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» Natural organic: wood, sisal, jute, bamboo,
straw, horse hair, ..

MATERIAL e Natural mineral: asbestos, rock wool ...

» Man-made: steel, polymers (synthetic),
glass, carbon, metallic,...

y

. PHYSIO- | Density; surface roughness; chemical stability;

CHEMICAL | fire resistance; non-reactivity with cement; ...

FIBER . ; . ]
MECHANICAL > Strength; elastic modulus; transverse modulus;

CHARACTERISTICS i stiffness; ductility; elongation to failure; ...

. LENGTH,
DIAMETER or PERIMETER

> Circular, elliptical, square,
» GEOMETRICAL SECTION — rectangular, triangular, flat, ...
Smooth, deformed, indented,

etched, crimped, coiled,

e SHAPE | twisted, with end paddles,

end hooks, end buttons,

2D, 3D, ...
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Y - Matrix
v - Fibers
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D C FA SF W S A SP ;7
MPa
M1 0.3 0.7 - 0.9 5 - - 7
M2 0.3 0.7 - 0575 | 3.5°¢ - - 13
M3 0.7 0.3 - 0.65 857 - - 20
M4 0.8 0.2 - 0.45 i - - 44
M5 0.8 0.2 - 0.45 i® o 0.03 55
M6 0.8 0.2 ~ 0.27 1.1¢ - 0.02 63
+0.38"
M7 0.8 02 | 007 | 026 14 - 0.04 76
MS 0.8 02 | 007 | 026 1* = 0.04 84
M9 0.8 0.2 0.26 0.5" s 0.02 86
+0.5¢
M10 1 - 024 | 027 1.1¢ - 0.10 90
+0.38°
M11 1 - 012 | 028 0.67° 1 0.05 101

Note: C = Cement; FA = Fly Ash; SF = micro-silica from Silica Fume; W = Water;
S = Sand; A = coarse Aggregate, here crushed limestone with maximum size 10 mm;

SP = Superplasticizer; f, = compressive strength from cylinders. The sand used is a
silica sand with the following characteristics: (a) ASTM -50-70; (b) ASTM -270;
(c) ASTM 30-70; silica sand passing ASTM sieve No. 16. These mixtures were selected
from various investigations carried out by the author and his students at the University of

Michigan.

f- Polyvinyl Alcohol
o- Polypropylene
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#- High Performance Fiber Reinforced Cementitious Composites
v- Ultra High Performance Fiber Reinforced Cementitious Composites
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Abbreviation

Name

Commercial
Product

Period of
Development

SFRC

Steel Fiber
Reinforced
Concrete

1960s

DSP

Densified
Small Particle
Concrete

Densit

1970s

CRC

Compact
Reinforced
Composite

1990s

RPC

Reactive
Powder

DUCTAL®

1990s

Concrete

Mulit-Scale

Fiber ®
Reinforced CEMTECH

Cementitious
Composite

MSFRCC 1990s

Ultra High Performance Fiber
Reinforced Cementitious Materials

HEC Hybrid Fiber B

Concrete 2000+

Slurry

Infiltrated
SIFCON Bitier -

Concrete

1980s

Engineered
Cementitious -
Composite

ECC 1990s

High Performance
Fiber Reinforced
Cementitious
Materials

High
Performance
Fiber &
Reinforced
Concrete

HPFRC 2000+
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Coventional FRC Single Crack

| ||H A and
Strain-Softening foocial ssition
% A Behavior y
L “Ye'I | I | I |
RI/’( 5 O pert Softening
% © Branch
2 > Y

Strain ’%’Cmck Opening
HPFRCC !< »
Strain-Hardening é L2
Behavior : Multiple
" 2 - : 2 B Cracking and
N Localization
Ej A Multiple*Cracking | o mﬁ
B Ot (strain-hardening) | > Softening e
® . Branch e
) 0 N/
Slope = Elastic _a =
@ 2 Modul us Ep(: 5 . 4 ,;2}35 fﬂ' 5 P C g
0" W
©cc STRAIN CRACK OPENING

(Material and Structural Ductility) (Surface Energy, Material Ductility)

L/2 4
ELONGATION
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. . Fiber
A Short fibers Medium fibers Long fibers : o
Material | (6 1m @) 0.16 mm) | (13-30mm @0.15-0.5mm)| (60 mm @ 0.71 mm) | youme | Fibor material
CRC X 5-10% Steel
RPC X 1.5-3% Steel
MSFRCC X X X 7-11% Steel
HFC X X X 1-6% Steel
SIFCON X 5-12% Steel
ECC X 05-49% |PVA/UHMWPE
(but @ 0.038 mm) ) (synthetic fibres)
HPFRC X 15-2% |Steel / UHMWPE
( UHMWPE @ 0.038 mm)
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A- Engineered Cementitious Composites
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Strain hardening, Localization
A Multiple cracking ECC /

