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Abstract
Studies have shown that use of polymer impregnated concrete (PIC) boards, a
highly durable construction material, as permanent forms eliminates concrete form
work. Studies have also shown that after the concrete has hardened, the PIC boards
function as a part of the effective section of the concrete thus installed.
In this paper, the behavior of reinforced concrete beams which PIC boards were
installed in the flexural compression zone was verified through loading tests and
a two-dimensional nonlinear finite element analysis. Experimental and analytical
results indicated that the ultimate strength and the ductility of reinforced concrete
beams which PIC boards were installed in the flexural compression zone increased,
if the reinforced concrete beam has appropriate steel ratio.
Key words: ductility, ultimate strength, high-durability permanent concrete form,
polymer impregnated concrete (PIC), loading test, nonlinear finite element analysis

1. Introduction

In recent years, premature deterioration of concrete structures has become a serious
problem. Growing attention is being given to covering and repair materials used
in concrete construction. Polymer impregnated concrete (PIC) is widely known to
be far superior to ordinary concrete in strength, shielding performance, chemical
resistance, abrasion resistance, and freezing and thawing resistance because voids
in PIC are filled with polymer.



The authors verified the influence of butt-joint spacings of permanent formworks
made of high-strength material on the occurrence of cracks in PIC boards which
installed in flexural tension zone, by using the uniaxial tension model and the two-
dimensional nonlinear finite element method. Those paper [1–4] described how to
optimize the length of PIC boards in the case where PIC boards are used as re-
inforced concrete beams in flexural tension zone. Analytical results indicated that
cracks in PIC boards do not occur at certain butt-joint spacings.

In this study, in order to verify the behavior of reinforced concrete beams which PIC
boards are installed in flexural compression zone, loading tests and two-dimensional
nonlinear finite element analysis have performed. It is found from experimental and
analytical results that the ultimate strength and the ductility of reinforced concrete
beams which PIC boards were installed in the flexural compression zone increased,
if the reinforced concrete beam has appropriate ratio of reinforcement.

2. Loading tests on reinforced concrete beams

2.1 Specimens
As shown in Table 1, loading tests were carried out on reinforced concrete speci-
mens with PIC boards attached to them in flexural compression zone (specimen 2).
Specimen 3 has two times reinforcement volume of specimen 2. For comparison,
ordinary reinforced concrete beams (specimen 1) which were not covered with PIC
boards were also manufactured and subjected to loading tests.

The cast-in-place concrete and PIC used had a design strength of 27 and 130 MPa,
respectively. For reinforcement, deformed bars SD 295 or SD345 (steel deformed,
JIS G 3112) were used. Deformed bars SD295 were used for compressed/tensioned
reinforcement of specimen 1, 2 and compressed reinforcement of specimen 3, and
deformed bars SD345 for tensioned reinforcement of specimen 3. The yield stress
and the ultimate strength of SD295 by tension test were 367 MPa and 588 MPa,
respectively. Those of SD345 were 398 MPa and 599 MPa, respectively. The mod-
ulus of elasticity of reinforcement is 1.9×105MPa.

Figure 1 shows the configuration, size, and cross section of the specimens. All
specimens were 300 cm long and had a span length of 280 cm.

Table 1 Specimens
Specimen No.

1 ordinary RC beam without PIC
2 with PIC (PIC-type)
3 2 times reinforcement of No.2 specimen
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Figure 1 Configuration, size, and cross section of the specimens

2.2 Test results
Table 2 shows the yielding loads of reinforcing bar and the bending failure loads
of specimens by loading test. The yielding loads of reinforcing bar are obtained
from the load - strain relationship of strain gauges attached with reinforcing bar
in specimens. The bending failure load of specimen 2 with PIC boards becomes
larger about 1.5 times in comparison with the ordinary reinforced concrete speci-
men 1. Furthermore, that of specimen 3 with PIC boards, which have two times
reinforcement of specimen 2, becomes about 1.7 times larger than specimen 2.

