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Editorial

It is my pleasure to present to you the Proceedings of 3rd Annual International Conference on
Architecture and Civil Engineering (ACE 2015) organized by Global Science and Technology Forum in
Singapore on 13" — 14" April 2015.

This conference serves as a forum for scholars, policy makers, experienced professionals, and
business executives to present and exchange new ideas on research in architecture and civil

engineering. The conference also is of interest to academicians of the related fields.

All the papers selected for presentation at this conference and for publication in the proceedings

were subjected to double blind peer review.

We thank all review committee members, partner universities, organizing committee members, and

especially all the conference participants for making this conference a grand success.

| am sure that the participants will benefit from the contributions to the Proceedings of ACE 2015

and trust that this volume will be useful in their future research endeavors.

Prof. Mark S. T. Anderson

ACE Editor-in-Chief

Professor of Architecture

Department of Architecture

College of Environmental Design
University of California, Berkeley, USA



i Foreword
This volume of confergnce proceedings contains a collection of research papers presented at the 3rd
Annual International Conference on Architecture and Civil Engineering (ACE 2015) organized by

Global Science and Technology Forum in Singapore on 13 — 14 April 2015.

The ACE 2015 conference is an international event for the presentation, interaction and
dissemination of new advances relevant to architecture and civil engineering research. As chairman
of the Board of Governors, GSTF, | would like to express my sincere thanks to all those who have

contributed to the success of ACE 2015.

A special thanks to all our speakers, authors and delegates for making ACE 2015 a successful
platform for the industry, fostering growth, learning, networking and inspiration. We sincerely hope

you find the conference proceedings enriching and thought-provoking.

Professor the Hon. Dr. Stephen Martin

Chairman, Board of Governors, GSTF



Preface

We are pleased to welcome you to the 3rd Annual International Conference on Architecture and Civil
Engineering (ACE 2015) organized by Global Science and Technology Forum in Singapore on 13 — 14
April 2015.

The ACE 2015 conference continuously aims to foster the growth of research in architecture, civil
engineering and its benefits to the community at large. The research papers published in the
proceedings are comprehensive in that it contains a wealth of information that is extremely useful to

academics and professionals working in this and related fields.

It is my pleasure to announce the participation of leading academics and researchers in their
respective areas of focus from various countries at this event. The Conference Proceedings and the
presentations made at ACE 2015, are the end result of a tremendous amount of innovative work and
a highly selective review process. We have received research papers from distinguished participating
academics from various countries. There will be “BEST PAPER AWARDS” for authors and students, to

recognize outstanding contributions and research publications.

We thank all authors for their participation and we are happy that they have chosen ACE 2015 as the
platform to present their work. Credit also goes to the Program Committee members and review
panel members for their contribution in reviewing and evaluating the submissions and for making

ACE 2015 a success.

Dr. Anton Ravindran CEng, FBCS

President, Global Science and Technology Forum

Adjunct Professor, Department of Management,

Birla Institute of Technology & Science (Pilani - Dubai Campus)

Adjunct Professor, Department of Computing and Information Systems,
’ Bina Nusantara University, Indonesia
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The Effect of Plane-Stress and Plane-Strain Model to
the Tensile Splitting Strength of the Concrete
Cylinder and Paving Block

Bobby Rio Indriyantho

Structural and Material Laboratory
Diponegoro University
Semarang, Indonesia
bobbyrio77@yahoo.com

Abstract— Numerous experimental investigations  have been
conducted to analyze the tensile behavior of plain concrete. One
of the most well-known methods, favored due to its ease in test
set-up, is the cylindrical splitting test or the Brazilian test.
Recently, attempts have been made to numerically simulate the
concrete tensile behavior based on this splitting test method.
Meanwhile, the question as to whether this case should be
modeled as a plane-stress or plane-strain condition was looked
into. The experimental testing was conducted in accordance to
the ASTM C496. Additionally, paving blocks tested in
accordance to the BS EN 1338:2003 standard basced on the same
principals as the Brazilian test, were performed. The specimens
were simulated by a finite clement program constructed in Visual
Basic language. The load-displacement  responses  of  the
laboratory tested specimens, namely eylinders and paving blocks,
functioned as a validation tool to the finite element program.
Beside proving that the developed program was correct, it was
also concluded that the plane-strain approach represented a
better outcome to the eylinder splitting test, while the plane-stress
mode provided a better characterization for the paving blocks.

