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Modal identification of a reduced-scale masonry arch bridge
with experimental measurements and finite element method

Emre Alpaslan **, Burcu Din¢? Kemal Haciefendioglu ?, Gékhan Demir?, Olgun Koksal

# Department of Civil Engineering, Ondokuz Mayis University, 55139, Samsun, Turkey

® Kavak Vocational School, Ondokuz Mayis University, 55850 Samsun, Turkey

ABSTRACT

ARTICLE INFO

This study aims to investigate modal parameters such as mode shapes, natural fre-
quencies and damping ratios of a reduced scale one-span historical masonry arch
bridge constructed in laboratory conditions by performing numerical and experi-
mental analysis. Sarp Dere historical masonry bridge, in Ordu, Ulubey, has 15.5 m in
length and 4.75 m in width was chosen as a prototype model. The reduced-scale
bridge model and structural details were carried out in the scale of 1:12.5. Opera-
tional Modal Analysis (OMA) technique was used for experimental study. The exper-
imental modal parameters of the bridge model were figured out by using Enhanced
Frequency Domain Decomposition (EFDD). ANSYS software was used to create 3D
finite element (FE) model and to expose the analytical modal parameters of the re-
duced-scaled bridge model. Moreover, FE model of the reduced-scale bridge model
was calibrated based on the experimental results by using the Response Surface
based FE model calibration technique to obtain more accurate results. The analysis
results of experimental, initial and calibrated FE model were compared. It is noted
that there are significant differences between the modal parameters obtained from
experimental and initial FE model. Model calibration techniques are beneficial to get
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a more reasonable FE model.

1. Introduction

Historical masonry structures have significant valua-
ble for countries due to reflecting their heritage and cul-
ture. One the most important masonry structures are
masonry arch bridges generally used as a primitive rail-
way infrastructure. Masonry arch bridges can have vari-
ous styles, sizes and spans. These structures have social,
economic and strategic importance; therefore, masonry
arch bridge must be repaired, strengthened and pro-
tected. Historical masonry arch bridges are exposed to
the dynamic loadings of traffic, wind and earthquakes.
Therefore, it is critical to determine the modal parame-
ters (such as natural frequencies, mode shapes and
damping ratios) of these kinds of structures.

Due to importance of masonry structures for historical
point of view, many researches have focused on methods

including both experimental and analytical investigations
to understand dynamic behavior of these types of struc-
tures. AVT Ambient Vibration Test (AVT) or Operational
Modal Analysis (OMA) method is one of the most suitable
and efficiency method to experimentally determine the
modal parameters of these kinds of structures because it
is a non-destructive method. Furthermore, these kinds of
structures have complicated geometry and uncertain ma-
terial properties and boundary conditions; therefore, it is
difficult to obtain finite element (FE) model of these kinds
of structures that truly reflects modal parameters. Thus,
FE model generally needs calibration techniques. The
procedure includes that modifies or updates the uncer-
tainty parameters in the initial finite element model ac-
cording to experimental test results to achieve more ac-
curate structural numerical model according to the study
done by Friswell MI and Mottershead JE (1995).
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Bayraktar et al. (2009) investigated the dynamic char-
acteristics of the Hagia Sophia bell-tower located in
Trabzon, Turkey by using ambient vibration test and op-
erational modal analysis. The modal parameters of the
structure were obtained and compared the finite ele-
ment analysis results. While there are some differences
between natural frequencies, a good agreement is
achieved between mode shapes. Foti et al. (2012) per-
formed an experimental test on a bell tower to investi-
gate the dynamic structural behaviour of slender ma-
sonry structure. Operational modal analysis was per-
formed for experimental works. The main frequencies
and damping ratios were obtained from measurements
at some relevant locations. Finite element model of the
structure was developed and the analysis results com-
pared the experimental results. The initial mechanical
values of the structure were calibrated following an iter-
ative approach until a good harmony between numerical
and experimental frequencies were achieved. Gentile et
al. (2015) investigated the modal parameters of the his-
toric bell tower of the church and got the ambient re-
sponse of the structure. For operational modal analysis,
the study used stochastic subspace identification
method. The finite element model of the structure was
updated according to the experimental results and cali-
bration procedure consisted of systematic manual tun-
ing, sensitivity analysis, and simple system identification
algorithm. After the calibration procedure, the differ-
ences between modal parameters of the experimental
and finite element analysis results did not exceed %1.20
and enough correlation in terms of mode shapes was ac-
quired.

The study done by Calik et al. (2014) related to inves-
tigation of the dynamic characteristics of the masonry
vault of Kii¢iik Fatih Mosque by using Ambient Vibration
Test. The natural frequencies, mode shapes and the
modal damping ratios of the damaged and restored
structure were identified by measuring the vibrational
responses of the vault under environmental effects. It is
concluded that the first five natural frequencies of the
damaged and restored vault increased and damping ra-
tios varied irregularly. Sevim et al. (2011) examined im-
portance of model calibration effects on the earthquake
response of masonry arch bridges by using OMA. Modal
analysis results of finite element models of Osmanl and
Senyuva historical arch bridges were calibrated accord-
ing to the in situ modal test results. Earthquake excita-
tion recorded during the Erzincan Earthquake in 1992
was applied to initial and adjusted finite element model
of two historical arch bridges and demonstrated the im-
portance of model calibration and ambient vibration
testing. Brencich and Sabia (2008) examined Tanaro
Bridge constructed in 1866. Dynamic test was per-
formed and natural frequencies, damping ratios and
mode shapes of the historical bridge were obtained. The
study performed by Bayraktar et al. (2010) is about ana-
lytical modelling, modal testing, and finite element
model updating for a two-span masonry arch bridge. The
results demonstrated that maximum differences in the
natural frequencies are decreased on average from 18 to
7% and a good agreement is achieved between analytical
and experimental dynamic characteristics after finite

element model updating. Nohutcu et al. (2015) investi-
gated the numerical and experimental modal parame-
ters of a historical mosque called Hafsa Sultan in Manisa,
Turkey by using FE method and OMA, respectively. Be-
cause there were some differences between natural fre-
quencies between FE model and OMA, the finite element
model of the structure was calibrated based on the re-
sults obtained from ambient vibration test by changing
material parameters. More realistic numerical model of
the mosque was obtained after calibration process.

A few studies have focused on the response surface
method for the structural finite element model calibra-
tion in the civil engineering field such as Xin et al. (2015),
Marcinetal. (2014), and Zhouhong et al. (2015). Renand
Chen (2010) presented the procedure by a simulated
simply supported beam and a full-size precast continu-
ous box girder bridge tested under operational vibration
conditions. The results compared with those determined
from the traditional sensitivity-based FE model calibra-
tion method. It is presented that the model calibration
process becomes efficient and converges fast compared
with the traditional sensitivity-based model calibration
method. The study concluded that the response surface-
based FE model calibration procedure is easy and fast to
be implemented in practice. Deng and Cai (2010) studied
model updating procedure by using response surface
method. They used simply supported beam as a
numerical example. Also, they applied this method to the
model updating of an existing bridge. The study
concluded that response surface method works well and
obtain reasonable physical explanations for the updated
parameters.

This study deals with investigating effectivity of re-
sponse surface-based finite element model calibration
method for historical masonry arch bridges. For this pur-
pose, a reduced-scale model of Sarp Dere historical ma-
sonry bridge was built in laboratory conditions and its
modal parameters were investigated. Finite element
model of the scaled bridges was developed in ANSYS and
experimental results were compared with the initial fi-
nite element model of the bridge. Calibration of the finite
element model was utilized depending on the Opera-
tional Modal Analysis results of the reduced-scale model
of the bridge by using the response surface-based finite
element model calibration method. Correlation studies
were conducted between the experimental and analyti-
cal modal parameters results of the reduced-scaled his-
torical masonry arch bridge to minimize the uncertain fi-
nite element modeling parameters such as material
properties and boundary conditions. For future study,
the effects of damaged and repaired reduced-scale
bridge model on the modal parameters can be investi-
gated by using response surface-based model calibration
technique according to the results obtained in this study.

