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ABSTRACT

Polymeric mortars or concrete are special building materials which can be
used to repair or strengthen localized areas of structural elements. Following
research on the behaviour of retrofitting reinforced concrete circular columns
with FRP composite materials and bearing in mind the high strength of
polymer concretes, it was decided to develop a solution to seismic retrofit of
reinforced concrete columns with polymer concrete.

The mechanical characteristics of different polymer concretes and
especially their performance when subjected to cyclic axial compression,
several bending tests, and monotonic and cyclic axial compression tests were
studied, namely the compressive strength, the tensile strength on bending and
the Young’s modulus. Columns were also tested under axial compression and
cyclic horizontal loads.

The results of these tests are shown and interpreted. It is concluded that
the improved behaviour in monotonic compression of polymer concrete is
essentially associated with better strength characteristics of resin, whereas its
superior behaviour under cyclic loading is linked to a smoother aggregate
grading curve.

Keywords: Polymeric Mortars, Polymer Concretes, Cyclic Compression,
Retrofitting Reinforced Concrete Columns
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1. INTRODUCTION

A polymer concrete results from the mixture of a mineral aggregate with
a polymer, the polymer resin replacing the hydrated Portland cement paste of
conventional concrete. When comparing both concretes, polymer concrete
shows superior mechanical and chemical resistances and presents lower
permeability /1/.

Polymer concrete was first introduced in the 1950s and 1960s, when
several polymers of different compositions were used /2/. Their first
applications were in the production of synthetic marbles. Since then, there
has been a rapid development of polymer concretes, especially in the field of
precast components due to their workability, low curing temperature and
quick development of high strength /1/.

The relatively expensive costs of polymeric mortars or concretes have
limited their use, which is thus limited to repair or strengthening localized
areas of structural elements, but it is foreseeable that it will be used in new
structural solutions based in composite materials /3/.

The epoxy and polyesters are most used; the former are more expensive
but normally have better mechanical characteristics. At the University of
California polymer concretes of epoxy resins were used in anchorage zones,
whereas polyester resins were used in the connection of the guard rail to the
deck of a bridge which is being built almost entirely with composite materials
13/.

Studies of these construction materials are available /4-11/, but
information is still scarce, though a considerable amount of information can
be found in a review of technical literature prepared by Kardon /12/.

The Civil Engineering Department of Universidade Nova de Lishoa
(UNL) has been developing research in collaboration with INEGI (Institute
of Mechanical and Industrial Engineering), specially on the durability of
polymer concretes /1, 13/. Following research on the behaviour of retrofitting
reinforced concrete circular columns with FRP composite materials /14/ and
bearing in mind the high strength of polymer concretes, the authors decided
to develop a retrofitting solution with this material for damaged columns.
Additionally, the repair of the foundation was also analysed. The specimens
repaired had been submitted to a cyclic test that damaged the column
foundation. Two lateral parts of the foundation, with 10 cm thickness, were
replaced and filled with polymer concrete made of a commercial resin (Icosit
KC220/60).

In this paper a description of the resins, the aggregates, as well as their
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composition and mechanical features, is given with reference to the polymer
concrete applied in the retrofitting of column P2R and P10 column
foundation. Specimens named A and B result from mixing of polymer
concrete using Eposil 551 epoxy resin with the same composition as chosen
by INEGI /15/ and in accordance with RILEM PC2 - “Method of making
polymer concrete and mortar specimens” /17/. Specimens named C are from
epoxy resin Icosit KC220/60 and specimens named D are from polymer
concrete prepared using lcosit KC220/60 epoxy resin /16/.

2. FORMULATION AND PREPARATION OF
POLYMER CONCRETES

The composition of polymer concretes A and B /15/ has 20% of Eposil
551 epoxy resin and 80% of foundry sand (SP 55), the resin and hardener
being mixed in the proportion 2:1. The epoxy resin (Eposil 551) is
chemically based on a diglicidyl ether of bisphenol A and the hardener on an
amine aliphatic. The foundry sand used is siliceous of rather uniform
particles size, with an average diameter of 0.342 mm.