Keywards-splitting tensile

splitting strength

test;  plane-stress;  plane-straing

l. INTRODUCTION

A range of testing methods to determine the tensile strength
of plane concrete is approved worldwide. From the direct
tensile test arises a high degree of procedural difficulties, so
that the indirect testing methods i.e. flexural test (rupture
analysis), and the splitting test method are the methods
suggested by most of the codes and standards. The direct
tensile test is carried out by applying an axial tensile force to a
concrete specimen. Beside the difficulties to apply the tensile
force to the specimen, the generation of a true concentric load
creates yet another challenge. Due to these complications, the
indirect testing methods became widely used by researchers as
well as practitioners in the concrete industry. The splitting test
method was first introduced in 1933 by Carneiro and Barcellos
from Brazil [1], originating the naming of this test method. The
test method has been standardized [2], and based on this
standard, a cylindrical specimen is laid horizontally and loaded
diametrically in compression along the cylinder height.
Extensive research work, both experimentally [3-5] and
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numerically [6,7], have been conducted on the tensile behavior
of plain concrete tested by this method. Aspects such as size
effects, fracture mechanism, and boundary conditions were
investigated, while empirical modeling and boundary elements
were used to explain the behavior of the cylinder under the
diametric compression  stress.  However, the numbers of
numerical studies on this subject were substantially less than
the experimental investigations, suggesting that a finite element
model would contribute to the data based on studies on the
split-cylinder test. Lately, the British Standard has revised its
code on precast concrete paving blocks from BS 6717 to the
BS N 1338 mandating the splitting test for the paving blocks,
replacing the uni-axial compression testing method. Having the
same basic principles, a finite element program developed for
the split-cylinder, could also be used to analyze the behavior of
conerete paving blocks in accordance to the BS EN 1338 [8].

Another interesting issue is the methodology of formulating
the stress-strain behavior of the specimen. Since loading on the
cylinder is applied along its diametric side, the question
whether the specimen should be considered as a plane-stress or
plane-strain model surfaced. In finite element modeling (FEM),
the two approaches will result in a differentiation in algorithms
and will naturally influence the outcome of the program.
Previous studies [9,10] has attempted to study the correctness
of the planc-stress versus the plane-strain concept through the
development of a finite element program based on the material
non-linear  approach, The generated  load-displacement
relationships produced by this program were compared against
the data obtained from the laboratory tested specimens, These
laboratory specimens, namely the cylinders and paving blocks,
had the exact same material propertics and geometric
characteristics as the FEM.

The Visual Basic language was favored to write the
algorithms duc to its simplicity and excellence in visual
representation. The created program was designated as Finite
Element Analysis for Spliting Test (FEAST).

© 2015 GSTF
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II.  LITERATURE REVIEW

A. The Splitting Test Method

The specifications for the splitting test apparatus and the
test set-up for the Brazilian test are clearly stated in the
standard [2]. The failure of the cylindrical specimen takes place
along the vertical plane, coinciding with the specimen axis in
the line of the applied load. Due to the effect of the Poisson’s
ratio and based on the law of mass conservation, tensile
stresses are induced perpendicular to the line of loading,
resulting in the splitting of the cylinder. The loading
configuration in this method causes nearly uniform tensile
stress perpendicular to the vertical plane, i.e. three-forth of the
diameter. The value of the tensile stress at failure is the tensile
splitting strength and is calculated using (1), where £, is the
tensile splitting strength due to the ultimate load (P), d the
diameter of cylinder and £, the specimen length or height of the
cylinder (Fig. 1).
2P

=l (H

f:p

Load

Bearing
Plate
i
P il Caoncrete
Flywood Spesimen
Ezlrips ™
“-.__

Testing Machine
Platform

Figure 1. Testing mechanism of the split-cyvlinder

Research has shown that the result of (he tensile splitting
strength test lies between the values obtained by the dircct
tensile strength and the flexural strength tests,

The requirements for paving blocks is regulated in [8]. The
test set-up for the paving blocks is similar (o the split-cylinder,
but differs in terms of their caleulations. According to the
standard, the tensile strength is computed based on the area of
the paving block’s failure plane. The formula for determining
the area of this failure plane is written as:

S=ixt (2)