2. Formulation

In general, Enhanced frequency domain decomposi-
tion (EFDD) technique is used for Operational Modal
Analysis in the civil engineering industries. In the EFDD
technique, the spectral density matrix is approximately
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separated into a set of single degree of freedom (SDOF)
systems utilizing the Singular Value Decomposition. It is
possible to get exact results in the case where loading is
white noise, the structure is lightly damped, and if the
mode shapes of close modes are geometrically orthogo-
nal. Even if these assumptions are not satisfied, the re-
sults are significantly reasonable according to Brincker
et al. (2000) The relationship between unknown input
x(t) and the measured responses y(t) is expressed based
on Ewins (1984) and Bendat and Piersol (2004) as;

[Gyy GW)] = [HGW)]* [Gore G ITHGW]T 1

where G,, (jw) is the power spectral density (PSD) ma-
trix of the input, G, (jw)is the PSD matrix of the re-
sponses, H(jw) is the frequency response function (FRF)
matrix, and * and superscript T donate complex conju-
gates and transpositions, respectively.

3. Application

In this study, Sarp Dere historical masonry arch
bridge has 15.5m in length and 4.75m in width was con-
sidered as a prototype model. The historical bridge is
one-span masonry bridge which carries Ottoman archi-
tectural features. The main line of the arch consists of 47
stones and the side walls of the bridge have 50 cm width.
Restoration of the bridge was completed in 2012 under
the supervision of the 7th Regional Directorate of High-
ways. Figs. 1(a-d) present the masonry bridge and its ge-
ometrical properties. A reduced-scaled model of the one-
span historical bridge was constructed in laboratory
conditions to estimate the dynamic characteristics of the
prototype bridge model, which are natural frequencies,
mode shapes and damping ratios. The model and struc-
tural details including masonry bricks, mortar joints and
filling material were implemented in the scale 1:12.5.
The scaled bridge model has 159 cm in length and 36 cm
in width. The bridge model was consisted of arch, side
walls, filling material and parapets. Gas concrete also
known as autoclaved aerated concrete was used as a
construction material of the arch, side walls and para-
pets. According to Turkish Standards (TSE 453), auto-
claved aerated concrete is a porous lightweight concrete
produced by the mixture of fine grain siliceous aggregate
and an inorganic binder (lime and/or cement). In the
production procedure, its unit weight is decreased by
adding a pore-forming agent and it is exposed steam cur-
ing to provide its mechanical strength. The reason of the
material choice is to be comforted with geometrical scale
proportion of the model bridge elements due to its abil-
ity of workability. Modulus of elasticity of autoclaved
aerated concrete has been given as a function of the den-
sity and compressive strength of the material. The mod-

ulus of elasticity for a autoclaved aerated concrete hav-
ing a density range of 500 to 700 kg/m3 was reported to
be 1.4 to 2.8 103 MPa according to MacElroy and
Kimpflen (1990). Each gas concrete elements were im-
mersed in mortar mixture to be able to obtain appropri-
ate mechanical properties comply with the prototype
bridge elements. The filling material is natural soil with
%10 chaffy. The mechanical properties of the construc-
tion material are shown in Table 1. The arch of the his-
torical bridge model is formed as various curvatures,
four different radius and central angle and includes total
47 stone. The side walls have 4 cm in width on both
downstream and upstream sides. Horosan mortar con-
sisting of brick-dust and lime paste was used as a fas-
tener material of the construction elements. The scaled
bridge model was supported by two separate abutment
composed of the mixture of the cement paste and gas
concrete. Fig. 1(e) demonstrates the reduced scale
bridge model.

3.1. Modal test and experimental modal parameters

Operational modal analysis was carried out to deter-
mine dynamic characteristics of reduced scale bridge
model. One-axial accelerometers and data acquisition
system were used to get signals obtained from small ar-
tificial vibrations in order to vibrate the reduced-scaled
bridge model for the experimental measurements. 12 ac-
celerometers were utilized in total and were put into six
different locations on both Y and Z direction on the span
of the bridge model. Fig. 2 represents the test setup of
experimental study of the reduced-scaled bridge model.
Moreover, one reference accelerometer was disposed on
the middle point of the span in order to combine the six
measurement data taken in each axis. The signals gath-
ering from accelerometers were obtained by using data
acquisition network access software Testlab_V2. Meas-
urement duration was chosen as 15 minutes and the fre-
quency range was taken as 0-50 Hz. The data collected
from the accelerometers corresponding to specified
points are illustrated in Fig. 3. ARTeMIS 1.5 software
(2013) was performed to obtain the experimental modal
parameters of the reduced-scale historical masonry
bridge model. The natural frequencies, modal damping
ratios and mode shapes of the scaled bridge model were
procured by performing EFDD technique. The signal
time series for all channels and the singular values of
spectral density matrices of data set obtained from the
EFDD technique are demonstrated in Figs. 4 and 5, re-
spectively. Furthermore, experimentally obtained natu-
ral frequencies and mode shapes of first three modes of
the scaled bridge model are shown in Fig. 6. The first three
mode shapes of the reduced-scale bridge model can be
expressed as lateral mode in y-direction for the first
mode and transverse modes for second and third modes.

Table 1. Mechanical properties of construction materials.

Unit Weight (g/cm3)

Modulus of Elasticity (N/mm?)

Poisson’s Ratio

0.800
1.365

Gas concrete

Chaffy soil

1600 0.20
1500 0.05
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0 0 T i

500

0.55m

53m
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Fig. 1. (a) Sarp Dere Bridge; (b) Restoration of the Bridge; (c) Longitudinal cross-section of prototype bridge (the
unities are in m); (d) Transverse cross section of prototype bridge; (e) Reduced scale bridge model.

Fig. 2. Test setup of reduced-scaled bridge model.
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Fig. 3. Configuration of the accelerometers.
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[ peformed Shape

(a) Mode 1 (lateral mode)

B ndeformed Shape
. Deformed Shape

W yndeformed Shape
____ Deformed Shape

(c) Mode 3 (2nd transverse mode)

Fig. 6. Experimentally identified first three mode
shapes of the scaled bridge model.

3.2. Finite element modelling

Three dimensional finite element model of scaled
bridge model was created in ANSYS (2013) software to
evaluate the dynamic characteristics of the bridge which
are natural frequencies and natural mode shapes.
SOLID186 elements for the three-dimensional modelling
of solid structures were used to model the bridge model.
This element is defined by 20 nodes; each node has 3
translational degrees of freedom, namely, ux, uy and u.. It
supports plasticity, hyperelasticity, creep, swelling,
stress stiffening, large deflection, and large strain capa-
bilities (ANSYS 2013). The mechanical properties of the
scaled bridge model, the modulus of elasticity, Poisson’s
ratio and mass density, were used as shown in Table 1.
In the model, linear elastic material behaviour is as-
sumed and the stiffness degradation is neglected. The fi-
nite element model of the scaled bridge includes 21854
solid elements and 113250 nodes in total. The three di-
mensional FE model of the scaled bridge created using
section properties of the prototype bridge. The boundary
conditions of the FE model of the bridge were created as

reduced-scale bridge model. In the FE model, the bridge
supported on two abutments on two sides and the model
was sit on a platform as illustrated in Fig. 7. For initial FE
model, it was assumed that boundary condition of the
bridge’s foundation was assumed to be rigid; therefore,
all of the degrees of freedoms under the platform of the
bridge model were accepted as fix support.