The polymer concrete D had the following composition by weight /16/:
33,3% of Icosit epoxy resin KC220/60 and 66,6% of aggregates. The
aggregates used are of siliceous nature and graded between 0.1 and 4 mm
Their sizes were #2, #123, #128 and #148 and they were mixed in an equal
weight proportion. The resin and the hardener were added in a weight
proportion of 45:55.

Tables 1, 2 and 3 show the data on the resins and aggregates provided by
the manufacturers.

Figure 1 shows a detail of the area of the column P2R to be repaired,
before, during and after the retrofitting with polymer concrete.
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Table 1
Eposil 551 and Icosit KC220/60 resins characteristics provided by the
manufacturers
Resins Characteristics Units EPOSIL 551 | Icosit KC 220/60
Hardness Shore D |85 --
Specific weight ka/l 1.18 1.36
Tg (TMA) °C 54 --
HDT °C 34 --
Gel time Min 27 60
Compression Strength MPa -- 120
Tension Strength MPa 35-45 --
Bending Strength MPa 65-75 35
Young Modulus in Bending | GPa 2.0-2.4 4.0
Table 2
Foundry sand characteristics (SP 55) used in series A (provided by the
manufacturers)
Foundry sand (siliceous) Uniits Inferior | Average | Maximum
characteristics (SP 55) Value |Value |Value
Fineness - 49 51.5 54
Average diameter D50 mm |- 0.342 -
Real specific area cm2/g | 100 125 150
Clay (AFS) <2 um %) |- - 0.2
Organic matter ppm |- - 10
Carbonate (%) |- - 10
pH - 6.5 7 75
Table 3
Aggregates characteristics used in series D (provided by the
manufacturers)
Apparent
Aggregate's . Nature Grading (mm) voﬁzmetric
Characteristics
mass (kg/l)
Aggregates # 2 0.1a0.3mm 1.6
Aggregates # 123 Siliceous sands 0.3 a0.8 mm 1.6
Aggregates # 128 calibrated and | 0.8 a 1.2 mm 1.6
Aggregates # 148 dried 2.0a4.0 mm 1.6
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Fig. 1: Details of the intervention area on the P2R column, before, during and
after the retrofitting with polymer concrete.

3. POLYMER CONCRETE TESTS IN TENSION AND
COMPRESSION FOR MONOTONIC AND CYCLIC LOADS

Standard samples of 160x40x40 mm? were prepared in order to evaluate their
mechanical characteristics. Tests were carried out with the purpose of
determining the compression and bending tensile strength and also the Young
modulus according to RILEM standards /18, 19, 20/.

Besides the monotonic tests, other cyclic tests were also carried out. Series A
(3 samples) and B (2 samples) correspond to two different formulations of the
polymer concrete — A. Series C is made of six samples of pure epoxy resin (Icosit
KC220/60), series D of six samples of polymer concrete — D and series E of three
samples of pure epoxy resin (Eposil 551).

Altogether, seventeen samples were tested in bending. As the rupture in this
type of test occurs at midspan of the sample, it is possible to use the two resulting
parts for compression tests. In this way twenty monotonic axial compression tests
were performed (three in series A and E, two in series B and six in each one of
series C and D) and complementarily fourteen tests of cyclic axial compression
(two in series B and three in each of the series A, C, D and E).

The compression tests were performed in a FORMTEST press with a load
cell of 600kN and the three-point bending tests with a Zwick universal testing
machine, with a load cell of 50kN.

The rupture modes of the polymer concrete can be observed in Figure 2 for
different test types (A, B, C and D).
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Fig. 2: Details of the samples’ rupture after the tests

3.1 Tension Tests In Bending

Tensile bending stress versus strain curves, drawn from bending tests are
presented in Figure 3.

