV of the compressive strength samples taken from the field was higher
than that of the concrete sampled on site. The lab mixture made with 0.5-in. long fibers had 20%
higher 7-d compressive strength compared to the lab mixture made with 1-in. long fibers.

The results of the 7-d flexural strength and toughness of the two mockup mixtures are compared
in Table 5-4. The minimum required values are also indicated. Both mockup mixtures met the
requirement for the 7-d flexural strength and toughness. The mockup B mixture showed a 15%
higher toughness compared to mockup A mixture. The lab mixture made with 0.5-in. long fibers
had 13% and 5% higher 7-d flexural strength and toughness, respectively, compared to the lab
mixture made with 1-in. long fibers. The 7-d flexural strengths of all samples, including lab
mixtures and mockups were higher than the specified NY DOT requirements of 2,000 psi.

The results of the 7-d flexural strength and toughness of the two mockup mixtures are compared
in Table 5-4. The minimum required values are also indicated. Both mockup mixtures met the
requirement for the 7-d flexural strength and toughness. The mockup B mixture showed a 15%
higher toughness compared to mockup A mixture. The lab mixture made with 0.5-in. long fibers
had 13% and 5% higher 7-d flexural strength and toughness, respectively, compared to the lab
mixture made with 1-in. long fibers. The 7-d flexural strengths of all samples, including lab
mixtures and mockups, were higher than the specified NY DOT requirements of 2,000 psi.
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Table 5-3 Compressive strength of lab mixtures and field mockup trials

Property Mixture Average (psi) COV (%)
Specified values > 17,700 -
) Lab mixture-0.5 in. fiber 8,410 4.3
1-d compressive
strength Lab mixture-1 in. fiber 10,490 3.2
Mockup A-1 in. fiber 9,700 12.1
Mockup B-1 in. fiber 11,560 5.2
Specified values > 17,400 -
) Lab mixture-0.5 in. fiber 17,980 1.7
7-d compressive
strength Lab mixture-1 in. fiber 14,870 3.5
Mockup A-1 in. fiber 14,760 4.9
Mockup B-1 in. fiber 15,190 6.8

Note: 1 psi = 6.89 Pa

Table 5-4 Flexural strength and toughness of lab mixtures and field mockup trials

Property Mixture Average (psi) COV (%)
Specified values > 2,500 -
Lab mixture-0.5 in. fiber 2,990 4.5
7-d flexural Lab mixture-1 in. fiber | 3,300 4.0
strength
Mockup A-1 in. fiber 3,350 11.2
Mockup B-1 in. fiber 3,450 6.8
Specified values >350 -
Lab mixture-0.5 in. fiber 400 54
7-d flexural Lab mixture-1 in. fiber | 420 6.5
toughness
Mockup A-1 in. fiber 410 8.4
Mockup B-1 in. fiber 480 10.5

Figure 5.14 provides photos of Mockups A and B taken from the field mockup overlays after
approximately 5 months of outdoor exposure. Under no traffic conditions, no cracking was
observed on mockup A after 5 months of outdoor exposure. 1% of area showed signs of cracking
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for mockup B with the crack widths of 0.01 in. The cracking observed on the mockup B can be
attributed to the lack of fibers on the surface of the slab as shown in Figure 5.15 ©.
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and (b) mockup B after
approximately 5 months of outdoor exposure (c) closeup view of cracks on mockup B

2 =i

Figure 5.14 Surface of the mockup overlays of (a) mockup A

5.3 Bridge Deck Construction

The thin bonded overlay bridge deck rehabilitation was carried out on bridges owned by MoDOT.
Route Z and M Bridges are located over Interstate 70 approximately 15 and 10 miles west of
Boonville, Missouri, respectively. Two continuous-span bridges measuring approximately 200 ft
in length were selected. An overview of the Route Z Bridge is shown in Figure 5.15. Cross-
sections of Route Z and M Bridges are shown in Figures 5.16 and 5.17, respectively. The length
and width of the roadways are 202 and 204 ft and 22 and 20 ft, respectively.