Where S is the area of the failure planc in mm?, /s the mean of
two measurements of the failure length (one at the top and one
at the bottom of the block) in mm. and ¢ is the thickness of the
paving block at the location of the failure planc in mm. The
tensile splitting strength of the paving block can be calculated
by the equation from the given equation:

T DAY s =)

i

264

where T'is the strength in MPa, P is the load at failure in N, and
k is the correction factor as a function of the paving block
thickness calculated from the Table 1. See Fig. 2,

TABLE 1. CORRECTION FACTOR BS EN 1338

! ] 40 50 60 | 70

0.87 | 0.94

1.00 \ 1.06

Load

Paving
Block

Plywood

Strin S Rigid _
IS " Bearers |
N
5
Figure 2. Testing mechanism of the split-paving block

B. Plane-stress versus Plane-strain

There are two different approaches for the stress-strain
material behavior in modeling. The main issue is whether the
material constitutive matrix for the material should be assumed
as a plane-stress or plane-strain case. In the basic theory of
clasticity, [11] a state is mentioned as plane-stress if a thin
plate is loaded by a force parallel (o the platc and uniformly
distributed to its thickness. In this case, all of the stresses in the
direction of the z axis are always zero, with non-zero strains.
Equation (4) shows the material constitutive matrix for a plane-
stress condition [12].

a, E 1w 0 1,e,
g, [ = ’ _|v 1 0 £y (4)
by 1700 0 Laow |l

where @, and @, are. respectively, the normal stress in the
direction of x and y axes, and 7., is the shear stress. The
material stiffness or modulus of elasticity is symbolized by E
with v being the Poisson’s ratio. The normal strains in the
direction of the x and y axes are denoted as &, and &y, whereas
yuv 18 the shear strain.

An extreme condition is where the dimension in the
direction of the z axis is relatively very large when compared to
the dimensions in the other axes’ directions. This could be
representing the case of the split-cylinder and split-paving
block specimen. If the cylinder or long prismatic body is
loaded by a force perpendicular to the longitudinal axis of the
clement, and the area doesn’t vary along the length, it results in
a plane-strain state. In this case. all the strains in the direction
of the z axis are very small, and could be neglected. However,

© 2015 GSTF
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(his body will have non-zero stresses in the direction of the z
axis. The material constitutive matrix of a plane-strain
condition is written as (5).

0y E 1~ v 0 Ex
gy | = I 1—v 0 gy 3 (5)
Tay (1+v)(1=20)| 0 %{1,2,,) Yoy

Another important point is the stress-strain behavior in the
direction of the principal axis. Concrete is customarily assumed
to be an isotropic material, while in reality the non-
homogencous nature of the mix will result in a divergence in
the principal tensile and compression responses. For  the
purpose of cxactness in the programming, the modulus of
clascticity £ should therefore be constructed by assuming an

unisotropic nature, allowing a differentiation in the stiffness
“response £ and £ in the direction of the principal axis 1 and
7 Since the finite element analysis is based on the non-lincar
material behavior, these stiffness responses were updated as a
function of the increasing stresses. The uni-axial stress-strain
relationship was adopted from the CEB-FIB code [13] while
the Kupfer-Hilsdorf-Rusch failure criteria [14] was used to
generate the boundary conditions of the failure envelope.

1. EXPERIMENTAL WORK

A, Test Specimens

This experimental investigation was conducted by testing
two kinds of specimens., ie. concrete cylinders and paving
blocks. All of the specimens were tested at the age of 28 days.
Ten cylinders sized 150 # 300 mm and ten paving blocks sized
210 % 105 * 80 mm were used to carry out the splitting tests.
The details of the test specimens are presented in Table 2. The
material properties serving as input to the developed program
were obtained from individual cylinders tested in uni-axial
compression. As for the compression strength of the paving
blocks, standard cubes sized 50 * 50 = 50 mm were produced
and tested in compression.