The load – displacement relationship in loading test are shown in Figure 4(a)
together with FE analysis results. The displacement of specimen 1 and 2 when
reinforcing bar yields became almost 10 mm equally, but that of specimen 3 became
large with about 13 mm. In addition, as for the yielding loads of reinforcing bar,
that of specimen 1 was 91.1 KN, that of specimen 2 was 105.8 KN, and that
of specimen 3 was 209.7 KN. Specimen 1 had a quantity of same reinforcement
with specimen 2, but the yielding loads of reinforcing bar of specimen 1 became
smaller than that of specimen 2. These results can be accounted for increase of
the equivalent moment of inertia of area and decrease of section modulus of lower
side of specimen.

Table 2 Loading test results of loading test
specimen yielding load of steel (kN) bending failure load (kN)

1 91.1 97.0
2 105.8 148.0
3 209.7 250.9

MATSUDA, Ultimate behavior of RC beam with PIC, 3/8



3. Numerical analysis

3.1 Analytical model
FE analysis was performed by using the nonlinear FEM code MARC. A half model
was adopted, because specimen and load condition were symmetric. As for the el-
ement, 8 nodes plane strain element (38×8) were used for concrete and PIC and
8 nodes plane strain re-bar element (38×2) for the reinforcing bar, the model was
divided into a total of 380 elements. Loading was given by load increment of dis-
placement control and did increment of displacement of this time with 0.1-0.15mm.
The adhesion between reinforcing bar and concrete was assumed complete.

3.2 Constitutive law
(1) Reinforcing bar
Figure 2 shows the constitutive law of reinforcing bar. The constitutive model for
the reinforcing bar in concrete has to be numerically modeled based both on the
properties of bare bars and on the effect of the bond to concrete. Since the steel
stress remains lower than the yield strength everywhere else besides the vicinity of
the crack plane, the average strain of the bar does not exhibit a yield shelf as does
a bare bar, entering into the strain hardening domain immediately after yielding.
The strain hardening rate is dependent on the average steel stress at the start of
yielding, and is higher when the stress is lower. In this analysis, the above was
considered and the bilinear type constitutive law were used [5, 6].
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Figure 2 Average stress – average strain relation of bar in concrete

IIt is reduced in 100cm from an experiment result The yield strength fy and the
ultimate strength ft of reinforcing bar of SD295 were provided with 367 MPa and
588 MPa, respectively, from tension test of bare bar. In average stress – average
strain relationship, they were reduced in 295 MPa and 483 MPa, respectively, from
the loading test results. The ultimate tensile strain used 0.13. As for SD 345 re-
inforcement, the yield strength fy was 398 MPa by tension test. In average stress
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– average strain relationship, it is reduced to 369 N/mm2 from the loading test
results. Strain hardening rate used 1000/E. Elastic modulus and Poisson’s ratio
for SD295 and SD345 used Es = 2.1 × 105 MPa and ν = 0.3, respectively.

(2) concrete
Figure 3(a) shows the constitutive model of the concrete. In the compression
zone, linear elasticity was used when 0 ≤ σ ≤ 0.5fc, a parabola was used when
0.5fc ≤ σ ≤ fc, and a linear softening elastoplasticity model was used after strain
of concrete reached εc = 0.002 until a specified ultimate strain εcu was reached.
Elastic modulus, Poisson’s ratio and compression strength of concrete were used
Es = 2.4×104MPa, ν = 0.3 and f

′
c = 27 MPa, respectively. The ultimate strain of

concrete for design is used with around 0.0035. However, it is said that the ultimate
strain when a reinforced concrete beam failures by bending reaches about 2 times
of strain when concrete by a compression test failures, therefore εcu = 0.006 was
adopted. In the tension zone, linear elasticity was used before cracking, i.e. until
tension strength of concrete reaches ft, a linear softening elastoplasticity model
after cracking i.e. ft. Here ft is one-tenth of f ′

c. As for the tension softening, the
softening coefficient was used 1.05×104MPa.