Figure 5.15 Overview of Route Z Bridge with wet burlap to pre-wet subbase before UHPC
casting
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Figure 5.17 Cross section of Route M Bridge

The 60-year-old bridges showed advanced signs of cracking of the bridge deck and signs of
corrosion reinforcing bars, as shown in Figure 5.18 for the Route M Bridge deck. The substrate
of Route Z and M Bridges were prepared using diamond grinding and hydrodemolition,
respectively. Figure 5.19 shows the Route Z Bridge deck surface preparation after diamond
grinding and the additional surface cleaning just prior to the placement of UHPC overlay. Figure
5.20 shows the substrate of the Route M Bridge after hydrodemolition. As shown in Figure 5.21,
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the thickness of the bridge deck overlay for rehabilitation by the UHPC materials was 1.5 in. The
bridges were pre-wetted for 1 d to keep the substrate in SSD condition before the placement of the
UHPC overlay, as shown in Figure 5.22.

(b)

Figure 5.18 (a) Hydrodemolitioned surface and (b) corrosion of reinforcement and exposed
pipes on Route M Bridge
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(b)

Figure 5.19 (a) Overview of diamond ground surface for Route Z Bridge (b) close-up view,
and (c) cracking of subbase of Route Z Bridge
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Figure 5.19 (continued) (a) Overview of diamond ground surface for Route Z Bridge (b) close-
up view, and (c) cracking of subbase of Route Z Bridge

. i

Figure 5.20 Cleaning up of concrete surface after hydrodemolition of Route M Bridge
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Figure 5. 22 Pre-wettmg of Route Z Bridge concrete substrate before overlay casting
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Before casting the UHPC, a comprehensive instrumentation program involving the use of
embedded strain gauges, thermocouples, and humidity sensors was employed to monitor
deformation, temperature, and internal relative humidity (IRH) in the UHPC overlay, respectively.
The sensors were installed near the mid-span of the bridge in the longitudinal direction and were
oriented along the direction of traffic. The instrumentation plan for each bridge included 10
embedded strain gauges, two thermocouples, and two humidity sensors, as shown in Figure
5.23(a). The embedded strain gauges are denoted by the symbols S1-S10 and were placed such
that strain gauge S1 was located near the curb of the bridge, and strain gauge S10 was located at
the middle of the bridge with a spacing of 2 ft between each strain gauge, as shown in Figure
5.23(b).

e B S R S
' (I | (I
.51—510 : embedded strain gauge = 34 5‘?1_1 58 510
@ 1112 : thermocouple h H2
A H1-H2 : humidity sensor
18’
A H1
by T
s1 s3 S5 7 s9
/. 10!
(a)
11'-0" ¢
1
12" 13 |
. 8
|
¢ Ce /_ |
E a - |
' |
=5 |
¢ S1 S3 T1 '
...................................... E[ . — . i
(b)
Figure 5.23 (a) Instrumentation layout in single lane and (b) cross section view of sensor
locations
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The UHPC mixture employed for the bridge rehabilitation had the same mixture proportioning as
that listed in Table 5-1, except the 0.5-in. long straight microfiber was replaced with the 1-in. long
twisted fiber that is described in Table 5-5. The selected silica fume had 95% Si10: content which
meets the requirements of ASTM C1240. The grain size distribution of the sands used for the
UHPC is presented in Table 5-6. The grain-size distribution of the concrete river sand and
masonry sand were different from the gradation provided in the job special provisions, as shown
in Figures 5.24 and 5.25, respectively. The river sand and masonry sand provided by the contractor
had less uniform distribution, and this can affect the packing density of UHPC.

Table 5-5 Physical properties of twisted steel fibers

Length 1 in.
Diameter 0.02 in.
Tensile strength 260 - 290 ksi
Table 5-6 Particle distribution of sand
% Passing
Si .
feve size River sand LIRS Saturated LWS
sand
3 /8-in - - 100
No. 4 97.8 - 97.8
No. 8 74.7 - 74.7
No. 16 98 - 442
No. 30 18.4 - 26
No. 50 0.4 344 16.2
No. 100 - 2.8 10.3
No. 200 - 0.4 7.7
100
- 90
é/ 80 River sand provided by
2 70 Job special provision
@2 60 River sand provided by
8, contractor
o 50
s 40
£ 30
5 20
10
O -
0.001 0.01 0.1 1

Sieve size (in.)

Figure 5.24 Comparison of particle size distribution between concrete river sand provided by
contractor and the river sand provided in the job special provision
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Figure 5.25 Comparison of particle size distribution between concrete river sand provided by
contractor and the river sand provided in the job special provision

The materials were measured out and prepackaged in supersacs to expedite the loading of the dry
materials into the mixer, as shown in Figure 5.26. The LWS was also packaged in supersacs and
saturated for a minimum of 24 hours.