3.3. Finite element model calibration

The natural frequencies and modal shapes of the re-
duced-scaled bridge model were computed from the fi-
nite element analysis according to the initial mechanical
parameters and boundary conditions as indicated in Sec-
tion 3.2. The natural frequencies obtained from the ini-
tial conditions are shown in Table 2. It can be realized
that there are significant differences between the fre-
quencies obtained from analytical and experimental
analyses according to the initial conditions.

Fig. 7. Finite element model of the scaled bridge model.

These differences may due to uncertainties elastic
mechanical properties of materials, inaccurate boundary
conditions and assumptions of structural geometry.
Therefore, the FE model calibration should be per-
formed to achieve more accurate results. The material
properties and boundary conditions of finite element
model can be changed in order to calibrate the modal pa-
rameters of finite element model and get more accurate
results reflected the dynamic behaviour of reduced-
scaled bridge model. In this study, the elastic mechanical
properties of boundary conditions (abutments) of finite
element model were changed. Moreover, the platform
under the bridge was modelled by a flexible boundary,
which permits a more flexible dynamic behaviour of the
structure. During the calibration process, the material
properties of reduced-scale bridge model (the elastic
modulus, unit weight and Poisson’s ratio) were not
changed.

The manual or automatic model calibration methods
are benefited in many studies. In this study, the response
surface-based FE model calibration for OMA was applied
to the reduced-scaled historical masonry bridge. Natural
frequencies evaluated from Eigen analysis of the FE
model were compared to the experimental analysis; the
optimal results were found using the optimizations
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method based on Casciati (2010). The aim of this method
is to close the gap between the numerical results and the
experimental ones. The frequencies obtained from the
analytical analyses which are for before and after cali-
bration and experimental modal parameters are shown
in Table 2. The differences of the first three modal fre-
quencies for experimental and initial FE model varied
between 0.3 - 5.8%. After model calibration, the differ-
ences of modal frequencies for experimental and cali-
brated FE model decreased to 0.2 - 0.8%. Model calibra-

tion technique demonstrated that the natural frequen-
cies computed from the FE method show a good compat-
ibility with those found from EFDD technique. The ana-
lytically defined first three mode shapes of the bridge are
demonstrated in Fig. 8. It can be seen that there is
enough agreement between mode shapes when the ana-
lytical and experimental results are compared with each
other. Furthermore, the first three damping ratios of the
reduced scale historical masonry bridge model identi-
fied as 2.15 - 4.12% using ARTeMIS Modal Pro 1.5.

Table 2. Analytical and experimental modal parameters.

Initial finite Calibrated finite

Experimental

Differences

Initial finite Calibrated finite

element model element model modal analysis element model element model
Frequency Frequency Frequency Damping ratio o ©
Modes (H2) (H2) (Ha) %) (%) ()
10.21 9.67 9.65 4.12 5.8 0.2
16.64 17.71 17.85 3.39 6.8 0.8
3 20.53 20.64 20.60 2.15 0.3 0.2

(b) Mode 2 (17.71 Hz)

(c) Mode 3 (20.64 Hz)

Fig. 8. Analytically identified first three mode shapes
of the scaled bridge model.

4., Conclusions

In this study, modal parameters of a reduced-scale
historical masonry bridge were investigated by using the
Operational modal analysis. In accordance with this pur-
pose, Sarp Dere historical masonry arch bridge located
in Ordu was selected as a prototype model. The Opera-
tional Modal Analysis test is realized under environmen-
tal vibration. The Enhance Frequency Domain Decompo-
sition (EFDD) method is used to define the natural fre-
quencies, mode shapes and damping ratios experimen-
tally. 3D finite element model of historical masonry
bridge is modelled ANSYS software and detected the nat-
ural frequencies and mode shapes analytically.

Experimental and analytical results with the initial
conditions were compared and significant differences
were observed. For this reason, response surface-based
FE model calibration technique was utilized to close the
frequencies obtained from the analytical analysis to
those of experimental analysis. Following are conclu-
sions from this study:

e [t was seen from the analytical results that the first
three natural frequencies are in the range between 10
Hz and 20 Hz.

e The experimentally determined first three damping
ratios of the reduced-scale historical masonry bridge
model was range of 2.15% to 4.12%.

e The first three mode shapes of the reduced-scale
bridge model can be classified as lateral mode and
transverse modes. Similar mode shapes were ob-
tained from the numerical analysis.

e The first and second analytical frequencies according
to the initial conditions demonstrated significant dif-
ferences compared to the experimental frequencies.

e Response surface-base FE calibration was performed
to close the differences between natural frequencies
obtained from experimental and numerical analysis.

e C(Calibration of the finite element model by using re-
sponse surface method is seen as a good approach to
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e Response surface-base FE calibration was performed
to close the differences between natural frequencies
obtained from experimental and numerical analysis.

e (Calibration of the finite element model by using re-
sponse surface method is seen as a good approach to
determine to modal parameters of reduced-scale his-
torical masonry bridges. After the finite element
model calibration, the differences between experi-
mental and analytical natural frequencies declined
considerably.

According to the results obtained in this study, it is
aimed to investigate the functionality of response sur-
face-based FE model calibration technique to obtain
modal parameters of damaged and repaired reduced-
scale historical masonry bridge model for future study.
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ABSTRACT

ARTICLE INFO

This paper describes the strength of Polypropylene Fiber Reinforced Concrete
(PFRC) exposed to the elevated temperatures. In the study, control specimens with-
out any fibers and the concrete specimens with the ratios of 0.30, 0.60, 0.90 and 1.20
kg/m?3 polypropylene fibers both in woolen and bar shape fiber have been produced.
The specimens have been kept in the laboratory conditions for 28 days. Shortly after
the curing period was completed, every group was heated at 23, 150, 300, 450, 600
and 750°C for two hours then the compressive strengths of them were determined.
The maximum compressive strength was obtained by the specimens including 0.30
kg/m?> woolen polypropylene. For this group, the compressive strength increase was
8% according to the control specimens. The compressive strengths of bar polypro-
pylene fiber concrete were higher than the wool fibers under elevated temperatures.
On the other hand, more compressive strength values are obtained from the control
specimens than fiber groups at 600°C temperature. Melting the polypropylene fiber
at 500°C formed some pore spaces in concrete and caused reduction of the compres-
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1. Introduction

In the field of civil engineering, the importance of fiber
concrete is rapidly increasing. Polypropylene fiber rein-
forced concrete (PFRC) is the mixture of cement, aggre-
gate, water and polypropylene fibers. Concrete under-
goes significant damages when it is under the influence
of elevated temperature. This may cause undesirable
structural defects; however, addition of polypropylene
fibers is one of the methods used to reduce this damage.
According to the researches, the increase of plasticity
and bending strength are the extra advantages of adding
the fibers to the concrete. Two kinds of fiber that often
used in the concrete are: steel fiber and polypropylene
fiber (Kakooei et al., 2012; Mazaheripour et al., 2012).
The evaporation of concrete surface water is a compo-
nent in creating the contract paste fracture in concrete
that leads to the formation of tension stress since the
concrete starts to strengthen (Mazaheripour et al,
2012).