In Table 4 the values of the maximum tensile strength (f,.) and strain
(epct), as well as the corresponding average values are indicated for each test.
Tensile bending strength (f,) is calculated according to the elementary
analysis from strength of materials that lead to:

3 FxL
_° 1
Pt S e @
and, likewise, the strain at the extreme fiber of cross section:
oxh
Epct = 6? (2)

where F is the maximum force (N) for each specimen, L is the span in the
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three-point bending test (100 mm), b is the width (40 mm), h is the height (40
mm) of the specimen and & is the deflection.

0 7f pct (MPa)

40

30 1

20 +

10 +

0 2 4 6 8 10 12
Epct (%)

Fig. 3: Resin and polymer concrete diagrams tension stress — strain in
bending

The analysis of Figure 3 and Table 4 shows that, in terms of tensile
strength, the tests of the series A, B and D present approximate average
values (26.3; 27.2 and 26.8 MPa), whereas series C  (36.2 MPa) and series
E (43.3MPa) correspond to pure resins samples and present higher average
values. This means that the tests of polymer concrete show an average loss of
strength of 26% (series D) and 38% (series A and B) compared with the resin
samples. However, it must be emphasised that the samples of polymer
concrete lost in strength but gained in stiffness, as can be observed in Figure 3.

3.2 Axial Monotonic Compression Tests

Stress-strain curves of axial monotonic compression tests are presented in
Figures 4 and 5. In Table 5 the maximum and corresponding mean test
values of stresses (fyc), strains g, (%), as well as the respective values for
85% of the maximum compression and the Young modulus (E) are reported.
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Table 4
Polymer concrete tests values of tension in bending and corresponding
mean values

Type Samples | f, (MPa) &pet (%)
Al 26.0 1.71
INEGI A2 27.4 26.3 2.00 1.79
Polymer A3 25.6 1.66
Concrete B1 27.8 279 1.75 171
B2 26.5 1.67
C1 33.3 3.41
C2 34.9 3.44
Icosit Resin C3 31.3 36.2 3.06 357
C4 40.1 3.96
C5 43.8 4.26
C6 33.8 3.28
D1 27.2 1.71
D2 28.7 1.78
Icosit D3 27.0 26.8 1.60 168
Polymer D4 26.4 1.96
concrete D5 25.3 1.46
D6 26.1 1.56
E1l 42.4 9.83
Eposil Resin E2 42.6 43.3 9.56 9.62
E3 44.8 9.47

It is observed from the stress-strain curves that the series A and B follow
the same trend, with series B registering a higher rupture stress. Rupture
stress values for series C are higher than those of series A, B and E, but lower
than the values found for series D. Series C and E are the most deformable.
Series C has a compression strength capacity above 90 MPa and series E
above 45MPa, for values of the deformation sometimes higher than 20%.
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Table 5
Monotonic compression tests and corresponding mean values of polymer concrete

Type Samples | f,c (MPa) €pc (%) foc085 (MPa) €pc;0:85 (0) E (GPa)

Al-m 119.3 1.46 101.6 2.30 9.3
INEGI A2-m 116.4 116.4 | 1.40 142 |98.8 |99.0 221 | 223 9.3 9.2
Polymer A3-m 113.4 1.41 96.6 2.18 9.2
Concrete B1-m 121.6 1297 1.43 1.44 103.3 104.3 2.26 226 9.2 9.3

B2-m 123.8 1.44 105.3 2.27 9.4

Cl-m 145.0 4.01 123.6 7.38 5.5

C2-m 156.1 3.95 132.7 5.94 55
Icos_lt C3-m 153.2 1513 3.92 3.86 130.5 128.9 4.78 5.0 5.6 55
Resin C4-m 152.0 3.90 129.9 6.28 5.4

C5-m 153.3 4.01 130.6 453 5.3

C6-m 148.2 3.34 126.2 6.51 55

D1-m 169.3 2.01 144.3 2.85 9.2
Lcosit D2-m 167.9 1.99 143.0 2.92 9.8
polymer oo 11048 1ageg |28 1ag MO g5 128 1o7s 198 g
concrete D4-m 166.3 1.81 140.1 2.55 9.9