The mixing equipment was a skid steer concrete mixer mounted on a forklift, as depicted in Figure
5.28. The mixing was carried out at one end of the bridge, and the mixing time needed to ensure
homogeneity was 15 to 20 min. This period was 12 min for the laboratory mixed UHPC using the
EIRICH high-shear mixer. The UHPC was transported to the bridge using the forklift-mounted
mixer. A total of two mixers were used. The mixing sequence for the UHPC was as follows:

1. A quarter of the mixing water was introduced along with a quarter of the solid materials from
the supersacs for the initial mixing for a period of about 3 min. The supersacs contained all
the solid materials except the LWS that was added along with the dry materials from buckets,
as shown in Figure 5.27.

2. The remaining solid materials and LWS were gradually introduced from the supersac hanging
using the forklift and mixed with the diluted SP of remaining water for duration of 5 to 8 min.

3. The I-in. long steel fibers were then gradually introduced after the UHPC had a flowable
consistency.

4.  The thixotropic admixture was added followed by the SRA and the ADA (all three are liquid-
based admixtures), and the UHPC was mixed for 3 min.

At the end of mixing, the UHPC was transported to the casting location and placed onto the bridge
deck, as shown earlier in Figure 5.10. The UHPC was spread into place using a rake and was
finished with a circular rotating roller screed, as shown in Figure 5.29.
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Figure 5.27 Saturated LWS
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Figure 5.29 UHPC overlay construction(a) placement of UHPC and (b) placement of sensors
and gauges at the bottom of the overlay
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(b)

Figure 5.29 (continued) UHPC overlay construction(a) placement of UHPC and (b) placement
of sensors and gauges at the bottom of the overlay

Immediately after finishing, the surface of the UHPC was sprayed with an evaporation retardant
(Eucobar), as shown in Figure 5.30. The surface was then covered with wet burlap and plastic, as
indicated in Figure 5.31. However, in some cases, non-proper curing was observed. Figure 5.32
shows some of the improper curing where the North Bound lane overlay surface was no longer
moist cured 2 d after casting, and the South bound lane surface had non-uniform moist curing
shortly after casting.

Figure 5.30 Application of evaporation retardant at conclusion of finishing of UHPC
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Figure 5.31 Curing of UHPC with evaporation retardant, wet burlap, and plastic sheet

Figure 5.32 North Bound lane overlay surface with improper most curing dry 2 d after casting
(left) and South bound lane surface shortly after casting with non-uniform moist curing

(right)
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5.4 Sample Preparation and Test Methods

UHPC samples needed to evaluate fresh and hardened properties were taken immediately after the
end mixing. The slump flow was measured according to ASTM C230. The UHPC was cast in the
mini slump cone in one lift and consolidated by rodding. The initial slump spread before and after
25 jolts was determined. The unit weight was measured and used to determine the air content
according to ASTM C138 using 25 in? cylindrical container where the material was consolidated
onto a vibrating table for 60 seconds.

Static yield stress was evaluated using the portable vane test that is described earlier (Figure 3.2).
The static yield stress was measured after 5, 15, and 30 min of rest. The vane was rotated slowly
during 10 to 15 s, and the maximum torque T (N-m) was determined according to the procedure
described in Section 3.2.

Field samples for hardened properties were taken from four UHPC batches from Route Z and two
batches from Route M. The samples included 2-in. cubes for testing compressive strength, 16 x 3
x 3 in. prismatic samples for determining flexural strength, and 3 x 3 x 12 in. prismatic samples
to monitor drying shrinkage. All samples were cast in one lift and then consolidated onto a
vibrating table for 60 sec. The samples were covered with wet burlap and plastic sheet for 2 d
before transporting them to the Clayco Advanced Construction and Materials Laboratory at
Missouri S&T. The samples were maintained in wet conditions during transport and were de-
molded and cured in lime-saturated water at 70 & 2 °F for an additional 5 d (7 d of age) followed
by air curing at 73 = 3°F and 50% =+ 4% relative humidity until the time of testing. The 2-d +2 hr
compressive strength was determined after demolding.

Figure 5.33 shows the compressive strength test setup. The compressive strength was determined
at 1, 7, and 28 d according to ASTM C109. The loading rate was controlled at 50 psi/sec.

