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Abstract

In this study, unsaturated polyester resin, artificial lightweight coarse aggregate, artificial lightweight fine
aggregate, heavy calcium carbonate and steel fiber were used to produce a steel fiber-reinforced lightweight
polymer concrete with which mechanical properties were examined. Results of this experimental study
showed that the flexural strength of unnotched steel fiber-reinforced lightweight polymer concrete increased
from 8.61 to 13.96 MPa when mixing ratio of fiber content increased from 0 to 1.5%. Stress intensity factors
(Kic) increased with increasing fiber content ratio while it did not increase with increasing notch ratio.
Energy release rate (Gic) turned out to depend upon the notch size, and it increased with increasing steel

fiber content.

Keywords : Steel fiber-reinforced lightweight polymer concrete, Flexural strength, Stress intensity factor,

Energy release rate

1. Introduction

Advantages of structural lightweight concrete
over normal weight concrete are numerous.
However, the lightweight cement concrete is
hardly used to structures because of decline of
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strength. Polymer concrete (PC) is the con—
struction material that is possibly used for.
PC is produced by using dry aggregates and
fillers and polymerizing monomers as binders.
Unlike cement concrete, PC is cured in the
absence of water or moisture and contains no
cement., PC are being used in various fields of
construction, rehabilitation and repair appli—
cations such as bridges, pipelines and other types
of constructions because they are cured fast,
have relatively high strength, excellent adhesion,
good water tightness and chemical resistance
comparing to ordinary cement concrete.” Both
thermosetting polymers (cross linked polymers)
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such as epoxies and polyesters, and thermo—
plastics polymers such as acrylics (methyl
methacrylates) are commonly used as binders in
PC. The polymer concrete usually exhibits brittle
failure behavior. Improving post—peak behavior
is thus important. Hence, developing better PC
systems and also characterizing the fracture
properties and flexural strength in terms of
constituents are essential for the effective use
of PC"

In this study, steel fibers are added to matrix
in order to improve the fracture behavior of PC.
The method used to perform these fracture tests
at room temperature is the two parameter
method (TPM),” from RILEM, which is a direct
method to calculate two size—independent frac—
ture parameters, i.e., critical stress intensity
factor (Kic) and critical crack tip opening displa—
cement (CTODg).

Kic is a measurement of a material's resistance
_ to crack extension when the stress state near the
crack tip 1s predominantly plane strain and the
plastic deformation is limited, and the opening
mode monotonic load is applied. CTODc is the
displacement of the surfaces of a crack normal
to the original crack plane at the tip of the fatigue
pre~crack. While this TPM procedure has
several advantages related to use of one speci—
men, immediately after peak load in highly brittle
materials such as PC, a rapid decrease in strength
makes it extremely difficult to initiate unloading
at exactly 95% of the peak load and this can
resull in overestimating Kie.? Also the fracture
energy (Gp is one of important material pro—
perties for the design of large concrete struc—
tures.

The objectives of this study are to evaluate the

influence of steel fiber mixing and initial cracking
using fracture mechanics concept In lightweight
polymer concrete, and to intend to widen the
fields of application of steel fiber reinforcement
polymer concrete,

IT. Materials
1. Unsaturated Polyester Resin
Ortho-type unsaturated polyester resin is

used and its general properties are shown in
Table 1.

Table 1 General properties of unsaturated polyester

resin
T Specific | Viscosity Styrene Acid
YPE I oravity | (25C, ps) |content (%) | value
Ortho 1.12 35 372 265
2. Initiator

Mineral turpentine solution with 8% of cobalt
octanoic {CoQc) solution is generally used as an
accelerator, and the DMP solution with 55% of
Methy! Ethyl Ketone Peroxide (MEKPQ) is used
as initiator. Since UP resin has already been
added by hardening accelerator when it was
produced in a factory, it begins to harden imme—
diately after being added with the initiator. The
properties of initiator are shown in Table 2.

Table 2 General properties of initiator

. Specific Active
Component gravity(25°C) |oxygen (%)
MEKPO 55% DMP 45% 1.13 10,0
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3. Shrinkage Reducing Agent

In order to reduce the shrinkage, shrinkage
reducing agent (SRA) is made by dissolving the
thermal hardening plastic polystyrene in styrene
monomer. Its general properties are shown in
Table 3.