Recently, it has been found that fibers can also im-
prove the residual properties of concrete being exposed
to elevated temperatures. Polypropylene fibers have
been used to reduce spalling and cracking and also to en-
hance the strength (Nishida and Yamazaki, 1995; Kalifa
etal., 2001). But minimal or even negative effects of pol-
ypropylene fibers on the residual performance of the
heated concrete were also observed (Chan et al., 2000;
Poon et al,, 2004). The fiber melts at approximately 160-
170°C and causes expansion channels in the concrete.
Therefore the additional porosity and small channels
created by polypropylene fibers melting may lower in-
ternal vapor pressure in the concrete and reduce the
likelihood of spalling (Noumowe, 2005; Uysal and
Tanyildizi, 2012). The loss in strength of concrete at high
temperature was attributed to three major factors,
namely vapor pressure of capillary and gel water, de-
composition of cement hydration products, and possible
collapse of filling aggregate (Haddad et al., 2008). Other
researches have also shown that some organic fibers
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such as polyvinyl alcohol (PVA) and nylon are also effec-
tive in mitigating spalling during the time that other ma-
terials like cellulose (Heo et al., 2009) and polyethylene
fibers are not more effective (Knack, 2009; Bangi and
Horiguchi, 2012).

The reductions in compressive strength of concrete,
when exposed to elevated temperatures, can be at-
tributed to the dehydration of concrete by driving out of
free water and chemically combined water. The loss of
physically bound water significantly affects the mechan-
ical properties of the concrete exposed to elevated tem-
peratures (Bastami et al., 2011). The fire resistance ca-
pacity of concrete is not complicated just because con-
crete is a composite material, in which components ex-
hibit different thermal characteristics, but it is also for
properties depending on the porosity and moisture of
concrete. As the cement paste is exposed to increasing
temperatures, the following process occurs: (1) the ex-
pulsion of steam water at a temperature of 100°C, (2) the
beginning of the dehydration of the hydrates of calcium
silicate at 180°C, (3) the decomposition of calcium hy-
droxide at a temperature of 500°C and (4) the decompo-
sition of hydrate calcium silicate that begins around

700°C. The alterations produced by high temperatures
are more evident when the temperature exceeds 500°C
(Uysal et al,, 2012; Khaliq and Kodur, 2011). Damage to
the concrete exposed to elevated temperature includes
weight loss, reductions in strength, modulus of elasticity
and the formation of cracks and also large pores (Janotka
and Mojumdar, 2005). In this study the strength of poly-
propylene concrete specimens exposed to the high tem-
perature is achieved.

2. Experimental Program
2.1. Materials
2.1.1. Cement

The Portland cement CEM I 42.5 R has been used in
this study. Initial and final setting times of the cement
were 140 min and 205 min, respectively. The specific
gravity of cement was 3.16 and the Blaine specific sur-
face area was 3250 cm?/g. Chemical composition of ce-
ment has been given in Table 1.

Table 1. Chemical composition of cement (%).

Si02 ALz03 Fe203 Ca0 MgO

SO3

K20 Naz0 Ccr Loss on Ignition

18.73 4.56 3.07 63.91 2.08

2.92 0.62 0.29 0.01 3.81

2.1.2. Woolen polypropylene (WPP) fiber

It is widely shown that polypropylene fibers are more
affective in the concrete exposed to elevated temperatures
(Suhaendi and Horiguchi, 2006; Bingdl and Atashafrazeh,
2015). Additives are used in polypropylene to prevent pol-
ymer degradation, resulting from exposure to heat, shear
and light. Those additives broaden the property and appli-
cation range by providing higher functionality and en-
hanced performance. As colorants, organic pigments pro-
vide solutions of high technical standard and are almost
suitable for polyolefin. By polypropylene applications, the
requirements for organic pigments expand and demand
excellent processing properties as heat resistance or dis-
persibility and durable end-use properties as heat and
weather fastness. Typical properties of polypropylene fi-
ber (woolen type) have been shown in Table 2.

2.1.3. Bar polypropylene (BPP) fiber

Addition of polypropylene fibers to concrete en-
hances the longevity of the structure by controlling mi-
cro cracks. Also, these fibers reduce water permeability,
rebound “splattering” of concrete and shotcrete. Incor-
porating fibers increases concrete strength because of
the high modulus of elasticity to compare with the con-
crete or mortar binder. Its post cracking behavior helps
the continuity of absorbing energy as fibers pull out
(Krishna et al., 2011). Typical properties of bar polypro-
pylene fibers, used in this study, are given in Table 3.

Table 2. Properties of woolen polypropylene fiber.

Fiber Type BASF Master Fiber 15 MF
Length (mm) 12

Specific Gravity 0.91

Melt Point 160°C

Ignition Point 590°C

Shape Woolen

Table 3. Properties of bar polypropylene fiber.

Fiber Type Meyco Fiber SP 540
Length (mm) 40
Diameter (mm) 0.9
Fineness 44

Shape Bar
Minimum Tension Strength (MPa) 295

Unit No. (fiber/kg) 4600

2.1.4. Aggregate

Thermal properties of concrete are mainly interre-
lated with the type of aggregates used in. Dry and clean
natural, river aggregate was used in concrete mixture.
The gravel was 16mm maximum nominal size with 1.1%
water absorption value and relative density of it at satu-
rated surface dry (SSD) condition was 2.70. The water
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absorption value of the sand used was 1.2% and the rel-
ative density at saturated surface dry (SSD) condition
was 2.61. The properties of aggregates used in this study
have been given in Table 4.

2.2. Experimental significance

According to the ACI Committee 211 (2002) concrete
is composed of aggregates, Portland cement, and water,
and may contain other cementations’ materials and
chemical admixtures. The concrete mix that is used in
this study for casting the specimens has been shown in
Table 5. Portland cement CEM I 42.5 R, crushed stone
course aggregates the maximum size of 16mm and river

sand have been used. The specimens incorporated two
different aspect fibers.

There were 9 different groups of the concrete speci-
mens that consist of 0.30, 0.60, 0.90 and 1.20 kg/m3 pol-
ypropylene fibers group both in woolen and bar types
and also control group without any fibers admixtures.
In this study totally 162 cylindrical concrete speci-
mens were cast with the size of 200x100 mm. The
specimens have been divided into six groups and ex-
posed to six different (23, 150, 300, 450, 600 and
750°C) temperatures for 2 hours. The investigated pa-
rameters are chosen in accordance with the previous
studies (Netinger etal., 2011; Gao et al., 2012; Aslani and
Samali, 2012).

Table 4. The results of aggregates tests.

Gr.ain Sieve Size (mm) Fineness Specific Loosg Unit Ur.lit Wat.er abs.
Size Modulus Gravity Weight Weight Ratio 24h
(mm) 16 8 4 2 1 0.5 0.2 (kg/m3) (kg/m3) (%)
0-4 100 100 86 62 39 16 4 2.66 2390 1288 1420 2.04
4-16 100 31 8 1 0 0 0 5.9 2510 1310 1470 0.35

Table 5. Concrete mix proportion.

Water/Cement Ratio

Sand/Cement Ratio

Coarse Aggregate/Cement Ratio

0.46 2.66

2.45

3. Results and Discussion
3.1. Workability

Slump test is a common, convenient and inexpensive
test, but it may not be a good indicator of workability for
FRC (Song et al., 2005). However, once it has been estab-
lished that a particular FRC mixture has satisfactory han-
dling and placing characteristics at a given slump, the
slump test may be used as a quality control test to moni-
tor the FRC consistency from batch to batch according to
the ACI committee 544 (1988). Fresh mixes were tested
for workability by slump test. Slump test has been carried
out for all the groups and test results are given in Table 6.

Table 6. Concrete specimens slump test result.

Concrete Group Slump Result (cm)

Control 17
0.30 kg B.P.P. Fiber 16
0.60 kg B.P.P. Fiber 18
0.90 kg B.P.P. Fiber 19
1.20 kg B.P.P. Fiber 16
0.30 kg W.P.P. Fiber 13
0.60 kg W.P.P. Fiber 11
0.90 kg W.P.P. Fiber 11
1.20 kg W.P.P. Fiber 10

As the woolen polypropylene fiber amount increases
in the concrete, the slump result comes down but in-
creasing the bar polypropylene fiber does not have a sig-
nificant influence on the slump results.

