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Opportunities in use of FRC in Structural

Applications

The phenomenal growth of the market for fiber reinforced
concrete market is a key motivator for addressing sustainability

m Economy, labor, time, materials characteristics and
performance

m ACI 544 has played a significant role in developing documents
to showcase the performance of FRC materials

m Design opportunities:
— Ductility, durability, crack width, stiffness, cracked section modulus.
— Shear

— A hybrid approach of combining reinforcement and fibers is the key to
addressing sustainability

— Minimum reinforcement requirements.




Materials characteristics

Ductility

Toughening

Improved tensile strength

Increase level of energy absorption
Fatigue life, impact/explosive loading
Seismic resistance

Steel work, labor, construction time.
Corrosion damage

Long-term repair and maintenance.




Seismic Design, Coupling beams, ACI-318 provisions

Eliminate a substantial amount of reinforcing bars by using a highly flowable, steel
fiber-reinforced concrete where the fibers are introduced during the concrete mixing
process.




Canal lining, WWEF, or rebar replacement

Traditional #5 rebar layout Fiber Reinforced Concrete Mix

Photo Courtesy: Rick Shelly, Pulice Photo Courtesy: Pima-Maricopa Irrigation
Construction Project, Sacaton, Arizona
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Precast Tunnel lining for Rio de Janeiro Metro
Line #4




Tunnel Lining

m Fiber-reinforced concrete can be used in tunnel lining segments.
m  Macro steel fibers and macro synthetic fibers are mainly used for this type

of application.
m Using fibers can reduce or even eliminate the steel rebar reinforcement
which results in faster and cheaper production.

M. Moccichino et al., 2010 world BEKAERT
tunnel conference, Italy



FRC Engineering Applications

Ductility, Durability, Sustainability

» The type and volume fraction of fibers affect the
level of energy absorption

» increased energy absorption, fatigue life,

Impact/explosive loading conditions, and seismic
resistance

» Pavements/slabs,Precast components, Shotcrete




Structural Design with FRC Materials: testing, modeling,
analysis and Design

Design with Strain
Softening materials

Elevated slabs

Precast panels Shotcrete applications



Safety, mobilization, and Cost savings due
to reduced section sizes




Analysis of Precast Wall Panels

m  Assume continuous wall, pin connection at
the bottom and free at the top

m Lateral water pressure in ultimate and
serviceability limit states

— H (net)
OO000000000 —
L (net) or FREE EDGE
W (net) AXX) PINNED EDGE
WALL ELEVATION 1111 ] CONTINUOUS EDGE
Note: Pinned support at
bottom
(a) (b) 77\
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WALL SECTION

(a) water distribution in Uls
(b) water distribution in Sls




Wind Turbine Foundation
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Fiber reinforcement has emerged ar an alternative to traditional
reinforcing bars and welded wire mezh refnforcemant for precast
concrete funmel segments. Due fo signjficantly improved post-
cracking behavior and crack control characteristics, fber-rein-
Jorced concrete (FRC) segments gffer advantages over madition-

ACI Committes Beports, Guides, and Commentaries are
imtended for guidance in planning, designing, execating, and
imspecting construction. This document is intended for the use
of individnals who are competent to evaluate the significance
and limitstions of its content and recommendations and who
will accept responsibility for the spplication of the material it
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not be lable for any loss or damage arising therefrom.

Reference to this decument shall not be made in contract
documents. If items found in this document are desired by
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production fime while developing a more robust product with
improved handling and long-term durability. Specific guidance on
the design of fiber-reinforced precast concrete tunnel segments is
needed for thiz emarging fechnology. This document gffers genaral
information on the history gf FRC precast segments from tunneling
projects 15 the world; a p dire for I analysiz
and dezign bazed on governing load cases; and a description qf
the material pavameters, tests, and amalyzer required to compiete
the design. The proposed puidelines are based on the Enowledge
Eained from experimental research, analytical work, and the expe-
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Keywords: crack widths; earth pressure; fibers; fiber-reinforced concrete;
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surcharge load; thmst jack forces; tonnel.
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This report provides a ymopsis gf the existing testing method-
ologies for the de imation af mechanical properties of hard-
ened fiber-reinforced concrete (FRC). This report applies to the
mechanical properties of comentionally mixed and placed FRC,
including fiber-reinforced self-conzolidaring concrate (FRSCC), or
fiber-reimforced shotcrete (FRS) using steel, glass, pobvmeric, and
narural fibers.
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ened FRC matevials and products. Test results from the test proce-
dures used in this report are not intended for the design of FRC
structures, but te gain a better understanding of factors influencing
the de af their mechanical properties and af FRCs and
FRC products.
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FRC 2014 Joint ACI-fib International Workshop
Fibre-reinforced concrete: From design to
structural applications, Montreal, Quebec

FRC 2018, Joint ACI-fib-Rilem International
Workshop, Lake Garda, Italy

Members of ACI 544 and fib TG 4.1 have been
involved in writing code-based specifications for
the design of FRC structural members.