EYE PROTECTION |
MUST BE WORN

s - B

ngth test

LA P

Figure 5.33 Compressive stre

The flexural strength testing was conducted at 7 and 28 d in accordance with ASTM C1609, as
shown in Figure 5.34. The loading rate was maintained at a controlled displacement of 0.0035
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in./min until failure and the test was performed on a span length of 12 in. The flexural strength
was calculated as follows:

F = PL/bd?

where F is the flexural strength (psi); P is the load (Ibf), L is the span (in.), b is the average width
of the sample (in.), and d is the average depth of the sample (in.).

Figure 5.34 Test setup for flexural strength

Drying shrinkage was determined according to ASTM C157. A digital-type extensometer was
used to measure length change, as shown in Figure 5.35. The specimens were subjected to initial
7-d moist curing in lime-saturated water at 70 & 2 °F followed by air curing at 73 + 3°F and 50%
+ 4% relative humidity. Shrinkage measurements started immediately after demolding at 1 d, and
then on daily basis for the first week and on weekly basis until the age of 56 d.

Figure 5.35 Digital-type extensometer for drying shrinkage
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The UHPC overlays for Route Z and Route M Bridges were cast between October 20 and 22, 2022
and November 4 and 6, 2022, respectively. The results of the fresh properties of samples obtained
from Route M and Route Z Bridges are reported in Table 5-7.

Table 5-7 Fresh properties

. Slump Static
: | A S Unit yield A | Calculated
Bridge Location | concrete flow . S .
Lane . after weight stress (psi/mi | air content
No. (time) temp. before . e . o
(°F) Folt (i) ngtlng (Ib/ft) at 5 min | n) (%)
(in.) (psi)
Middle
(12:30) 66 /95 4.0 6.2 151 X X 1.8
Middle
68 /98 4.2 6.9 150 0.66 0.06 2.0
North | (13:30)
bound | End
73 /96 5.0 7.5 149 2.5
Route (15:00) ) )
z End
(16:00) 74 /99 4.2 6.5 150 X X 1.9
Start
80/90 4.1 6.5 150 0.71 0.08 2.1
South | (12:00)
bound | Middle
(14:00) 82/93 4.5 7.4 149 0.72 0.08 2.4
Middle
78 /95 4.2 6.3 150 2.0
Route | South | (12:30) . .
M bound | Middle
(13:30) 79 /96 4.5 7.0 151 0.74 0.04 1.8

The slump flow, air content, and variation of static yield stress with rest time met the performance
specifications. However, the temperature of the fresh UHPC at the end of mixing ranged from 90
to 99 °F, which is much higher than the specified value of 86 °F. One factor which caused the
elevated temperatures was the degradation of the mixer used, which hampered mixing. It is
important to set the specified temperature of fresh UHPC because the high temperature of UHPC
contributes to expanding the concrete and increases the risk of cracking.

The compressive strength, flexural strength and toughness, and drying shrinkage of the UHPC
sampled from Route Z and M Bridge overlays are shown in Table 5-8. These samples were
obtained from the different batches that were placed in different locations. In the general, the COV
of samples taken from Route Z Bridge ranged from 1% to 8% are comparable to those from Route
M Bridge, 2% and 5%. These values are acceptable for field-sampled specimens. The two sets of
samples taken from the South bound lane of Route Z Bridge exhibited much higher compressive
strength than those from the two sets of samples secured from the North bound lane that were cast
2 days apart. For instance, the 2-, 7-, and 28-d compressive strengths of two sets of samples taken
from the South bound lane were 10,580, 14,470, and 18,030 psi, respectively, compared to 7,680,
13,510, and 15,070 psi, respectively, for two sets of samples taken from the North bound lane.
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Table 5-8 Hardened properties for Route Z and Route M Bridges

Compressive strength (psi) | Flexural strength Drylng
Bridge (COV, %) (psi) shrinkage
No Lanes | Location ’ P (rm/m)
2d+2hr|7d 28 d 7d 28d 56d
) 8,320 14,030 | 15,820
Middle (5.1) (1.3) (5.0) 2,150 X X
North ) 7,030 12,980 | 14,310
bound Middle (0.6) (5.9) (6.0) 2,380 2,780 X
End X X X X X -450
Route Z Start X X X X X X
9,860 14,440 | 18,540
South | St 78) | (58) |25y |Z780 3560 ix
bound ) 11,300 14,500 | 17,520
Middle (8.5) 4.7) (3.2) 2,650 X X
Middle X X X X X X
) 11,220 14,280 | 15,800
Middle 1o 00" |46 |26 |* X X
) 8,210 11,940 | 14,800
Middle ’ ’ ’ X X X
Route M Eggltllzi 2.1) (1.8) | (3.6)
End X X X X X -395
End X X X X X -340

The 2-, 7-, and 28-d compressive strengths of samples taken from the North bound lane were 38%,
7%, and 24%, respectively, lower than those from the South bound lane. The reduction of 7- and
28-d compressive strengths ranged from 17% to 25% and 5% to 19%, compared to the specified
values of 17,400 and 18,700 psi, respectively.