3.2. Weight loss

In this research concrete specimens (150 specimens)
have been weighed before and after being exposed to the
elevated temperatures. Weight loss percentages of them
have been presented in Figs. 1 and 2 for bar and woolen
polypropylene fibers, respectively.

It can be clearly seen that weight loss percentages of
woolen polypropylene fiber concrete are more than the
other one. It can also be seen in Fig. 1, for the bar poly-
propylene fiber concretes, minimum weight loss was ob-
served in the group with 0.60 kg/m3 fiber, when the
maximum value was at 0.90 kg/m3.

Fig. 2 shows weight loss of different groups of woolen
polypropylene concrete in comparison with control
group of specimens. It can be clearly seen that the group
with 0.30 kg/m3 woolen polypropylene has the mini-
mum weight loss and maximum weight loss is observed
for the group with 1.20 kg/m3 woolen polypropylene fi-
ber. Many potential causes of weight loss occur in the
concrete being exposed to the high temperature (Bingol
and Atashafrazeh, 2015). However, expulsions of chunks
or spalling of the concrete on the surface layers are main
reasons of weight loss (Uysal et al,, 2012).
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Fig. 1. Weight loss of bar polypropylene concrete in comparison with control concrete in different temperatures.
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Fig. 2. Weight loss of woolen polypropylene concrete in comparison with control concrete in different temperatures.

3.3. Compressive strength

ASTM compressive strength equipment and proce-
dures used for conventional concrete can also be applied
for FRC. The cylinders should be 100x200 mm in size and
should be made using external vibration or a 1 inch (25
mm) nominal width internal vibrator in accordance with
ACI committee 544 (1988). Compressive performance of
concrete at high temperature is important for the evalu-
ation and repair of concrete structures (Zheng et al,,
2012). The 28 days average compressive strength of
specimens (totally 162 specimens) that were exposed to
their specific elevated temperature has been shown in
Table 7.

According to Table 7, it can be clearly seen that by the
increase of the temperature, the compressive strength of

specimens’ decreased except at 450°C. Maximum com-
pressive strength obtained for the specimens with 0.30
kg/m3 woolen polypropylene fibers at 23°C. As it can be
seen from the table, adding polypropylene fibers did not
cause any significant increase in the compressive
strength at room temperature (Behnood and Ghandehar
M, 2009; Aulia, 2002). Maximum compressive strength
for the concrete with 0.60 kg/m3 bar polypropylene fiber
was obtained at 150°C. It has been shown in the previous
studies (Poon etal., 2004; Bastami etal., 2011) that heat-
ing up to temperature of 200°C does not have significant
effects on the compressive strength of concretes. Maxi-
mum compressive strength values have been obtained
for the concrete with 1.20 kg/m3bar polypropylene fiber
at 300°C, for the concrete with 0.60 kg/m3 bar polypro-
pylene fiber at 450°C, for the control specimens at 600°C
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and finally for the concrete with 1.20 kg/m3 bar polypro-
pylene fiber at 750°C. But it is significantly observed
that, at 450°C the fibers had no influence on the com-
pressive strength of concrete (Poon et al., 2004; Qian and
Stroeven, 2000; Morris et al., 2002). The lower compres-
sive strength of the concrete prepared with the polypro-

pylene fibers may be because of the insufficient dispers-
ing of the fibers in the concrete during mixing (Xiao and
Falkner, 2006). The reduction in the compressive
strength of concrete was significantly large for the spec-
imens exposed to the high temperatures more than
600°C (Demirel and Kelestemur, 2010).

Table 7. Fibrous concrete mixes, average compressive strength after exposing to the elevated temperature (MPa).

Fiber Volume Fraction 23°C 150°C 300°C 450°C 600°C 750°C
Control 27.74 25.66 19.97 20.80 16.25 5.27
0.30 kg B.P.P Fiber 27.39 24.89 19.69 22.74 16.16 5.05
0.60 kg B.P.P Fiber 24.73 27.16 21.72 23.44 14.89 5.31
0.90 kg B.P.P Fiber 26.93 26.89 22.75 21.42 13.70 4.77
1.20 kg B.P.P Fiber 27.14 26.30 23.24 21.73 13.95 5.74
0.30 kg W.P.P Fiber 28.97 23.92 19.08 15.04 10.11 5.69
0.60 kg W.P.P Fiber 27.88 25.51 22.09 12.17 8.20 5.49
0.90 kg W.P.P Fiber 23.04 22.50 16.98 19.15 8.95 4.79
1.20 kg W.P.P Fiber 24.53 26.97 16.70 13.32 8.53 4.73

Compressive strength of concrete specimens exposed
to the elevated temperatures has been shown in Figs. 3
and 4, which are represented by y=ax+b indicated by the
linear trend lines. R? is the coefficient of determination
to evaluate simulation result. The value of RZvaries be-
tween 0 and 1, where 1 is the perfect fit of the equation
to underlying data (Zheng et al., 2012; Khaliq and Ko-
dur, 2011).

All the specimens are compared with control speci-
mens. Therefore, two figures have been shown, accord-
ing to the figures, R? of control specimens is 0.8705. This
value for 0.30, 0.60, 0.90 and 1.20 kg/m3 bar polypropyl-
ene concrete specimens were 0.8076, 0.8349, 0.8775 and
0.8811 and for 0.30, 0.60, 0.90 and 1.20 kg/m3 woolen
polypropylene specimens are 0.9992, 0.9592, 0.8648 and
0.9268, respectively. These values showed a significant

relationship among the results of the specimens.

35 ¢ Control m 300 g (b.p.p.) 600 g (b.p.p.) X900 g (b.p.p.) %1200 g (b.p.p.)
30 A
= R
S 25 -
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Temperature

Fig. 3. Compressive strength of control and bar polypropylene fiber concrete.
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Fig. 4. Compressive strength of control and woolen polypropylene fiber concrete.

4. Conclusions

The main purpose of this study is investigating the ef-
fects of high temperature on the compressive strength of
concrete. Therefore, the experiments were carried out
by mixing woolen and bar types of polypropylene fiber
into the concrete. The results obtained advantages com-
pared to current knowledge and further specify with in-
sertion.

e Less influence on the workability of bar polypropyl-
ene fibers on concrete has been determined. There-
fore, the use of bar polypropylene fiber is thought to
be appropriate in the pumped concretes. But woolen
polypropylene fiber affects the workability of the
fresh concrete adversely and it reduces the slump re-
sult almost 31% in comparison with control speci-
mens’ result.

e Polypropylene fiber has less influence on the com-
pressive strength of concrete, and on the other hand,
mixing in 1.20 kg/m3 polypropylene fiber was being
observed as a negative influence on them.

e In the compressive strength test, the maximum
strength has been obtained for the concrete by mixing
in 0.30 kg/m3 woolen polypropylene fiber. The
strength increase is about 8% in comparison with the
control specimens.

e Bar polypropylene fiber is more effective than woolen
type after being exposed to the elevated tempera-
tures.

e In the specimens by mixing in 0.60 kg/m3 bar poly-
propylene fiber, the highest strength has been ob-
tained at 150°C (27.16 MPa). This result was 23.24
MPa for the specimens by mixing in 1.20 kg/m3 bar

polypropylene fiber at 300°C. And at 450°C, the maxi-
mum strength was 23.44 MPa for the concrete by the
0.60 kg/m3 bar polypropylene fiber and finally con-
trol specimens gave the best results both at 600 and
750°C.