Fibre-reinforced concrete:
From design to structural applications
FRC 2014:ACI-fib International Workshop

Model code has been using Fibers for Structura
Design for several years now

fib Model Code 2010 includes specific sections
for design of FRC elements.

ACI SP-310

ACI-fib workshop proceedings



Model Code Provisions for use of FRC

m The design rules (for reinforced concrete — RC — and fibre-reinforced
concrete — FRC) are present in the Model Code 2010 (2012).

m The safety factors of materials adopted are y, =1.5 for concrete in
compression, y = 1.5 for FRC in tension, and y,= 1.15 for steel rebars.

m Moreover, fundamental and characteristic load combinations were
considered at Ultimate Limit State (ULS) and Serviceability Limit State
(SLS), respectively.

m The FRC used to exemplify the comparison in the design has a class 3c
(Section 5.6.3 of MC 2010) which, as an example, can be obtained
quite easily with a concrete C30/37 and an amount of steel fibres
ranging between 30 and 40 kg/m3.

di Prisco, G., Plizzari, G., Vandewalle, L. (2009), Fibre reinforced concrete: new design
perspectives, Materials & Structures, 42(9), 1261-1281.



Consideration of Residual strength Effect
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Stress distribution for a cracked material with Strain-

Softening FRC
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ASTM C1550-Round Panel 3P-support specimen




Round panel tests for evaluation of SFRC

m Test setup

— displacement controlled, continuous
support, center point load

m Dimensions
— D, t= 1500, 150 mm
— stroke diameter = 150 mm



Load (kN)

Round Panel Continuous Support Specimens
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Advantages of using SFRC elevated slab:
Pumping Reinforcement

Reduction in labor force and finishing personnel
30% cost saving vs. traditional methods
Shrinkage cracking control

Bay areas larger than traditional area

Detailing cost reduction g




DittonNams-Superstore elevated slab Daugavspils, Latvia
25 ft span, 10inches slab,200psf UDL _ _
165Ibs/cu.yd Tabix 1.3/50 140ksi Steelfibers




LKS struct.engineers headoffices, 5 floors 50000 sq.ft total
,Mondragon, Spain, 27ft span, 11 inches thickness, 140psf UDL
165lbs/cy.yd Tabix 1.3/50 140ksi steelfibers




Several full scale tests, center span




Tallinn, Estonia , Test site Service Load, 4kNm?2
udl, (83 psf)




Point loading Bissen Test




Corner span center point loading Test




320kN 0.55 mm crack opening

more than 3 x the first crack load!




Full scale Test Results

1 1 | 1 |
Tallinn, L=5x5m,t=0.18m
Bissen, L=6x6m, t=0.2m
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Modeling of Failure Mechanisms
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Plastic analysis approach

Distributed load on a simply supported square
slab. The work equations are derived as:

Wint :Wext 22 g A
Where the resultant N, and rotation 8 (from figure
9a) are:
> (Ngx3)= (M xLx6)
L. ,L, gL o
N =0O0xX(— I)X(— )= —— 0:—
P =0x(S)x(5)=", 1

For the four segments with an Ny acting at 1/3 of

Oy -
max : T
% ql— X 5max — Ax % % 5max
4 (—4 ) (—3 )=4x(M)x(L)x(=*)

2

M ) — qult L2
24




Use of Yield Line Analysis and Design
procedures
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Mechanics of Fiber and Textile
Reinforced Cement Composﬂes |

m CRC press, 2011
m E-mail: barzin@asu.edu
m http://enpub.fulton.asu.edu/cement/
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Conclusions

New technologies and directions are clearly available
In our future progression in Construction industry.

Use of materials science based and mechanics based
approaches to obtain better ways to characterize,
model, analyze, and design.

Better train, communicate, and follow through
— Design of Materials and Structures for novel construction.