D5-m 165.7 1.82 140.1 2.65 10.4

D6-m 167.3 1.87 141.7 2.56 10.0
Eposil El-m 66.5 4.04 56.8 6.23 2.0
Resin E2-m 60.9 63.9 4.16 414 | 520 |54.6 6.21 | 6.17 1.9 2.0

E3-m 64.3 4.21 54.9 6.07 2.0
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Fig. 4: Monotonic compression stress — strain of resin (E and C series)
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Fig. 5: Monotonic compression diagrams of stress—strain of polymer
concrete (A, B and D series)

3.3 Axial Cyclic Compression Tests

For the axial cyclic compression tests and series A, C, D and E the
following criterion /14/ is adopted: first the displacement for the maximum
force of a monotonic test is obtained; after this, the applied load and unload
cycles correspond to a fraction of that displacement A,,. The test speed
applied was 10um/s.

Axial cyclic compression tests were started with a cycle of 0,25 x A
followed by cycles of 0,5; 0,75; 1; 1,25; 1,5; 1,75; 2; 2,5; 3 until n X Ay,
finishing the test after the rupture, as soon as a strain value of 10% in the
tests of the series A and D or 30% in series C and E is reached. As an
example Figure 6 (resin) and Figure 7 (polymer concrete) show the
displacement history of samples a2-c, c3-c, d2-c and el-c.

10
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In series B, a different displacement history was applied in each of the
tests. Thus, the bl-c test started with the application of displacement 0,60 x
Apco, Tollowed by sets of ten cycles varying initially 0,10 X Ay, later 0,20 x
Apco, then 0,30 X Apeo and finally 0,40x Ayeo. The test finished as soon as the
rupture occurred and a strain value of 10% was observed. In Figure 8 it is
possible to observe a strength reduction for cycles with constant
displacements and that, despite the different load history until the rupture, the
sample tested under cyclic loads presented, in the descending branch of the
stress-strain curve, a behaviour similar to the one tested under monotonic
loads.
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Fig. 8: Strains and stress time history (resin samples b1 and b2)
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In the b2-c test, the sample was initially subjected to a 0.50 X Ay
displacement, followed by one hundred cycles with 0.15 X Aye. In Figure 8 a
strength reduction can be observed for cycles of constant displacements.
Starting with a value of 50% of the rupture load, one hundred load cycles of
15% of the rupture load were later applied to the same sample. An increase of
the ultimate displacement was observed for constant load cycles. The sample

monotonically led to the rupture and the test finished rupture, sample b2-c
under cyclic load behaved identically to the sample tested under monotonic
loads in the descending branch of the stress-strain curve. This is also similar
to the b1-c test.

Figures 9 to 13 present the stress-strain curves of the cyclic tests of series
A, B, C, D and E together with their corresponding monotonic tests. Table 6
shows the maximum and corresponding mean test values of stresses (fy),
strains e, (%), as well as the respective values for 85% of the maximum
compression and also the Young’s modulus (E).

f e (MP
a0 PP

180 +
160 +
140
120 +
100 +

80 -

T 11—~
oMWW A" 1=

0 5 10

15
€nc (%)

Fig. 9: Compression diagram stress — strain of sample a2

13
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Table 6
Cyclic compression tests and corresponding mean values of polymer concrete