(3) PIC
Figure 3(b) shows the constitutive model of PIC. As for PIC, because stress -
strain relation is almost linear until failure and the failure shows brittle fracture,
0 to 0.75fc in compression zone is adopted linear and 0.75fc to fc parabola. In
tension zone, linear elasticity until ft was used and linear softening model after ft.
Elastic modulus Poisson’s ratio, compression strength and tension strength were
used Es = 4.1 × 104 MPa, ν = 0.2, f

′
c =160 MPa and ft =16 MPa, respectively.
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Figure 3 stress – strain relation of concrete and PIC
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3.3 Analytical results and discussions
Table 3 shows the cracking loads and the ultimate loads of reinforced concrete
beams by loading test and analytical results. In figure 4, relation between load
and displacement of span center are shown. It is found from this figure that FE
analytical results can simulate experimental those.

Table 3 Experimental and analytical results
specimen cracking load (kN) bending failure load (kN)

experiment FEM experiment FEM
1 34.3 30.2 97.0 102.5
2 44.3 45.3 148.0 143.7
3 – 42.1 250.9 256.5
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Figure 4 Results of RC beams without PIC and with PIC boards in

loading test and analysis

Comparing with the results of specimen 1 and 2, it is recognized that both the
ultimate strength and the ductility of specimen 2, which PIC boards are installed
in the upper side of a RC beam, increase. In addition, in specimen 3 which turned
a quantity of reinforcement into 2 times of specimen 2, as for the ultimate strength,
around 1.7 times increased accordingly reinforcement volume, but the increase of
ductility was small. As for this, it is thought that the reason is because concrete
of compression zone destroy before a reinforcing bar is broken.

Figure 5 show the crack appears of experimental and analytical results of specimens
1–3. PIC boards on RC beams were broken at the loading points when ultimate
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limit state, and then exfoliation between PIC boards and cast-in-place concrete was
found. It is very difficult to investigate a condition of destructive by loading test,
however, it can be simulated for the FE analysis that cast-in-place concrete was
first collapsed, and then PIC boards at the loading points were broken. Therefore,
as for the cause of exfoliation between PIC boards and cast-in-place concrete, it
is thought that destructive of cast-in-place concrete and stress concentration into
PIC boards with it are causes.

experiment analysis (1/2 model)

(a) specimen 1

experiment analysis (1/2 model)

(b) specimen 2

experiment analysis (1/2 model)

(c) specimen 3
Figure 5 Crack appears in loading test and analysis

4. Conclusions and concluding remarks

In this study, the behavior of reinforced concrete beams which are cast using poly-
mer impregnated concrete (PIC) boards as permanent formworks was investigated
through loading tests and a two-dimensional nonlinear finite element analysis. The
experimental and analytical results can be summarized as follows:

1. It is found from the results of loading test and finite element analysis that RC
beam installed with PIC boards into a compression zone, both the ultimate
strength and the ductility increase, if it has an appropriate reinforcement ratio.

2. For reinforced concrete beam with high reinforcement ratio, since cast-in-placed
concrete in the compression zone first broke before steel bar reach to the ulti-
mate strength, the increase of ductility is small.

3. As for the cause of exfoliation between PIC boards and cast-in-place concrete,
it is thought that destructive of cast-in-place concrete and stress concentration
into PIC boards with it are causes.
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In this study, constitutive law of reinforcing bar was calculated by the loading test
results. In order to generalize constitutive law of reinforcing bar of the reinforced
concrete beam subjected to bending, it should be examined relevance with consti-
tutive model of uniaxial tension member [5, 6].

This study focused on reinforced concrete beams covered with PIC boards used as
permanent and integral formworks. The authors think that in the case which PIC
boards are installed in the flexural tension zone, the effect of the PIC boards should
be evaluated with respect to the serviceability limit state. In the case which PIC
boards are installed in the flexural compression zone, the effect of the PIC boards
should be evaluated with respect to the ultimate limit state.

Use of precast PIC boards as permanent formworks in combination with fresh con-
crete should help to shorten the construction period, save a considerable amount
of labor, and contribute to the effective section of the concrete structure. In addi-
tion, use of PIC boards should dramatically improve the durability and corrosion
resistance of concrete structures.

In closing, the authors would like to thank Mr. Kentaro Hirashima, Nagasaki
University. Finally, the authors would like to add that this study was partially
funded by fiscal 1999 to 2000 scientific research grants for fundamental research
(category C) provided by the Ministry of Education of Japan.
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