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What is UHPC?

A Ultra-high performance concrete (UHPC) is a rapidly emerging advanced cementitious
composite with exceptional mechanical properties and superior durability

A UHPC has three main attributes that are different from conventional concrete:

V Carefully packed fine materials
(NO coarse aggregates!)

V low water-to-binder (w/b) or
water-to-cement (w/c) ratio

Portland
Cement

V uses steel fibers (typically 2%
by volume) for bridging micro -
cracks

Typical UHPC composition (Photo courtesy from a magazine
N7he construction specifiern )
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Why U H PC’) \/YY Warker $1,114.04
!  RESEARCH MILLION
A UHPC is growing! Predicted to hit $1 billion market in the $ 47222 (O
MILLION
next few years Global
: : : . g Ultra High Performance
A Available commercial UHPC in the market significantly Concre'tge )
Increased in the past decade Market
A UHPC applications have been increasing, particularly for = 2023-2030 28 =t

bridge rehabilitation and retrofitting.
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UHPC Applications in Bridges UHPC bridge deck field joints UHPC bridge overlays Wapello Bridge (Photo

(Photo courtesy: NYDOY} (Photo courtesy: NYDOT courtesy: cement.org)
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Motivation

A Larger structural applications of UHPC are on the rise!

A Opportunities for precast construction A full structural elements, e.g. PClI & FHWA girders, as
opposed to field joints connecting precast decks or columns

Structural Design with Ulira-High
Performance Concrete
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Research in Science and Engineeriny
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Current Issues with UHPC

A UHPC is promising! However, UHPC still has limitations, such as:
U Cost of existing commercial UHPC
U Limited studies and codes exist up to date (Does UHPC behave the same way in bridges?)

U Lack of research on incorporating locally sourced and sustainable materials likerecycled
steel fibers from tires

Commercially available UHPC mixtures.

Component Ductal® CEMTEC ® “RC® /® Cor-Tuf ®

Premix 2,115°

Binder 1,154 1,283 1,318 920-940° n/a 1,550
Cement 712 1114 1,050 n/a n/a 758
Fine sand 1,020 1072 514 1,300-1,350 n/a 733
Silica fume 231 169 268 n/a n/a 497
Ground Quartz 211 n/a n/a n/a n/a 295
HRWRA 31 40 44 n/a 21 13
Accelerator 30 n/a n/a n/a n/a n/a
Steel fibers 156 234 470 150-300 156 140
Water 109 209 180 145-155 158

I Price (dollar/m®) $‘7 600" $1,632 $2,843 n/a n/a $1,496

Typical Commercial UHPC Cost (Photo courtesy fromAlsalman et al.) Landf|II tires
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New Initiative: Semi  -proprietary UHPC

Proprietary compone ical part! = Only
the supplementary cement materials

CONCRETE MIX

Mezcla de Concreto Lista Para Su Uso

Typical Commercial Proprietary UHPCs

provide ALL components & dry A
components in one blend! Locally sourced and recycled components
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Knowledge Gaps

A Limited or almost no studies have investigated semi-proprietary UHPC mix design and robustness,
let alone set guidance on how to implement in precast practice

U Use of local sand and cement (including typical precast supplies),
U Use of recycled fibers and wires?
U Scalability with different mixing procedures
A No studies have extended UHPCto large-scale structural and precast column applications

I

e

féu Buildings : ABC
ABC-UTC QUARTERLY RESEARCH SEMIN

Bridges

Full Precast
UHPC Columns

UHPCilled Socket connection
grouted Precast RC w/ UHPC interface

ducts Footings
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Overall Goal

Develop and implement an emerging semi-proprietary UHPC
that enables the use of locally sourced and sustainable
components for large-scale precast applications
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Research Objectives

1. Perform a comprehensive mechanical characterization of semiproprietary UHPC that leverages
locally sourced and sustainable materials like recycled steel fibers (RSF)

2. Examine the scalability of semi-proprietary UHPC, implementing a large-scale production mixing
using typical precast practice

connection

4. Perform a shake table test to investigate the dynamic behavior of UHPC bridge columns with ABC

[ 3. Conduct an experimental quasi-static cyclic test of four UHPC bridge columns with different ABC ]
[ grouted duct connections. ]
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Material Characterization

A A total of 40 batches varying:

U Fiber Type, aggregate type and gradation including
moisture condition, cement type, and curing

condition
U Mixing Protocol (Drum vs. High-Shear vs. Truck |
Mixing) : { Ly
. 7 Low aspect ratio RSF High aspectTati
i 1765 cylinder samples, 655 dog bones, and 126 W—MSF (/la=65) (1/d<60) (l/d>95)

flexural prisms tested
u Tested accordinly with ASTM/FHWA/PCI

L 4

Fine Sand Neada Coarse San ' Sieve Shaker
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Fresh Properties: Flowability
A Coarse Sand vs Fine Sand

U Finer sand (< No. 50) provides better flowability

Nevada Fine Sand: No.50
(~8.4in.)

Nevada Coarse Sand: No.16
(~6.61in.)

A Low aspect vs High aspect ratio RSF

U Reduce flowability with higher fiber ratio
U Fiber segregation with RSF of high aspect ratio

High Aspect Ratio RSF: 3.2%
(~7.8in.)

Low Aspect Ratio RSF: 3.1%
(~8.91in.)

Average Spread Diameter (in)

Average Spread Diameter (in)

I Static Flow Test [ | Dynamic Flow Test
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P2-1%-R2-S P2-2%-R2-S P3-2%-M-T

UHPC Mixes

P3-2%-R2-T

Average Flow Spread
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Compressive Strength

A Average compressive strength: ~ 21.2 ksi @ 28 days
A RSF fibers regardless of the fiber and aspect ratio, caused a decrease in compressive strength of
around 10%
U caused by the rubber presence in the fibers
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——P1-2%-M-§ —P1-4%-M-S P3-2%-M-T

30
Age (Days)

RSF Variability Study
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Flexure Test

A Estimate the tensile properties of UHPC - AT

X Modulus of rupture (MOR) and deflection of
low aspect ratio RSF is significantly
lower than MSF

V High aspect ratio RSF  showed a slight
improvement in MOR (Modulus of
Rupture) at a lower fiber ratio and a
significant increase  in deflection.

©

I RSF

VS Low aspect High aspect

ratio RSF ratio RSF
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Deflection (in)
e
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s (High aspect ratio (Low aspect ratio

RSF) RSF)
Crack Localization of high aspect RSF behavior in flexure . UHPC Mixes
ratio RSF at midspan Modulus of Rupture and Deflection
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Mechanical Characterization: Key Observation

A Improved tensile/flexural properties with Fowabily
q c pread (in
a high aspect ratio RSF
A SUStain hlgher Ioads s P 1-1.6%-R1-S Deflection at R Compressive
=t = - 0. 2970 i
V Ability to resist crack deformation P1.3.1%R1-S poduius of - Iy Strength (ks

Rupture (in)

better s P1-4.7%-R1-S
Flowability issue observe with high PP AR RS

aspect ratio RSF (fiber volume Bl ieivocs
>1.6%)

—t—— P2-3.20A3'R2'S
s 031 6%-R2-T Modulus of

-
== 4=  Typical Vaules Rupture (ksi)

° Tensile Stress

A Overall, the suggested applications of Localization (ksi)
RSF:

Tensile Strain

V High-aspect ratio RSF with 1.6% Localization (%)
fiber ratio by volume
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Seismic Bridge UHPC Columns

A Specimensvaried in
V Fiber type (MSFand RSF)
V ABCconnection detailing (Pocket and Grouted Duct)
V Connection material (UHPCand Conventional Grout)
V Loading protocol (Quaskstatic Cyclic Testing and Shake Table Testing)

Test Matrix

Specimen ID Connection Column Conr_lectlon Type of Test Longlg]lcjtdlnal

Material Filler Transverse Rft.

SP1:PM-3.0R Pocket UHPC RSF UHPC MSF Cyclic 10 #6 #3 spiral at 3" pitcr
SP2PM-3.0M UHPC MSF UHPC MSF Cycllc #3 spiral at 3" pitch

SP3DM-1.5R UHPC RSF | UHPC MSF 10 #6 = Spr')ﬁc'hat 1.5

SP4DM-1.5M Grouted duct | UHPC MSF | UHPC MSF i Sp;ihat 1.5

| SP5DM-3.0R UHPC RSF UHPC MSF 10 #6 #3 spiral at 3" pitct
: SP6DC-3.0R UHPC RSF 10#6  |#3 spiral at 3" pitc
SP7-DM-3.0M Grouted duct UHPC MSF UHPC MSF Seismic 10 #6 #3 spiral at 3" pitc
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Construction Detalls