Address specifications, quality, and long term
performance.

Fiber Reinforced Concrete can be effectively used as a
technology enabler for our alternative energy
generation, use and infrastructure development



Fracture and plasticity models

Fracture-Based Models Plasticity-Based Models
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M - smeared cracking
- non-linear fracture mechanics "¢ - hardening mechnism

k- crack growth phenomena
- toughening mechanism Geometries
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Localized hinge
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Modelling procedures

Tension model

Compression model

Bond (interface) model

Stress/strain distribution

Moment-curvature relationship

Normalized parameters

Incorporations of equilibrium equations

Moment and curvature distributions throughout the volume
Integration, application of boundary conditions

Data reduction and solutions for stress, strain, load, deflection
distributions



Stress-Strain for Hardening and Softening FRC

m Material parameters are described as a multiple of the first cracking tensile strain
(e.;) and tensile modulus (E)

—_— > — > & & - &
Ecy=OEcy = kcu&cr cr tu Btu cr

Compression model Tension model



Evolution of Stress Distribution Profile
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Material Models for Hybrid systems-

How much of the rebar may | take out and how much fiber to use for replacement?

Tension
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ocst =peE A
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Compression
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Derivation of Moment-Curvature Relationship

Incrementally impose
0<e¢g <g,

Strain Distribution
Stress Distribution

>F =0, determine k

-

Moment: M = XF_ Y.+ ZFY,
Curvature: ¢=¢./kh

Stage : >, B>a
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Ethot=PEcr
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bilinear moment-
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Moment-Curvature Distributions
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m  Use Static Equilibrium to get moment distribution

m  Curvature distributions along the beam are generated based on simplified bilinear
moment-curvature model



Linear elastic solutions-Steel Design Charts

1. SIMPLE BEAM—UNIFORMLY DISTRIBUTED LOAD

1 Total Equiv. Uniformload . . . = wi
T w S
llII[IIHHIIIR 2
R Vx . s a4 s e s s e w s -w(%—x)
1 1
: 2 M max ( at center ) - i
. . ok e w 3
Y m x
snear _..!.. Mx . & « o ¢ « o o « = -WTX-(l—x)
4
M_T Amax. ( at center ) = _358_4“'%
max
J, O zfél (13 —21x2 4 x3)
Moment

18. CANTILEVER BEAM—LOAD INCREASING UNIFORMLY
TO FIXED END

Total Equiv. Uniform Load . = % w
R=V =w W=wl
2
x2
Vx =Wy
T ™M max.(at fixed end) & %
\'}
Shear Wx3
S Mx « ¢« o ¢« v o o o o o o = 37
T Amax, (at free end) & e w ) e G Wiz
M max. 15EI
Moment | -
~
i Ax = GOEIIZ (x5 — 514x +415)




Non-linear solutions

Beam . . . Deflection Deflection coefficient
T Region 1 Region 2 Curvature 921 Curvature p22 . 5 5
ype < coethicient 21 2
L . Per X (2(g"-1)(x—¢)
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. cax<t o s L flfer o+ £)
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3 2
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L 1 . L Q. 2 4, . o
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loading | ° ' - E A Ty
55-
Moment L . . L Do X f 2(g'-1)(x—¢&) _ _
at the e N ) £ T B &
middle )
_ C- ( 1} - ; Pea {_T_ +2Lx —I-_} f [jq'—l){_\-] —Ef_\']
Unitorm L‘ 1—J;| S<x<lL O<x<{& e\ — 75— 94" ) s
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m 3PB, 4PB - 3, 4 point bending

m SS - simply supported
m C - cantilever



2D Contour — Distribution loading
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External software for moment-curvature

analysis
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Experimental Verification

= Three point bending tests
= Six full scales FRC beams
= Fiber content ;: 50kg/m?° and 75kg/m?3

Geometry of specimens

500 1000 1500
440 940 1440
3000 5900 9000
2640 5640 8640
250 250 250
8-914 8-$20 8-024

Parameters for current Model

E Er M
MPa MPa ustr
50 30800 30800 146 0.24
75 32100 32000 110 0.26
50 30800 29500 125 0.22
75 32100 32100 120 0.26
50 30800 29500 128 0.23
75 32100 32100 117 0.26

m Minelli F., Conforti A., Cuenca E., Plizzari G., “Are steel fibres able to mitigate or eliminate size effect in shear?”, Materials & Structures ,

47:459-473, 2014
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