Tensile stress

|
Strain, deformation
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Interfacial
Modulus Diameter Length Aspect bond
; P ratio 2
Fiber Material strength
GPa 1m mm  Lg/d{ GPa
Spectra ~ UHMWPE 73 38 12.7 335 0.5t0 1.0
Dyneema UHMWPE 73 10 6.7 670 0.5t01.0
Kuralon II
REC PVA 39 40 12.7 318 3.8
Kuralon II
RECS PVA 39 40 12.7 318 3.8
1. L; : length of fiber; d; : diameter of fiber
2, Range of values taken from Redon et al., 2001.
6.0 1
] REC-A -2 RECS-A -3 —SP-1
50+ —SP-A-3
] DYN-A - 1
401 —REC-A -2

Stress (MPa)
W9
(]

I T T I T N T Y |

0.0 1 T T T T { T T T T
0.0% 2.0% 4.0% 6.0% 8.0% 10.0%

Strain
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Fly n 5 P .
Mixture|Cement|Water| Sand | ash |HPMC |HRWRA'| CA~ Vfg

S-0 1.00 | 0.47 | 0.80 |0.30( 0.0005 | 0.020 0 0.015
S-1 095 |047|0.800.30(0.0005| 0.015 | 0.05 | 0.015
S-2 0.95 | 047 |0.80(0.30[0.0005| 0.015 | 0.05 | 0.020

<'.sl_ 0.95 | 0.46 | 0.80 [0.30| 0.0005 | 0.0075 | 0.05 | 0.02

<
5) X
2 * —— Sprayed ECC
& ——Cast ECC
=
t |
25 3

Strain (%)
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ABSTRACT

A significant number of unreinforced masonry (URM) buildings have been constructed in Iran. Due to
the lack of design, poor quality of materials and construction, most of these buildings are vulnerable
against earthquakes. Therefore, different seismic rehabilitation methods have always been considered
by researchers. In addition to studying the retrofitting methods of these buildings before damage, it is
necessary to evaluate the retrofitting methods after occurrence of earthquake. The aim of the present
study was the investigation of damaged and un-damaged URM walls behavior, retrofitted by
Engineered Cementitious Composites (ECC), through experimental and numerical methods. The
present experimental research was carried out in two stages of constituent materials (masonry and
ECC materials) testing and structural (URM wall specimens) testing. The goal of the material
experiment was for numerical modeling and ensuring that their characteristics were consistent with the
assumptions of the structural specimens. For structural testing, three half scale masonry walls
including reference (un-retrofitted), undamaged and damaged retrofitted specimens were constructed
and subjected to a constant gravity (0.1MPa) and cyclic lateral loads. The average thickness of the
ECC layer for retrofitted undamaged and damaged walls was considered to be 15mm and 20mm,
respectively. To connect the ECC layer to the wall foundation, steel rebar dowels were used.
Experimental results indicated that ECC mortar improves the integrity between masonry units. This
leads to remain the in-plane wall stability up to the end of the experiment. Reference and retrofitted
specimen failure modes were bed joint sliding and rocking (flexural behavior), respectively. Shear
strength and energy dissipation of both undamaged and damaged retrofitted specimens increased
significantly rather than those of the reference specimen. The amount of shear strength and energy
dissipation of the undamaged retrofitted specimen were 170% and 40%, respectively more than those
of the reference specimen. This amount for the retrofitted damaged specimen was 330% and 115%,
respectively more than those of the reference specimen. The ductility of the retrofitted specimens was
not significantly different from that of the reference one. The difference between the initial stiffness of
the reference specimen and the retrofitted undamaged and damaged specimens in the same drift of less
than 0.01% was less than 20%. While in the same drift and with increasing displacement, the
difference between the reference specimen stiffness and that of the retrofitted ones increased. This can
be due to the coherence of the masonry units by the ECC layer and the wall stiffness return to the pre-
damage state. In the numerical stage of the study, the effect of gravity load levels, the ECC layer
thickness and one or double-side retrofitting on the URM wall lateral strength were investigated. The
numerical results indicated the retrofitted wall shear capacity for the gravity loads of 0.5 and 1MPa
was 80% and 30%, respectively higher than that of the un-retrofitted wall. This value for the double-
side retrofitting was 170% and 70%, respectively. It can be interpreted that with increasing gravity
load, the effect of ECC mortar on the retrofitted wall lateral capacity decreased. According to the
numerical results, the retrofitted wall shear strength under the gravity load of 0.1MPa and for ECC
layer thicknesses of 10, 15, 20 and 30mm, were 140%, 180%, 230% and 350%, respectively more than
that of the reference wall. It means that as the ECC layer thickness increased, the retrofitted wall shear
strength increased. Based on the obtained results, a simple method for estimating the lateral strengths
of retrofitted masonry walls with ECC mortar was presented. The experimental and numerical results
showed that the use of ECC materials can significantly improve the in-plane behavior of undamaged
and damaged URM walls, especially in increasing their shear strength and energy dissipation.

Keywords: Damaged URM Wall, Engineered Cementitious Composites, Earthquake, Quasi-Static
Lateral Loading, Numerical Study, Retrofitting, Failure modes.
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