Type Samples | f,c (MPa) €pc (%) foc085 (MPa) €pc;0:85 (Y0 E (GPa)
Al-c 108.4 1.64 91.6 1.75 9.3
INEGI A2-c 85.0 925 1.41 1.48 | 74.8 79.7 1.79 1.76 | 94 94
Polymer A3-c 84.2 1.40 72.6 1.76 9.6
Concrete Bl-c 111.2 1145 1.30 151 94.4 974 2.42 541 9.5 9.2
B2-c 117.9 1.72 100.3 2.40 9.0
Cl-c 141.2 3.76 120.1 7.04 5.4
Icosit Resin | C2-c 142.7 1414 | 3.80 3.86 | 125.1 1215 | 7.90 829 | 55 5.4
C3-c 140.4 4.02 119.4 9.95 5.3
Icosit Di1-c 164.0 2.24 138.2 2.83 9.5
Polymer D2-c 163.2 161.4 | 2.21 2.19 | 139.0 137.3 | 2.80 277 | 9.9 9.6
Concrete D3-c 157.1 212 134.5 2.69 9.5
Eposil El-c 61.9 4.30 52.8 4,57 1.8
Resin E2-c 61.0 62.6 4.49 439 | 521 53.4 4.73 458 | 1.6 1.7
E3-c 64.8 4.37 55.3 4.45 17
o0 - fp‘c(MPa) - f o (MPa)
180 180
160 | w00 |
140 140
120 + 120 4
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60 ] N BN
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Fig. 10: Compression diagrams stress — strain of samples b1 and b2
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f oc (MPa)

200
180

160

140

120
100

80

60

40
20 ~

10 15
€pc (%)

Fig. 12: Compression diagram stress — strain of sample d1
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4. RESULTS AND DISCUSSION

Figures 9 and 12 show better behaviour of series D under cyclical actions,
whereas the involving curve of cyclic tests and the curve of monotonic tests
exhibit a similar behaviour. This behaviour contrasts with that for series A,
where cyclic tests provoked the degradation. The explanation for this can be
found in the grading curve of each polymer concrete instead of the resins’
behaviour. This behaviour of series A contrasts with the one of series E (pure
resin of series A and B), where the degradation provoked by cyclic
practically does not occur (Figure 13).

In series A only a sand with an average diameter of 0.342 mm is used
whereas in series D four different aggregates are combined, their diameters
varying from 0.1 mm to 4.0 mm. This corresponds to a lesser index of voids
and, therefore, to a better behaviour, admitting an identical viscosity in both
resins. However, further tests of polymer concretes with the same grading
curve should be made in order to obtain more definite conclusions.

Figure 14 displays the tests results obtained on compression and
compares these curves with the same type of curves for a normal Portland

16
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cement concrete (C20/25). Table 7 presents the average values of each series
for the maximum stresses (f,), as well as the corresponding strains g, (%),
for values of 85% of the maximum compression, and the Young modulus
(En) values.

Table 7
Monotonic and cyclic tests mean values of polymer concrete
Samples fpc (MPa) Epc (%) fpc;0:85 €pc;0:85 Em fpctm
(MPa) (%) (GPa) (Mpa)
A-m 116.4 1.42 99.0 2.23 9.2 26.3
B-m 122.7 1.44 104.3 2.26 9.3 27.2
C-m 151.3 3.86 128.9 5.90 55 36.2
D-m 166.9 1.91 141.5 2.73 9.8 26.8
E-m 63.9 4.14 54.6 6.17 2.0 43.3
A-C 92.5 1.48 79.7 1.76 9.4 26.3
B-c 114.5 1.51 97.4 241 9.2 27.2
C-c 141.4 3.86 121.5 8.29 54 36.2
D-c 161.4 2.19 137.3 2.77 9.6 26.8
E-c 62.6 4.39 53.4 4.58 1.7 43.3
f oe (MPa)
200
180 Icosit|polymer concrete (D)
160 + Icosit resin (C)
140 +
120 -+ posﬁ:oncrete (A, B
MW
100
80 Eposil resiq (E)
60 + " I
40 + ~—
20 ain concrete |
0 \ \ \ \
0 5 10 15

€pc (%)

Fig. 14: Compression tests of polymer concrete and their comparison with
correspondent curves of plain concrete
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Series D presents the best characteristics, revealing higher values than in
series A. It presents 43% for compressive strength, 35% deformation for the
maximum force and 43% for 85% of the maximum force and 7% in terms of
Young’s modulus. Only the bending tensile strength is similar.