Furthermore, samples taken from two successive batches along the same lane of Route Z Bridge
exhibited some variation in compressive strength. For example, the 2-, 7-, and 28-d compressive
strength results of samples taken from the North bound lane were 18%, 8%, and 11%, respectively.
Lower variations of 15%, 1%, and 6%, respectively, were obtained for samples taken from the
South bound lane. The high variations of compressive strength between different UHPC batches
taken from Route Z Bridge can be attributed to material quality control. Excess water was observed
in some cases where the saturated LWS in the lower parts of the supersacs was not properly drained
before use, hence increasing the effective w/cm and resulting in erratic variations in strength. As
shown in Figure 3.35 (b) and 3.40 (a), an increase of 1% of sand moisture content can lead to
18%, 14%, and 19% reduction in the 56-d compressive strength, flexural strength, and flexural
toughness, respectively, for the proposed LWS17 and SRA1 mixture.
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Similar results were obtained for flexural strength. The 7- and 28-d flexural strengths of samples
taken from the South bound lane for Route Z Bridge were approximately 400 and 800 psi higher
sampled than those from the North bound lane, respectively. The flexural strength obtained exceed
the specified requirement from NY DOT of 2,000 psi at 28 d.

These results are lower than the minimum specified values of 2,500 and 2,900 psi, respectively.
The 56-d drying shrinkage of samples taken both Route Z and M Bridges were similar ranging
from -350 to -440 peg, as indicated in Table 5.7. These results meet the upper limit of -500 pe.

5.5 Instrumentation

Figure 5.36 presents the connection to DAQ box for (a) Route Z Bridge and (b) Route M Bridge,
respectively. Temperature/internal relative humidity (IRH) sensors and in-situ strain gauges were
placed in a selected section of 10 x 18 ft near the midspan of the bridge overlay. The embedded
strain gauges denoted by the symbols S1-S10 were placed such that strain gauge S1 was located
near the curb of the bridge and strain gauge S10 was located at the middle of the bridge with a
spacing of 2 ft between each strain gauge (shown in Figure 5.23(b)). The temperature together
with IRH and in-situ strain gauges started to be recorded 4 hours after casting both bridge deck
overlays. The connection of the wiring from the sensors to the DAQ box was delayed preventing
damage during construction operations.

; TR Vi, &
Figure 5.36 Connection to DAQ box for Route Z Bridge (left) and Route M Bridge (right)

The variations of temperatures in Route Z and M Bridge overlays are reported in Figures 5.37 and
5.38, respectively. For both overlays, there was a slight increase in temperature from 73 to 77 °F
during the first 5 hours after the start of recording (corresponding to 9 hours of age), which is
attributed to the rapid hydration of the UHPC.

A sharp decrease in temperature from 73 to 22 °F in the first 3 d was observed for the Route M
Bridge overlay compared to 77 to 45 °F for the Route Z Bridge. The in-situ temperature from the
bridge overlays varied with the ambient temperatures including a temperature as low as 35 °F in
the first 28 d of age.
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Temperature (°F)

The variations of IRH in the Route Z and M UHPC overlays are shown in Figures 5.39 and 5.40,
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Figure 5.37 Temperature variation in Route Z UHPC overlay with time
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Figure 5.38 Temperature variation in Route M UHPC overlay with time

respectively. The IRH dropped gradually from 100% to approximately 75% after 40 d.
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Figure 5.39 Variation of relative humidity in Route Z UHPC overlay with time
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Figure 5.40 Variation of relative humidity in Route M UHPC overlay with time

The variations of in-situ strains of the Route Z and M UHPC overlays of sensors located at the
bottom of the overlays are shown in Figures 5.41 and 5.42, respectively. Negative values indicate
compressive strain, and positive values indicate tensile strain. For the strain gauges located near
the curb of Route Z Bridge (S1 to S6 strain gauges), strains lower than -600 pe were noted. Sensors
located near the curbs (S1 and S2 strain gauges) were almost null. However, strain values higher
than -2,000 pe were recorded for sensors located at the middle of the cross section in the transverse
direction of the Route Z Bridge (S9 and S10 strain gauges). The high compressive strains at the
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center of Route Z Bridge resulted in a high risk of cracking. Similar results can be found for the
variations of in-situ strain in Route M UHPC overlay.
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Figure 5.41 Variations of in-situ strain of Route Z UHPC overlay with time
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Figure 5.42 Variation of in-situ strain of Route M UHPC overlay
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5.6. Field Inspection