Table 3 General properties of shrinkage reducing

Table 5 Physical properties of aggregates

. . . Unit
Size  |Density|Absorption !
. . weight
ABER (o ey | () | M R
Coarse [4.76-10( 112 21 560 | 864
Fine |12-0.15| 040 20¢ 2.00 60
6. Fiber

Fiber used is hooked—type steel fiber. The
general properties of steel fiber are shown in

agent
Tyoe Specific Viscosity Styrene
YP | oravity(25C) | (25C, ps) | content (%)
SR-A 096 126 09.0
4. Filler

The fillers including powder of fly ash, heavy
calcium carbonate, alumina, blast furnace slag
powder, silica, cement, stone dust and so are
commonly used.” Among these, the heavy cal—
cium is used in this study since it is relatively
cheap and easy to buy. The filler is dried at
1005 for one day before use.” The physical
properties of filler are shown in Table 4.

Table 4 Physical properties of filler

Table 6.

Table 6 General properties of steel fiber

Length Diameter | Aspect Specific
(mm) (mm) ratio gravity (207C)
35 0.55 65 7.85

Bulk density Specific Specific
(kg/m) gravity(20°C) | surface(Blain) (cri/g)
620 291 3,150

5. Aggregates

Coarse aggregate used is artificial lightweight

aggregate and fine aggregate used is perlite.

These aggregates are dried at the temperature

of 100+5 C for one day. The physical properties
of aggregates are shown in Table 5.

7. Mix Proportions

For the purpose of evaluating the effect of steel
fiber content for the lightweight polymer con—
crete, the mix proportions as shown in Table 7
are designed. The volume percentages of steel
fiber to lightweight polymer concrete are 0%,
0.5%, 1.0%, and 1.5%.

Table 7 Mix proportions of steel fiber-reinforced poly-
mer concrete (Unit : wt. %)

. Binder ' Coarse Fine |Steel
Mix type UPISRA Filler aggregate | aggregate | fiber
FLWPC-N 29.38 12.62 -
FLWPC-A 26,63 1217 320

2075( 525 | 230
FLWPC-B 2397 1179 1624
FLWPC-C 2147 1141 (912

*FLWPC : fiber-reinforced lightweight polymer concrete
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8. Manufacture and Curing of Specimens

Specimens are prepared according to the
Korean Standard Testing Methods, KS F 2419
(Specimen preparation methods for strength
measure of polyester resin concrete). The steel
fiber—reinforced concretes are mixed by using
a high performance concrete mixer. All the
specimens are demolded after being cured for
three hours, and cured again to the curing age
7 days. Size of flexural specimen is 50X 100X
500 mm according to RILEM's reports.® The
specimens are notched by depths of 10 mm, 30
mm and 50 mm using a steel plate. The type of
specimen for different notch ratio are shown in
Table 8. Flexural bending test set—up is shown
in Fig. 1.

Table 8 Specimen type of different notch ratios

Notch | Ratio of

Mix | Steel fiber | Specimen

type |content (%) [depth (mm) ?;I?ES ?:}g;

N-0 0 00

N-l 10 01
00

N-3 30 03

N-5 50 05

A-D 0 00

Al 10 01
05

A3 30 03

A-S 50 05

100

B-0 0 00

B-l 10 01
10

B-3 30 03

B-5 50 05

€-0 0 0.0

¢-1 10 01
15

¢-3 30 03

€5 50 05

(l;
h %jfo i} Q

Knife edge
(HO)

Clip gauge

Fig. 1 Flexural bending test set-up

Photo 1 Test set-up apparatus

M. Methodology

1. Flexural Strength

The flexural strength of the unnotched and
notched beam subjected to three—point bending
is calculated from the following equation:

3PS

fnzl = 2 t(h_ao)?,
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where, P is peak load. S, t, h and 4, are span,

thickness, height and notch depth, respectively.
2. Stress Intensity Factor

Data are analyzed to determine the critical
stress intensity factor (Kic) by the two para—
meter method (TPM) described in RILEM's
reports.l)'ﬁ) Cross head speed of the test machine
is 0.2 mm/min. All beams are tested to maintain
a constant rate of increase of crack mouth
opening displacement (CMOD), which is mea—
sured by a clip gauge attached to the bottom of
the beam.

The modulus of elasticity E is calculated from
the following equation:

GSaogz( a’o)

E= CHt

.................................... (2)
where, C; is initial compliance calculated from

the load—CMOD curve. Geometric function gz(a
0) is calculated from the following equation:

g(ag) = 0.76—2.28a0+3.87 ay’ —2.04 003+H0;—6§7
0

where, ag = (g + HO) / (h + HO) and S, 4.,
HO, h, and t are defined in Fig. 1.

Based on finite element analysis, the con—
tribution of the clip gauge holder thickness (HO)

is included 1n the function gz(ao).m To calculate
Kic, the effective crack length (a.) is a,tstable

crack growth at peak load and should be
determined first. To obtain the value of e, the

following equation has to be solved:

6Sa.g.(a.)