e The statistics show that the specimens without any fi-
bers (control group) give the best results at 600°C. In
the PFRC specimens, polypropylene fibers melt at
160-170°C and by increasing the temperature they
vapor at 500°C, as well as preventing explosion of
concrete, they can also influence the concrete to be a
porous material. Therefore it leads to PFRC strength
decreasing more than the control specimens.
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ABSTRACT

ARTICLE INFO

Steel silos are interesting, complicated facilities. In order to ensure unloading of
whole amount of stored product by gravity, they are often placed on supporting
structure. Values of stresses in joints between thin sheets and supporting frame ele-
ments are very high, which could cause local loss of stability in thin shells. Many re-
searchers have worked on values and distribution of the meridional stresses in that
joints. Their traditional approach is to divide in their minds cylindrical shell on two
parts - discretely supported ring beam and continuously supported shell above it. As
a result of their efforts critical height of shell Hcr and ideal position of intermediate
stiffening ring on shell are determined. The scientific results are based on semi-mem-
brane theory of Vlasov, in which influence of vertical stiffeners and internal pressure
is not accounted. On other hand all steel silos are loaded with an internal pressure
and majority of them have vertical stiffeners above supports. Is it possible the ob-
tained scientific results to be applied to these silos? In a present article the author
will show that stiffeners and pressure should not be ignored in analysis.
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1. Introduction ¥= K shen

K

Often steel silos are elevated facilities, put on support- ring

ing structure. The purpose is easily and completely un-

(1)

loading of all stored product by gravity. The supporting
structure is different for every project, depending on real
conditions of exploitation. The most popular are two
types - built from horizontal girders and columns or from
columns only. Both types of frame structure cause con-
centrated meridional forces in the cylindrical body of the
silo. As a result, the thin shell could loses local stability.

The simplest way to design steel silos is to divide in
our minds cylindrical shell on two parts - discretely sup-
ported ring beam and continuously supported shell
above it. Obviously, to ensure continuously support of
shell, bending stiffness of ring beam should be high. In
European standard EN 1993-4-1 that concept is recog-
nized but it keeps silence about recommended stiffness
of ring beam. Rotter (1985) suggested that a value of ra-
tio ¢ = 0,25 might be suitable for adoption in design,
where:

in which Ksnen is stiffness of cylindrical shell; Kiing is stiff-
ness of ring beam.

Based on English translation of differential equations
of curved beam of Vlasov (1961), stiffness of ring beam
Kring is expressed as:

_(*-1El, 1

King =
ring R4 fr

, (2)

where n is number of uniformly spaced supports; E is
modulus of elasticity; Ir is moment of inertia about a ra-
dial axis; R is radius of ring beam centroid.

=14 Ll 3)

- 2
n“Ky
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in which:

, EC,,

K;=GJ+n 2 (4)

where G is shear modulus; / is uniform torsion constant;
Cw is warping constant for an open sections.

Semi-membrane theory of shells, proposed by Vlasov
(1964), gives expression of stiffness of cylindrical shell,
as following:

3/2
E(t 1
K=l -1)—4@ (E) — (5)

fs

where t is thickness of cylindrical shell.

_ (e")2 —2-e"-sin(n)-1

fs= : (6)
) (e“)2 ~2-e"-cos(n)+1
in which:
n= Z‘IT_H , (7)
i

where H is height of cylindrical shell; p is expressed by
Calladine (1983) long wave bending half-wavelength:

23[Ry (8)

Based on Egs. (2) and (5), stiffness ratio { will look
like as:

_ Kgenr _ 0.76(Rt)” \/E | fe 9
LlJ Kring Ir t (n2_1)3 fs. ()

For simplification, Eq. (6) could be represented by
two simple relations:

n
—,whenH<H

fs=43 ‘o, (10)
1.0,whenH > H,

where Her is critical height of cylindrical shell. It could be
determined by formulae:

4
n- 3B E g o
mfln? -1V ¢

Her represents height of shell which is effective of re-
distributing of discrete forces from supports. When
height of shell H < Her, entire shell resists axial loads from
supports. When H > Her, only that part between bottom
of shell and critical height Her is effective in redistrib-
uting of vertical reactions from discrete supports.

In his research of Topkaya and Rotter (2011a; 2011b)
conducted extensive finite element analyses for verifica-
tion of Rotter’s criterion about stiffness of ring beam.
With 1280 separate finite-element analyses (FEA), cov-
ering two different types of ring sections, various heights
and radii of cylindrical shells, the authors checked valid-
ity of suggested by Rotter (1985) ratio y = 0,25. On basis
of done FEA they concluded, when a stiffness ratio { <
0.1, axial stresses will not deviate more than 25 % from
the uniform support assumption.

Later Topkaya and Rotter (2014) determined ideal lo-
cation of intermediate stiffening rings on the shell. They
expect a ring, placed at this ideal position, can effectively
remove all circumferential non-uniformity in the axial
membrane stress above it. The simple expression of
ideal height Hi is:

H, = ,/1zi1+vi§, (12)

where v is Poisson's ratio.

Eq. (12) is verified by the authors using a total of 2400
finite element analyses.

Necessary stiffness of intermediate stiffening rings is
determined by Zeybek et al. (2015). Stiffness ratio x
could be expressed as:

Kene _ Rt(ARZ +1.%(n? —1))
Ktiffener 12\/5(1 + V)l's : Alxn(nz - 1)2

X= (13)

where Kshenl is circumferential stiffness of the shell; Kstisr-
ener 1S circumferential stiffness of circular ring; A is cross
sectional area of the stiffening ring; Ix is moment of iner-
tia of the stiffening ring about vertical axis "x-x".

The results in the research of Zeybek et al. (2015) in-
dicate that ratios below about x < 0.2 provide a satisfac-
torily uniform axial membrane stress distribution above
the intermediate ring stiffener, so this limit is recom-
mended for practical design.

Common practice in design of real steel structures is
to put stiffeners in point of application of concentrated
loads. In our case, stiffeners should be positioned above
discrete supports, see Fig. 1.

Fig. 1. Stiffeners in discrete supports of shell.

Additionally, all steel silos are storage facilities,
loaded by radial internal pressure due to stored product.
This is inevitable.

In all quoted researches above, in all equations, in all
numerical models, influence of stiffeners and internal
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pressure is missing. Which means that all their formulas
are correct for smooth shells, axially loaded only. What
about the other silos?

The author will try to check whether presence of ver-
tical stiffeners and internal pressure has a substantially
influence on distribution of meridional stresses and crit-
ical height of shell.

2. Analysis

For the purpose of analysis, a real steel silo in service
will be used. Its parameters are as follow:
a) capacity - V=110 m3;
b) diameter - D = 3485 mm;
c) height of cylindrical shell - Hs = 10950 mm;
d) five courses, with thickness - ts;1 = 7 mm, ts2 = 6 mm,
ts3=tsa=ts5= 4 mim;

e) thickness of conical hopper - t» = 5 mm;
f) stored product - lime.

Hopper is jointed to shell above bottom of first course,
i.e. silo has a skirt. Angle section L100x10 is welded on
opposite side of joint, see Fig. 2. Researched models of
steel silos have two heights of skirt hsk:

a) hsk = 500 mm for Silo 1, Silo 2, Silo 3, Silo 4, Silo 5 and

Silo 6;

b) hsk = 860 mm for Silo 7, Silo 8, Silo 9, Silo 10, Silo 11

and Silo 12.

The second used height hsk = 860 mm corresponds
with Eq. (12) about ideal location of intermediate stiff-
ening rings:

H, =12(1+ V)B =J12(1+ 0.3)&82'5 =860mm
n

On the top of shell is put another angle L100x10.