TABLE 1L TESTED SPECIMENS
Number of specimen
Specimen Dimension (mm) Compression Splitting
L ome 1 test | test
Cylinders -
f'c 30 MPa . 5 pieces 10 pieces
fc 40 MPa g da0ye=200 5 gicccs Dicas
fc 50 MPa 5 pieces 10 pieces
Paving blocks
K-300 p=210;1=105; r=80 5 pieces 10 pieces
K-400 5 pieces 10 pieces

B. Test Set-up

The split-cylinder testing set-up is seen in (Fig. 3). In
preparation of the test, a cylinder was placed horizontally in the
splitting test apparatus. The loading was applied by the
Universal Testing Machine (UTM) with a rate of 700 kPa/min
based on [2]. A load cell type CNC-500 with capacity of 500
KN was used to monitor the applied load increment. The
displacements were measured by two LVDTs type CDP-25M.
Both the load cell and the LVDTs were connected (o a data
logger type TDS-303 to record the data.
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The test set-up for the paving block splitting test (Fig. 4)
was similar to the split-cylinder testing method. The loading
was applied by the Hung-Ta HT-8391PC Computer-Controlled
Servo Hydraulic compression apparatus with a stress rate of
0.05 MPa/min in accordance to [8]. Since the specimens for the
paving blocks were substantially smaller than the cylinders, the
Hung-Ta apparatus provided a better output reading. The
apparatus is also equipped with a build in load cell and LVDT,
climinating the use of these external reading devices.

Figure 4. The split-paving block test set-up and cracked specimen.

[V. RESULTS AND VALIDATION

In completing the tests, the resulting data from the
laboratory was analyzed and compared to the output of the FE
program. The compressive strength (/") of the cylinders and
paving blocks obtained from the compression test were
inputted into the program, the data can be seen in Table 3. The
Poisson’s ratio (v) was taken as 0.2, as advised by the code
[13]. The FEAST program was run for the Brazilian splitting
model using the three compressive strengths corresponding to
the laboratory resuts, and for the paving blocks with two
corresponding compression strengths.

TABLE 1IL THE RESULTS OF TESTED SPECIMENS
Mean Mean
Cylinder compressive Paving Blocks compressive
strength () strength ()
2,
= AN K-300 335 MPa
o 41 e K-400 411 MPa
C50 51 MPa )

A.  The Cylindrical Splitting Test

The load-displacement data from the Brazilian splitting test
was used to construct a graphical presentation of the load-
displacement response for the three compressive strengths. The
curves were compared to the load-dispacement responses
obtained by the developed program, run with both the plane-
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stress and plane-strain model. Fig, 5 - 7 display the comparison
between the data obtained by FEAST and the laboratory tested
specimens.
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Figure 5. The comparison between the specimen C30 data and the numerical

simulation results ([6]).
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Figure 6. The comparison between the specimen C40 data and the numerical

simulation results ([6]).
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Figure 7. The comparison between the specimen €50 data and the numerical
simulation results ([6]).

By examining the three curves, it can be concluded that the
FEAST program was run based on the plane-strain model,
resulting in a better approximation to the actual load-
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displacement response when compared to the curve from the
plane-stress model. An interesting fact is that at low stress
levels, the two models predicted a similar stiffness response. A
deviation in behavior is noticed at loading levels of 20% to the
ultimate load carrying capacity in tension, Upon reaching 80%
of the ultimate load, the FEAST program became unstable, for
the plane-stain as well as the plane-stress model, the predicted
curve deviated from the actual load-displacement of the
cylinder. However, the ultimate load was calculated correctly
by the plane-strain model.
B.  The Paving Block Splitting Test

In a similar manner, the load-displacement data of the
experimentally tested paving blocks were compared to the
curves obtained by the FEM analysis. The developed program
was run for two compressive strengths. Fig. 8 and 9 illustrate
the comparison between the load-displacement response form
the program to the laboratory tested data.
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Ihe comparison between the specimen K-300 data and the
numerical simulation results.
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Figure 9. The comparison between the specimen K-400 data and the
numerical simulation results

In contrary to the response of the Brazilian cylinder, the
behavior of the paving blocks under splitting forces was better
represented by the plane-stress model. This model providqi a
very close representation to the actual behavior of the paving
blocks. No discontinuitics were observed during the overall
loading mcrement stages and the ultimate tensile load was
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prcdictcd with great accuracy by FEAST. On the other hand,
the plane—str;lin model foresaw a highly overestimation of the
ultimate tensile load, while it also failed to picture the correct
development of the specimen stiffness under increasing load.
The curve as produced by FEAST started to deviate at very low
loading levels and continued to picture a much higher stiffness
when compared to the actual member’s behavior.

V.

At this stage of the research, the analysis toward the plane-
stress versus plane-strain approach for the behavior ol cement
based materials under splitting forces was concentrated on the
evaluation of the ultimate splitting load. The loads obtained
from the experimentally tested specimens and the FEAST
program were used 1o calculate the tensile strength based on (1)
for the cylinder, and (3) for the paving blocks. The FEAST
program was further utilized to generaic the correlation
between the tensile splitting strength /5, o the cylindrical
compressive strength /7.