E=—Ccm

.................................... (4)

where, C, i1s the unloading compliance within
95% of the peak load calculated from the
load—CMOD curve. The geometric function g ( @
c) is given by Eq. (4), but a.= (a.+ HO)/( %+ HO)
should be used instead of a.

By equating Egs. (2) and (4), the value of the
effective crack length «. for the tested beam can

be solved.

- Cu &la) -
a. = ao Ci gz(a“) ................................. (\))

This can be solved readily by trial and error.
Then the critical stress intensity factor K is

calculated using the equation (6) below:

S Vra, gyladlh)

K]c = 3(PC+05VV;,) thl‘

+ (6)
where, P. is peak load, Wy = Wio * S/L, Who is
self—weight of the specimen, and geometric
function g,(a./h) is calculated as

(g_i)_ 1.99 — (a /W0 —ah) [2.15-3.93a./h+2.70(a./ )]
E\h )T Vr (142208 (1—a )"

3. Energy Release Rate
Using calculated Kic, the energy release rate

of crack growth is adopted to following equation

that uses liner fracture mechanics concept:

G =
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Table 9 Test results of steel fiber-reinforced lightweight polymer concrete

Mix t Notch ratio Maximum Flexural strength Kic Gic
ype (ay/h) load (kN) using net area (MPa) (MPa - m") (N/m)
0.0 7171 861 - -
0.1 3.202 474 181 1402
FLWPC-N
03 2.077 5.09 191 157.1
05 1.258 6.04 2.59 288.0
0.0 9.120 10.94 - -
0.1 5112 757 2.34 242.8
FLWPC-A
03 3.361 8.23 2.58 296.1
05 1.352 8.89 2.88 3674
0.0 11.008 1321 - -
0.1 6.251 9.26 2.97 409.7
FLWPC-B
03 4,160 10.19 3.06 436.1
05 2.315 1111 327 496.7
0.0 11,636 13.96 - -
0.1 9.183 13.60 7.29 2.508.7
FLWPC-C
0.3 5.787 14.17 741 25958
05 3.015 1447 750 2.657.0

IV. Results and Discussion

1. Flexural Strength

The results of measuring the flexural strength
of steel fiber—reinforced lightweight polymer
concrete are shown in Table 9. When the fiber
content increased from 0 to 1.5%, the flexural
strength of unnotched specimen increased from
8.61 to 13.96 MPa. The ratio of increase of
flexural strength were 27% to 62% depending on
the fiber content. Fracture process of steel
fiber—reinforced lightweight polymer concrete
consists of progressive debonding of fiber, during
that slow crack propagation was occurring. The
final failure occurred due to the unstable crack
propagation when the fiber was pulled out and the

interfacial shear stress reached the ultimate bond
strength. The reason for the increment in flexural
strength is that, after matrix cracking, fibers lead
strength to the higher load that PC can be
sustained until crack occurs on the interfacial
bond between fibers and matrix.” Fig. 2 clearly
demonstrates that flexural strength increased
with fiber content. The variability of results
calculated from the unnotched specimens are
higher than that of the notched specimens. But,
the ratio of increase of flexural strength on the
notched specimens is higher than that of the
unnotched specimens. The ratio of increase of
flexural strength on notched specimens is ranged
between 47% and 187%, depending on the fiber
content and notch ratio.
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Steel fiber content (%)
o

—

EZ70.5 %
W 1.0 %
1.5 %

Flexural strength usin net area (MPa)

Notch ratio (%)

Fig. 2 Effect of fiber content ratio on flexural strength

2. Stress Intensity Factor

Typical load—crack mouth opening displa—
cement {(CMOD) curves are shown in Fig. 3 for
the notched specimens. Ascending part of the

curve is more linear as fiber content is low. The
descending part of the stress—strain curve
becomes steeper as the concrete strength in—
creases. After peak load in load—CMOD curve,
the tail of the descending branch appeared longer
as there are a lot of fiber content. This indicates
that toughness of the concrete decreased with
strength. The magnitude of CMOD at the peak
load has been very small compared to CMOD at
the post peak. The mean values of CMOD at the
peak load are ranged between 0.2 and 0.4 mm.