A bridge inspection was carried out one week after the construction of Route Z Bridge; Bridge M
was covered by snow after 7 days. Route Z and M Bridges were inspected after 96 and 81 days,
respectively. The purpose of the inspection was to examine and document any signs of cracking
or deterioration on the bridge overlays.

Figure 5.43 shows a photo of Route Z Bridge taken one week after the end of the bridge deck
rehabilitation. No cracking was observed on either lane. On the other hand, Figures 5.44 and 5.45
indicate a considerable amount of cracking that was observed on the North bound lane of Route Z
Bridge after 96 days; however, no cracking occurred in the South bound lane. The cracks in the
North bound lane were located at approximately 56 ft from both sides of the central region of the
North bound lane, as shown in Figures 5.45. The total area of the bridge deck that exhibited
cracking for the Route Z Bridge was 1120 ft?, which corresponds to approximately 27% of the
bridge deck surface. The crack opening at the upper surface ranged between 0.01 and 0.04 in. (0.25
to 1 mm) with an average width of 0.02 in., as shown in Figure 5.46 The average crack length was
9 in. with average spacing of 5 in. (Figure 5.47).

The visual inspection of the South bound lane of Route Z Bridge indicated sound surface condition
without cracks compared to the North bound lane. As indicated earlier, a large variation of
compressive strength was noted from field-sampled specimens that were taken from both lanes
with those from the North bound lane showing 7,030, 13,000, and 14,310 psi after 2, 7, and 28 d,
respectively, compared to 11,300, 14,500, and 17,520 psi, respectively, for samples taken from the
South bound lane. This indicates that the UHPC used for the rehabilitation of the South bound lane
had better performance than that on the North bound lane.

North Bound Lane - | South Bound Lane

Figure 5.43 Route Z Bridge inspection 7 days after placement indicating no cracking on
both North bound and South bound lanes
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South Bound lane | - = 813 == % North Bound lane

Figure 5.44 Route Z Bridge inspection 96 days after placement showing significant
cracking in the North bound lane and no cracking on the South bound lane
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Figure 5.45 Illustration of cracks for Route Z Bridge after 96 days
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Figure 5.46 Measurement of crack width for Route Z Bridge
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Figure 5.47 Measurement of crack spacing for Route Z Bridge
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Figure 5.48 shows the overall cracking of the Route M Bridge that was carried out 81 days after
casting. Cracks were observed for both lanes, as illustrated in Figure 5.49. The crack widths
ranged between 0.005 and 0.040 in. with an average crack width of 0.02 in. The density of the
cracking was higher along the central line of the bridge where the maximum moment is expected.
The total crack area for Route M Bridge was 2100 ft?, which corresponds to approximately 46%
of the bridge deck surface.

In the case of the Route M Bridge that was rehabilitated in November, 2022, a sharp drop in
temperature from 73 to 22 °F was observed in the first 3 d. A decrease in temperature at early age
for the UHPC can reduce strength due to the reduction in the hydration kinetics of the binder and
pozzolanic activity (Liu et al., 2014). Valipour et al., 2020 showed that a drop in curing
temperature from 73 to 50 °F can reduce the 1-d compressive strength of UHPC proportioned with
0.20 w/cm by 60%. This suggests that the compressive strength results determined from samples
taken from the field and cured in lime-saturated water at room temperature would be higher than
the in-situ strength.

Given the sharp drop in temperature at early age for Rout M overlay, it is believed that the UHPC
had not gained sufficient strength to resist cracking. Furthermore, as indicated earlier in Figures
5.41 and 5.42, compressive strain values of -3,000 and -2,400 pe were recorded in the South bound
lane of Route Z and North bound lane of Route M overlays, respectively. These strains were
obtained from strain gauges S9 and S10 are located at the middle of the bridge corresponding to
the highest moment across the bridge deck. High concentration of cracking was observed at the
central line of Route M Bridge in the longitudinal direction (shown in Figure 5.48). Such high
strain values coupled with microcracking that can take place at early age can contribute
significantly to cracking.