A Fabricated in ConFabat Lathrop, California, and JensenPrecastat Sparks, Nevada
A Column: Diameter of 16 in. and height of 72 in. cast with UHPC
A Footing: 6ft 6ft 28in. castwith normal strength concrete (NSC)

4-91” Embedded
Threaded Rods )

Normal

y 00000 oo @@ - @@

6
[1829 mm]

6
[1829 mm]

Pocket Connection Duct Connection
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Construction : Columns

iy &

vy

P
\” 0N

Column Formwork (Top)

Cage Placement Column Formwork (Bottom)
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Batch Mixing
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Constructlon Footlngs

i it o e ‘ m
Casting Curing
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Footing Assembly (Pocket and Duct)
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Shipping of Footing Pocket Assembly

¥

Grouted Duct Assembly

24
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Loading Protocol: Quasi

A Four UHPC ABC columns tested under
displacement-controlled quasi-static cyclic

loading

A 110-kip servo-hydraulic actuator to apply lateral

displacement
A A total of 12 runs with a maximum target of
12% drift ratio

A 80 kips axial load applied = 2% Axial Load
Index ("Q¢ "Q pQi f& UHPC)

15
1 in/min

10 Run 1 & 2:0.25%
and 0.5% Drift } Run 6: 3% Drift

5 ’_I W Run 4: 1% Drift

Drift Ratio (%)

Run 5: 2% Drift  Run 7: 4% Drift
Run 8: 5% Drift
Run 9: 6% Drift
Run 10: 8% Drift
Run 11: 10% Drift<— Run 12: 129 Drift
3000 4000 5000

Time (sec)

Quaststatic cyclic protocol

-Static Cyclic Tests

Floor test setup
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Quasi - Static Cycllc Tests

"5’."

PRECAST
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Loading Protocol: Shake Table Tests

A Ground motion was selected from the PEER Database
based on the assumption that

C Specimen located in Galena Creek, Reno

C Soil classification of C and a risk category Il

(seismic parameters of S5 of 1.62g and Sy, of
0.729g

A 1994 Northridge earthquake Sylmar Converter Station
in 52° direction with increments of 25% -200%.

A White noise was performed before each run

—25% DLE 75% DLE 125% DLE —175% DLE
——50% DLE —100% DLE 150% DLE ——200% DLE

e

100 150
Time (sec)

1994 Northridge Earthquake
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UHPC ABC columns tested in biaxial shake tables
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Shake Table Tests

A —— i
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Seismic ABC
Columns
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Damage State at Failure: Recycled Steel Fiber Columns

A Columnswith RSFshowed spalling and major flexural cracks in the plastic hinge zone.
V Rebar rupturing due to buckling and tie rupturing (pocket) and tensile rupturing at the interface (duct
connection)

10.9% Drift (it ias i TR 10 3% ant |

Shear \‘« Wide crack
localization

(ABC Pocket- RSF Column) | " (ABC POCket RSF COIUmn) | <DUCt'.:F Iumn) |
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Damage State at Failure: Manufactured Steel Fiber Columns

A Columnswith MSFresulted in less damage at the plastic hinge zone and formed a defined localized crack
V Tensile rupturing of the reinforcement at the localized crack (pocket) and tensile rupturing at the
interface (duct connection)

7.0% Drift

(A

| ! 7.6% Drift i\
g
s‘ 3 3.

Shear

L:%,.A

Crack ¥ ¢ ¥

®

. Wide crack |
{ localization

(ABC Duct- MSF Column)
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Damage State at Falilure: Shake Table Test

A All UHPC columns had reinforcement rupturing at the interface and no rupturing of transverse
reinforcement
A Minor crushing at the north side due to high residual drifts

Recycled Steel Fibers Manufactured Steel Fibers

.\ | e N

\ / <
Rebar Localized Crack Localized Crack Rebar
: Rebar R :
Rupturing upturing

Minor
EA
Spalling
~ h
0 . 0 0)
175% DLE: 175% DLE 150% DLE

(ABC Duct- RSF Column) (ABC Duct [Grout] - RSF Column) (ABC Duct- MSF Column)
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Rupturing