The variations of stress intensity factors (Kic)
are shown in Table 9 and Fig. 4 for the notched
specimens. In addition, Fig. 4 shows the effect
of steel fiber content on Kic. Stress intensity

E Z
g . /N 8
I ——N-3 -
J- N-5
fw o
/. N\
°3 S 4 6 0 2 H 5
CMOD {(mm) CMOD (mm)
(a) FLWPC - N (b) FLWPC - A
10 10
Z B
3 =
3 3

J
v A o, -
Y, I A .-W.-\M"
[ e

&

V’ C-5
[ T T
] 2 4 6 [ 2 4 6
CMOD (mm) CMOD (mm)
(c) FLWPC - B (d) FLWPC - C

Fig. 3 Typical load-CMOD curves for steel fiber-reinforced lightweight polymer concrete
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factor increased with increasing fiber content
ratio. The specimen without fiber has lower Kic
values than that of the specimen with fiber.
According that the fiber content ratio increased
by 0.5%, 1% and 1.5% of the case without fiber,
the ratio of increase of Kic appeared by 11~35%,
26~64% and 190~303%, respectively. And Kic
did not increase even for the case that notch ratio
increased. It implies Kic does not dependent on

notch ratio.
15
Steel fiber content (%)
C_J]100%
EERE 0.5 %
. 1.0 %
T .5 %
s 10
E
«
a
=
o
Cx

o5

0.3
Notch ratio (%)

Fig. 4 Relationship between Kic and notch ratio for
steel fiber-reinforced lightweight polymer con-
crete

30
Notch ratio(%)
EEE1 0.1
N 0.3

25

2.0+

(kN/m})

1.5 4

GIC

104

0.5 -

0.0 -

1.5

Steel fiber content (%)

Fig. 5 Relationship between Gic and notch ratio for
steel fiber-reinforced lightweight polymer con-
crete

3. Energy Release Rate

The resuits of experiments for energy release
rate (Gic) of steel fiber—reinforced lightweight
polymer concrete are shown in Table 9 and Fig.
d. The results show that Gic increased with

increasing notch ratio. With higher notch ratio,
material is shown to have higher fracture energy.
This results clearly indicate that Gic is dependent
upon the notch size. Also, Gic increased with
increasing steel fiber content. This may be
attributed to the influence of fiber arresting
crack.

V. Conclusions

Using fracture mechanics concept, this study
was performed to evaluate the influence of steel
fiber mixing and initial cracking in lightweight
polymer concrete. The used materials were
unsaturated polyester resin, artificial lightweight
coarse aggregate, artificial lightweight fine
aggregate, heavy calcium carbonate and steel
fiber. The foliowing conclusions are drawn :

1. Flexural strength increased with increasing
fiber content, and the ratio of increase of flexural
strength on the notched specimens was higher
than that of the unnotched specimens.

2. After peak load in load—CMOD curve, the tail
of the descending branch appeared longer as
there are a lot of fiber content. The stress
intensity factor increased with increasing fiber
content. The specimen without fiber had the lower
Kic values than the specimen with fiber. And Kic
does not increase while notch ratio increases. It
shows Kic does not depend on notch ratio.

3. With higher notch ratio, the material shown
to have higher fracture energy. This results
clearly indicate that Gic was dependent upon the
notch size. Also, Gic increased with increasing
steel fiber content.

18 Journal of the Korean Society of Agricultural Engineers, 45 (7), 2003.12



Youn, Joon-No - Sung, Chan-Yong

References 6. Shah, S. P., A. Carpinteri, 1991, in: Fracture

. Fracture mechanics toughness tests, 1991,
BSI Standards, BS 7448 Part 1.

. Gao, J., W. Sun, and K. Morino, 1997, Me—
chanical properties of steel fiber—reinforced,
high—strength, lightweight concrete, Cement
and Concrete Composites, 19(4) : 303~313.

. Jansen, D .C., W. J. Weiss, S. H. F. Schleu—
chardt, 2000, Simplification of the testing and
analysis procedure for the two parameter
fracture model, ACl SP-201 : 1-16.

.Oh, B.H, S H Han, Y. S. Kim, B. C. Lee,
and H. S. Shin, 1997, Mechanical properties
of polymer concrete and fiber reinforced
polymer concrete, Polymers in Concretes :
483-492.

. Paturoyer, V. V., 1986, Recommendations on

polymer concrete mix design, NIZHB, Moscow
1 18.

mechanics tests methods for concrete, RILEM,
Chapman and Hall : 3—-10.

. Sung, C. Y. and K. T. Kim, 1997, Engineering

properties of surlightweight polymer concrete ,
Journal of the Korean Society of Agricultural

Engineers, 39(4) : 75-81. (in Korean)

. Vipulanandan, C., N. Dharmarajan, 1987,

Fracture of concrete and rock, in: S. P, Shah,
S. E. Swartz (Eds.), Proceedings of SEM/
RILEM International Conference on Fracture
of Concrete and Rock, Bethel:SEM : 668-
678.

. Yeon, K. S., K. W. Kim, K. S. Kim and K. H.

Kim., 1993, Effects of fillers on mixing and
mechanical properties of polymer concrete,
Journal of the Korean Society of Agricultural
Engineers, 35(2) : 81-91. (in Korean)

Journal of the Korean Society of Agricultural Engineers, 45 (7), 2003.12 19