Silo 1 and Silo 7 Silo 2 and Silo 8 Silo 3 and Silo 9
no vertical stiffeners vertical stiffeners vertical stiffeners
with height 500 mm with height 1000 mm

Silo 4 and Silo 10 Silo 5 and Silo 11 Silo 6 and Silo 12
vertical stiffeners vertical stiffeners vertical stiffeners
with height 1500 mm with height 2000 mm with height 2500 mm

Fig. 2. Vertical stiffeners on cylindrical shell.

No circular stiffener on top of the longer vertical stiff-
eners, see Fig. 2. No additional intermediate stiffening
rings on the shell.

Under the skirt of silo are situated 8 columns with rec-
tangular hollow section 200x100x8 mm. Bigger dimen-
sion of section is in radial direction, smaller - in circum-
ferential. Height of all columns is 1000 mm. They are

fixed to the ground (foundations). All elements are done
by steel S235, with a properties according to European
standard EN 10025-2:2004. First shell course, conical
hopper and angle section L100x10 form stiffening ring
as is shown on Fig. 3. It is accepted effective width of
steel plates to be 16.ti up and below the joint, according
to standards API 650 and EN 14015.
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100 1.7

100

Fig. 3. Joint of hopper to cylindrical shell.

Geometrical characteristics of stiffening ring are:
a)area-A=35.19 cm?;
b) moment of inertia about vertical axis - Ix = 727.4 cm*.
Stiffness ratio x according to Eq. (13) is:

~ RelaR? 41,02 (n? - 1)
1243(1+v)"®. Al n(n? - 1)
_17425-0,7- (35,19-174,252 +727,4-8% -(8° —1))
12-43-(1+03)"* .35,19-727,4-8-(82 —1)Z
=0.0195

Accounted ratio x = 0.0195 < 0.2, so stiffness should
be enough for equal distribution of meridional stresses
above the ring.

Using analytical software ANSYS are researched
twelve models of silos, see Fig. 3. Differences between
them are:

a) two heights of skirt hsk, as is written above;
b) presence and height of vertical stiffening plates with
section 8x100 mm.

For modelling of silos is used 2D element shell181.
Quadrilateral method for meshing is used. Free face
mesh method is “All quad”. Max face size is 50 mm. Ele-
ment’s midside nodes are controlled by program.

ANSYS’s option “symmetry” is activated to reduce a
calculation time. In analysis is used a quarter of silo only.

Thin shell structures are sensitive for effect of
changes of geometry during loading. On that reason geo-
metrically nonlinear analyses (GNIA), described in EN
1993-1-6, were conducted.

On a first step, all silos are loaded by meridional (ax-
ial) force with value F =800 kN, applied to upper edge of
cylindrical shell as equal distributed load. The force F is
applied on the top of shell to discover where meridional
compressive stresses ox going to be equal to uniform me-
ridional stresses oxm. Where ratio reaches value
0x/0xm=1.0 is upper border of critical zone in shell, which
redistributes vertical reactions from discrete supports.

On the second step, to meridional force F is added in-
ternal pressure as following:

a) on cylindrical shell - normal pressure pn = 35 kPa;
b) on conical hopper:

- normal pressure - pn = 35 kPa;

- tangential distributed load - p: = 15,16 kPa.

Vertical force F and internal pressure are calculated
for the real stored product (lime), according to standard
EN 1991-4.

3. Results

In charts below, see Figs. 4 and 5, could be seen ac-
counted by FEA change of ratio ox/oxm by height of shell,
where: ox is meridional compressive stress by height of
the cylinder; oxm=F/A is equal (uniform) meridional
compressive stress, in which: F is the axial force, applied
on the top of shell; A is the area section of cylindrical
shell.

To ignore secondary stresses due to local effect of
stiffening plates, meridional compressive stresses ox are
measured in the middle between supports.

Height of skirt - hsk = 500 mm
6000
g 5000 |
£
E 4000 —Silo1
= —Silo2
=] .
s_g 3000 . Silo 3
= ‘ —Silo4
"E 2000 —Silo5
& —silo6
[T}
T 1000
0
0 0,2 0,4 0,6 0,8 1
ox / ox,m
a) internal pressureis p =0
(first step of loading)

Height of skirt - hsk = 500 mm
6000

5000
£
£
T 4000 —Silol
k7 —silo2
© .
£ 3000 Silo 3
E —silo4
s |
= 2000 —=Silo 5
= —Silo6
2
T 1000
T

p—
0 —————
0 0,2 0,4 0,6 0,8 1
ox / ox,m

b) internal pressure is p # 0
(secondary step of loading)

Fig. 4. Change of ratio ox/oxm by height of shell (height of skirt h&«=500 mm).
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Height of skirt - hsk =860 mm
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5000
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Height of skirt - hsk = 860 mm

6000

5000

£

£
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a) internal pressureisp =0
(first step of loading)

b) internal pressureis p # 0
(secondary step of loading)

Fig. 5. Change of ratio ox/oxm by height of shell (height of skirt hs=860 mm).

Value of critical height of shell Hcr should be calculated
by Eq. (11):

ol
_ 3B
8y(82 -1

Accounted by FEA lowest height, necessary to equal-
ize values of ox and oxm, refers to silos without vertical
stiffeners. It is approximately H=2300 mm. Obviously it
is higher than calculated by Eq. (11), but ratio
0x/0xm=0.94 on height H=1709 mm, i.e. difference is less
than 25%.

Vertical stiffeners above supports increase critical
zone in shell, which redistributes vertical reactions from
discrete supports. For example, in silo 6 ratio ox/oxm=1.0
on height H=3733 mm.

Internal pressure decreases with a little height of crit-
ical zone of shell. More important is its influence on
change of forces/stresses below and above the joint with
the hopper. In silos with high positioned hoppers, values
of meridional normal stresses oy in skirt may exceed
equal stress oxm, see Fig. 5(b).

On Fig. 4 and Fig. 5 could be seen ratios ox/oxm>1.0. It
means that in part of the shell, meridional stresses in the
middle, between supports, are bigger than meridional
stresses above supports, see Fig. 6. A similar phenome-
non has also been reported in a study of Knédel and Um-
menhofer (2009).

Various height of skirt do not change critical height of
shell. On other hand, placed on ideal position intermedi-
ate stiffening ring limits irregularity of meridional
stresses above critical height.

) (1732'5j -1742.5=1709mm

Lee

L

[-1.1971 )
[-1,1976
[-1,2063 21
[-1,2250 3

Fig. 6. Change of meridional normal stresses ox.

4. Conclusions

Real steel silos in service are loaded by radial internal
pressure due to stored product. In addition, common
practice in structural design is to put stiffeners in point
of application of concentrated loads. In our case stiffen-
ers should be positioned above discrete supports. In ear-
liest researches about critical height of shell and ideal
position of intermediate stiffening ring, influence of ver-
tical stiffeners and internal pressure is not taken into ac-
count. In present article is verified whether they effect
on height of critical zone in shell.
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The main outcomes from the current research are:

e Inspacebetween bottom of first course and joint shell
- hopper, presence or not of vertical stiffeners do not
changes meridional stresses ox;

e Vertical stiffeners, especially these with big length
above horizontal joint silo - hopper, could change sig-
nificantly ratio ox/0oxm ;

e Presence of vertical stiffeners without stiffening ring
on their top increase height of critical zone, which re-
distributes vertical reactions from discrete supports;

e Internal pressure, due to stored product, decreases
with a little height of critical zone of shell. More im-
portant is its influence on change of stresses below
and above the joint with the hopper;

e There are some parts of cylindrical shell, where me-
ridional normal stresses above supports are smaller
than these between supports.
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ABSTRACT

ARTICLE INFO

Minimum potential energy principle is the basis of the most of the well-known tradi-
tional techniques used in the structural analysis. This principle determines the equi-
librium conditions of systems with reference to minimization of the sum of the total
potential energy of the structure. In traditional applications, this methodology is for-
mulized by using matrix operations. A methodology has been proposed in the last
decades for structural analyses based on the idea of using metaheuristic algorithms
to obtain minimum potential energy of the structural system instead of following this
classical approach. This new method, called “Total Potential Optimization using Me-
taheuristic Algorithms (TPO/MA)”, has been applied in this paper to truss structures
considering linear and nonlinear behavior of the structural material. The metaheu-
ristic method used in this process is teaching-learning based optimization (TLBO)
algorithm. The proposed technique is applied on numerical examples and results are
compared with other techniques in order to test the efficiency of the proposed
method. According to results obtained, TPO/MA method with TLBO algorithm is a
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Truss

feasible technique for the investigated problem.