ANALYSIS AND DISCUSSION

A The Cylindrical Splitting Strength

The tensile strengths for the three experimentally tested
concrete types were calculated. The FEAST program was
further run for a series of cylindrical compression strengths
ranging from 10 MPa to 100 MPa, and the ultimate splitting
load at failure recorded. This data was converted (o the tensile
strengths and graphically plotted against their corresponding
compression strengths (Fig. 10)
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Figure 10. The cylindrical tensile splitting strength relationship £, to /",

It is shown that the FEAST program predicted a close
approximation to the actual recorded strength in the laboratory.
For the C30 and C50 specimens, the program produced a
slightly conventional outcome, but has overestimated the
strength of the C40 specimen. Upon closer observation, it was
found that for C40, the FEAST program terminated
prematurely, most probably due to the steady load increment
that failed to record the exact point of failure. However, the
data confirmed that a plane-strain approach provided 2 realistic
representation of the behavior of a concrete cylinder under
splitting forces. The resulting tensile strength  versus
compression strength curve demonstrates a quadratic path to
the second degree, suggesting that the program when further
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perfected could be used to evaluate the mathematical
formulation between £, to and /™.

The boundaries to which the plane-strain case provides a
suitable representation to a cylindrical splitting test should be
studied, since the relative ratio between the diameter and the
height of the cylinder will determine this margin. Studies have
shown that this test method is also very sensitive to the
influence of the dimension and size of the specimen, the
FEAST program will provide a significant  support in
explaining the above mentioned topics.

B, The Paving Block Splitting Strength

The FEAST program was then utilized to analyze the
results of the splitting of the paving block in the same manner
as was done for the Brazilian test. Contrary to the cylinder
analysis, the plane-stress mode was used to determine the
tensile strength for paving blocks ranging from 10 MPa to 100
MPa. This method was favored since the study on the load-
displacement curves clearly expressed that the paving block
testing is a typical plane-stress case. Very limited information
was accessible for the experimental data, since the production
of paving blocks is limited to the two available data only. The
tensile splitting strength fi, to the cylindrical compressive
strength /. relationship as generated by FEAST is shown in
Fig. 11.
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Figure 11. The paving block splitting strength relationship £, to /'

The program gave an accurate prediction for the K-400
paving blocks, but overestimated the K-300 actual tensile
strength. Nevertheless, it was shown that the program could
produce a good presentation of the tensile strength increase as a
function of the compression strength enhancement. It is worth
o mention that the curves followed a similar parabolic path, as
was the case for the Brazilian testing. The explanation as to
why the plane-stress model produced a better estimate is
sought in the fact that the cylinder has an axisymmetric
configuration. The stresses on the cross-section will therefore
have a different pattern when compared to the square paving
blocks. The strains in the direction of the z axis are identical
over the overall length of the specimen, depending on the
distance to the axis of symmetry. The paving blocks have a
square cross-section, creating stress concentrations in the
angles of the specimen, not taking into account the fact that the
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edges are rounded-off. The relatively large ratios of the cross-
section perimeters also resulted in a different stress distribution
along the line of the loading, while the ratio of length of the
paving block to the width is substantially smaller than for the
cylinder.

VI.  CONCLUSION

The decision as to whether the analysis of a member under
splitting tensile load should be considered as plane-stress or
plane-strain depends largely on the configuration, dimension,
and size of the member. The plane-stress or plane-strain case
should be contemplated not only on the dimension ratio
between the width and the length, but should also take into
account the stress distribution within the cross-section and the
stresses along the line of the load. The Brazilian splitting
cylinder was proven to be a plane-strain case, while an
analogous testing method applied on paving blocks yielded in a
plane-stress mode.

The FEAST program in its early stages has been
demonstrated to be acceptably accurate in predicting both the
load-displacement response and the tensile strength of cement
based malerials. Nevertheless, (he program requires more
refinements and corrections to overcome the instabilities during
running. Also, more laboratory tested data $hould be made
available to ensure the validity of this program for a wider
range of compression strengths. The tensile splitting strength /.,
to the cylindrical compressive strength /7. relationship could
further serve as a useful instrument to evaluate the current
standards on the tensile strength of concrete and other cement
based material.
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