The polymer concrete, series D, reveals a compression strength 10%
higher than series C, a reduction of 50% in the deformation, an increase in
Young’s modulus of 78% and a reduction of 26% of the bending tensile
strength compared to that of the pure resin, series C.

Regarding the polymer concrete, series A reveals a compression strength
82% higher, a reduction of 66% in the deformation, an increase in Young’s
modulus of 360% and a reduction of 39% in the bending tensile strength
compared to the pure resin, series E.

In Table 8 a relation between the average values of monotonic and cyclic
tests for each series is presented. In series A the cycle tests provoke a strength
degradation of 20% and an ultimate strain increase of 4%, while series E
presents only a small strength reduction of 2% and a increment of 26% in the
deformation for 85% of the maximum force. In series B the load history was
substantially different, but despite the data presented, the results do not make
much sense compared to the remaining series. Series C evidences a strength
degradation of 7% and a substantial increment of 40% in the deformation for
85% of the maximum force, while series D presents only a small strength
reduction of 3% and a strain increase of 15% in the rupture.

Table 8
Relationship between the mean values of monotonic and cyclic tests

Samples foe (MPa) &pe (%0) foc085 (MPa) €pc;0:85 (%0)
A -20% +4% -20% -21%
B -7% +5% -7% +7%
C -1% 0% -6% +40%
D -3% +15% -3% +2%
E -2% 6% -2% -26%

It can be concluded that the improved behaviour in monotonic
compression of series D is due to a resin with better resistant characteristics
whereas its superior behaviour under the cyclical loads derives from its
grading curve with different aggregates.

18
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5. CONCLUSIONS

Several bending, monotonic and cyclic axial compression tests were
performed and the mechanical characteristics of different polymer concretes
were evaluated, especially their curve performances when subjected to cyclic
axial compression.

The data analysed shows that series D presents a better behaviour under
cyclical actions, while the involving curve of cyclic tests and the curve of
monotonic tests exhibit a similar behaviour. This behaviour contrasts with
findings in series A, where the degradation provoked by cyclic tests is a fact.
The explanation for this can be found in the grading curve of each polymer
concrete and not on the behaviour of the resins. In series A only a sand with
an average diameter of 0.342 mm is used whereas in series D four different
aggregates are combined, their diameters varying from 0.1 mm to 4.0 mm.

It is concluded that the improved behaviour in monotonic compression of
series D is due to a resin with better resistant characteristics whereas the
superior behaviour exhibited under the cyclical loads derives from its non-
homogeneous grading curve for different aggregates and sizes.
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Cyclic Compression Behaviour of Polymer Concrete

Details of the intervention area on the p2r column, before, during
and after the retrofitting with polymer concrete.

Details of the samples’ rupture after the tests

Resin and polymer concrete diagrams tension stress — strain in
bending

Monotonic compression stress — strain of resin (E and C series)

Monotonic compression diagrams of stress—strain of polymer
concrete (A, B and D series)

Strains and stress time history (resin samples el and c3)
Strains and stress time history (polymer concrete samples a2 and d2)
Strains and stress time history (resin samples b1 and b2)
Compression diagram stress — strain of sample a2
Compression diagrams stress — strain of samples b1 and b2
Compression diagram stress — strain of sample ¢3
Compression diagram stress — strain of sample d1
Compression diagram stress — strain of sample el

Compression tests of polymer concrete and their comparison with
correspondent curves of plain concrete
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Table 1
Eposil 551 and Icosit KC220/60 resins characteristics
provided by the manufacturers

Table 2
Foundry sand Characteristics (SP 55) used in series A
(provided by the manufacturers).

Table 3
Aggregates characteristics used in series D (provided by the manufacturers).

Table 4
Polymer concrete tests values of tension in bending and corresponding
mean values

Table 5
Monotonic compression tests and corresponding mean values of
polymer concrete

Table 6
Cyclic compression tests and corresponding mean values of polymer concrete

Table 7
Monaotonic and cyclic tests mean values of polymer concrete

Table 8
Relationship between the mean values of monotonic and cyclic tests
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