As indicated earlier, the specified 7-d continuous moist curing under wet burlap and plastic sheet
was not respected. As shown in Figure 5.32 (right), the wet burlap used to cover the UHPC shortly
after placement in the central part of the Z Bridge dried quickly because of strong winds
encountered at the bridge site leaving the surface with non-uniform moist curing. The North bound
lane portion on the left side after 2 days of casting did not have any burlap cover. The lack of
continuously wet burlap can hinder strength development despite the use of LWS. Figure 5.39
shows the drop starting shortly after casting in the IRH measured in the Route Z Bridge (the sensors
were connected to the DAQ box after approximately 4 hours.

It is recommended to carry out another field inspection and drill cores to determine the pull-off
bond strength at various places on both bridges and take core sample to investigate crack depths
and fiber distribution across the thickness of the overlays. The latter should be done in areas that
are intact, which can allow better comparison between the surface preparation of the substrate
using diamond grinding versus hydrodemolition.
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South Bound lane

(b)

Figure 5.48 Cracking of the Route M Bridge overlay after 81 days (a) cracking
concentrated in central line of the longitudinal direction and (b) transverse cracks
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Figure 5.49 Illustration of cracks on Route M Bridge

5.7 Fine-tuning of Performance-based Specifications

Based on the field observations, the performance-based specifications of the thixotropic UHPC
that was reported in Table 4-1 can be maintained except for the initial slump flow before and after
jolting that can be reduced to 4 to 6 in. and 6 to 7 in., respectively, as indicated in Table 5-9.

Table 5-9 Performance-based specifications of non-proprietary thixotropic UHPC

Test methods Range
Initial slump flow before jolting (ASTM C230) 4-6 in.
Initial slump flow after 25 cycles of jolting (ASTM C230) 6-7 in.
Air content (ASTM C138) <2.5%
UHPC temperature after mixing <86 °F
Static yield stress at 5 min (Portable vane) > (.1 psi
Increase rate of static yield stress from 5 to 30 min > (0.01 psi/min
1-d compressive strength (ASTM C109) > 7,700 psi
7-d compressive strength (ASTM C109) > 17,400 psi
Minimum period of moist curing 7 d or time to reach 14 ksi
Strength at bridge opening > 14,000 psi
28-d compressive strength (ASTM C109) > 18,700 psi
28-d flexural strength (ASTM C1609) > 2900 psi
28-d flexural tension ratio (peak to first crack) >1.25
28-d flexural toughness (ASTM C1609) > 350 lb.in.
28-d tensile strength > 720 psi
28-d autogenous shrinkage <450 pe
56-d drying shrinkage after 7-d of moist curing (ASTM C157) | <500 pe
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It is recommended that for thin bonded UHPC overlays a thickness of 1.5 or 2 in. and a maximum
fiber length of 0.5 in. should be used. The specimen size to evaluate compressive and flexural
strengths of such UHPC should be 3 x 6 in. cylindrical specimens and 3 x 3 x 14 in. prismatic
specimens, respectively, in accordance with ASTM C1856.

The selected mixture should be robust to tolerate small variations in water content, SP dosage, and
temperature. High shear mixers such as the EIRICH mixer should be used for batching the UHPC.

The LWS should be used under SSD condition by allowing the supersacs to properly drain. Any
additional humidity from the LWS should be taken into consideration. ASTM 1761 recommends
the use of a centrifuge to drain excess water from the saturated LWS, thus enabling saturated
surface dry conditions. This approach can be adopted on a large scale for field construction. t It is
important to ensure a minimum of 7 d of continuous moist curing of the UHPC overlay.
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Chapter 6: Conclusion

The main objective of this research is to evaluate the constructability and performance of non-
proprietary thixotropic UHPC for thin bonded bridge deck overlay construction. The UHPC was
designed to have low autogenous shrinkage by incorporating saturated LWS and SRA, while
exhibiting excellent mechanical properties. A modified UHPC using 1-in. long fibers instead of
0.5-in. long fibers was used for field implementation of Route Z and M Bridge deck overlays.
Based on the results presented in this report, the following conclusions can be drawn:

L.

1l

1il.

1v.

The investigated non-proprietary UHPC mixtures exhibited no cracking after approximately
2.5 years of outdoor exposure without mechanical loading regardless of the fiber content and
overlay thickness. The use of 3.25% microfiber measuring 0.5 in. in length and overlay
thicknesses of 1.5 and 2 in. were recommended for the rehabilitation of thin bonded bridge
deck overlays. The incorporation of saturated LWS in the UHPC mixtures was shown to
maintain IRH compared to the mixtures made without any LWS. The thickness of 1.5 in.
UHPC overlay slabs made with 3.25% microfiber exhibited 95% and 270% higher flexural
load and toughness, respectively, compared to the LMC overlay slabs.

The LWSI17 and LWS17 and SRAI1 mixtures prepared with 0.5-in. long fiber were
recommended for thin bonded overlays given their highest compressive strength and
thixotropy and relatively low shrinkage. The content of 0.5% EUCON ABS, by mass of
binder, was recommended to enhance thixotropy of UHPC without compromising the
workability, mechanical properties, and shrinkage. A 7-d moist curing duration was
recommended for field construction. The variation of w/cm by +10% and sand moisture
content by +1% did not exhibit a significant influence on the performance of the LWS17 and
SRAT1 mixture. This included rheology, autogenous shrinkage, and compressive and flexural
strengths.

Provisional performance-based specifications were developed for non-proprietary thixotropic
UHPC. These mixtures are prepared with using Type III Portland cement, Class C fly ash,
undensified silica fume, concrete river sand, masonry sand, pre-saturated LWS, and straight
micro steel fibers, as well as a polycarboxylate-based SP, EUCON thixotropic admixture, and
ADA.

A high-shear mixer is recommended to secure efficient dispersion and homogeneity.
Specialized test methods and performance criteria for workability, mechanical properties,
autogenous and drying shrinkage were recommended. A wax-based curing compound is
recommended to be applied immediately after the end of placement, followed by wet curing
using a wet burlap and plastic sheet for a minimum of 7 d.

Two mockup tests were conducted on concrete slabs measuring 3 x 6 ft for the lab mockup
and 12 x 12 ft for the field mockup before field implementation to verify the constructability
of the UHPC. The LWS17 and SRA1 mixture with 0.5-in. long fibers was selected for the
first mockup test carried out at Missouri S&T using the proposed mixture, and high shear
mixer. No sign of cracking of the overlay was observed after 6 months of outdoor exposure.
The second mockup was carried out by the contractor using a 1-in. long twisted steel fiber that
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V1.

Vil.

Viil.

was selected for field implementation. A lower slump flow of 6 in. after jolting was proposed
to ensure successful casting and finishing for field work. The skid steer mixer necessitated
prolonged mixing and led to excessive heat generation.

The thin bonded overlay deck rehabilitation was carried out on Route Z and M Bridges over
highway 70 in Missouri. The UHPC samples were taken from six locations on Route Z Bridge
and two locations on Route M Bridge. The slump flow, air content, and variation of static
yield stress with rest time met the performance specifications for the UHPC. However, the
temperature of the fresh UHPC at the end of mixing ranged between 90 and 99 °F, which is
higher than the specified value of 86 °F. Two sets of samples taken from the South bound lane
of Route Z Bridge exhibited much higher compressive strengths of 14,470 and 18,030 psi at
7 and 28 d compared to strength values of 13,510, 15,070 psi from the North bound lane cast
2 days apart. All strength results were consistently lower than the minimum specified values
of 17,400 and 18,700 psi at 7 and 28 d, respectively. The 7- and 28-d compressive strengths
of samples taken from the North bound lane are 7% and 24% lower, respectively, than those
from the South bound lane. The high variations of compressive strength between different
UHPC samples taken from different batches from the Z Bridge can be attributed to the
variation in moisture content of LWS.

Field inspection was carried out after 7 and 96 d of construction on Route Z Bridge, and 81 d
on Route M Bridge, respectively. No signs of cracking were observed on Route Z Bridge after
7 d. However, signs of cracking were observed after 96 d on the North bound lane of Route Z
bridge while no cracking was observed on the South bound lane. The cracks observed on the
North bound lane of Route Z Bridge represented 27% of the total bridge deck area and the
crack widths ranged between 0.01 and 0.04 in. Cracks were observed for both lanes Route M
Bridge after 81 d. The crack widths ranged between 0.005 and 0.040 in. with the total crack
area being approximately 46% of the total bridge deck area for Route M Bridge. The crack
development can be attributed to the decrease in ambient temperature and lack of proper moist
curing.

The performance-based specifications and recommendations developed initially were fine-
tuned following the experience from the bridge overlay construction. Recommendations
including using a maximum length of 0.5 in steel fibers and ensuring proper moist curing were
made for future UHPC overlay construction.
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