1. Introduction

According to minimum potential energy principle, a
structural system is in equilibrium if the total potential
(TP) of the system is minimum. Classical methods do ap-
ply this principle in its pure form only in solving some
demonstrative problems. The usual practice starts by
writing down the TP in matrix form,as TP = xTAx — Px
where x is the vector of displacements, P is the vector of
acting loads, and A is the flexibility matrix of the system.
This is then followed by taking the derivative of TP with
respect to x, and equating it to zero in the form Ax = P.
This latter step is actually the application of the mini-
mum energy principle which aims at finding x making TP
stationary. Then the matrix equation Ax = P is solved by
using anyone of the well-established methods of matrix
inversion or solving systems of linear equations. The
method described here is valid for linear systems. For non-
linear systems there does not exist a common technique.

The solutions for such systems vary according to type of
nonlinearity (material nonlinearity, large deflections,
nonlinear supports, under-constrained structures, miss-
ing or failing members, unstable structures, etc.) and a
technique applicable for one type of nonlinearity is not
applicable for another type except in some very special
cases.

The method described in this paper, on the other
hand, is valid for all types of linear and nonlinear struc-
tures, whatever the type of nonlinearity is. This tech-
nique, called “Total Potential Optimization using Me-
taheuristic Algorithms (TPO/MA)” is made possible
thanks to advances in computer technology as to speed
and also to emergence of and advances in metaheuristic
algorithms for optimization problems. In this method,
metaheuristic algorithms are employed for finding the
displacements in a structure that makes the TP of the
system a minimum. TP of the system is written as the
sum of exact TP’s of parts of the system. In this way the
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formulation does not necessitate use of matrices so that
no big computer memory capacities become needed. Un-
til recently the TPO/MA has been applied to a wide vari-
ety of problems such as truss, cables and tensegrity
structures (Toklu 2004; Toklu et al., 2013; Temiir et al,,
2014; Toklu et al., 2015; Toklu and Uzun, 2016) using
different types of metaheuristic algorithms.

In this paper, TPO/MA method is employed for struc-
tural analyses of trusses with nonlinear material proper-
ties. The metaheuristic algorithm used is a recently de-
veloped one, namely the teaching-learning based optimi-
zation (TLBO) algorithm. In order to evaluate the perfor-
mance of TLBO algorithm, results are compared with
those mentioned in the existing literature.

2. Methodology

Metaheuristic algorithms are developed from mathe-
matical identification of natural phenomena. For exam-
ple, Genetic algorithm (GA) mimics the process of natu-
ral selection (Holland, 1975 and Goldberg, 1989), parti-
cle swarm optimization (PSO) is inspired from the social
behavior of animals (Kennedy and Eberhart, 1995), ant
colony optimization (ACO) imitates the behavior of ants
seeking a path between their colony and a source of food
(Dorigo et al,, 1996), harmony search (HS) is conceptu-
alized on musician performance for seeking a harmony
to admire the people (Geem et al., 2001).

The teaching-learning based optimization (TLBO)
(Rao et al,, 2011) is developed based on inspiration of
teaching and learning procedure in a classroom. The
method is not based on specific parameters and this is
the most remarkable part of it. This property makes
TLBO easily applicable and versatile among other me-
taheuristic algorithms.

The optimization process of the TLBO algorithm can
be explained under two titles, namely First calculations
and Iteration.

First Calculations: In the first calculations step, data of
the structural system are defined. This data contains in-
formation about supports, start and end points of struc-
tural members, cross sectional areas of members, pa-
rameters about material properties of members, etc. In
addition to the data, the upper and lower limits of the de-
sign variables, population number and maximum itera-
tion number (as stopping criterion) are also defined in
this section. Coordinates of the joints of the deformed
system are the design variables of the problem.

Then, by randomizing the design variables between
their defined limits, a group of the structures is obtained.
This group is defined as initial solution matrix and num-
ber of structures (or solution vectors) in the group is
equal to population size (pn). At the end of this step, the
strain energy (Eq. (1)), work done by external loads (Eq.
(2)) and total potential energy (Eq. (3)) for each gener-
ated system (or objective function) are calculated for fu-
ture comparisons.

1

U= 2 fVOLUME

el odV, @8]

w = fsl(Txu + T,u + T,u)dS, (2)

n=U-Ww-= el odV - fsl(Txu + Tyu + T,u)dS.(3)

1
E fVDLUME
In Egs. (1-3), €Tis the strain vector, o is the stress vec-
tor and V is the volume of the body, u, v, and w are dis-
placements in the x, y, and z directions, and T, Ty and T:
are the components of external forces in x, y, and z direc-
tions. The objective function of the problem is to mini-
mize the total potential energy of the system (Eq. (3)).

Iterations: This process contains two phases: teacher
(tp) and learner (Ip) phases. In the teacher phase, new
solution vectors are generated according to the best so-
lution vector (Xteacher) Which is the vector currently hav-
ing the minimum value for TP of the system. Formulation
of the generation of new values can be written as

x»

new,i

= Xow,i + ™d(0,1) * Xeeacher — Tr * Xmean)» (4)
where Xou, is previous values of the design variables,
Xmean 1s the mean value of the design variables, rnd is a
uniformly distributed random numbers within the range
of [0, 1] and Tris an integer number that takes a value 1

or 2 (Eq. (5)).
Tr = round[1 +rnd(0.1)] - {1 — 2}. (5)

In the learner phase, the value of new solution are
generated from the two existing vectors that are ran-
domly chosen from the solution matrix. The expression
of the learner phase is defined as

fXD) > fX)

x'® )
fX) < f(X))

new,i

_ {Xold,i +rnd - (X; — X;); ©)

Xowa; +1nd - (X; — X,);

in which f{X:) and f{X;) are objectives of selected vectors.
After application of both phases, the objective functions
of new vectors are calculated and if it is better than the
old one, it is replaced with the old one. Iteration process
is repeated until the maximum iteration number is satis-
fied. The optimization process is summarized in the
pseudo code given in Fig. 1.

3. Numerical Examples

Numerical examples are presented in this section con-
sidering a 6-bar plane truss (Fig. 2) (Toklu, 2004) and
three type of materials. In order to show the efficiency of
the proposed method the results are compared with HS
algorithm. The cross sectional areas of members 2-4 are
100 mm? and cross-sectional areas of other members are
200 mm?2. A concentrated load with 150 kN density is ap-
plied to system at joint 4. The first material considered
(MAT 1) is a linear one with elasticity modulus of 2:105
N/mm?2. The second material (MAT 2) is a bilinear one,
the third one (MAT 3) represents a highly nonlinear ma-
terial. Stress-strain diagrams for all these materials are
presented in Fig. 2(b).
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Randomly generate the initial students

Calculate objective function

While stopping criteria

(Teacher Phase)
Calculate the mean of each design variable
Identify the best student as teacher
For i=1:Nvariable
Calculate teaching factor Eq. (5)
Create a new solution based on teacher Eq. (4)
Calculate objective functions for the new solutions Eq. (3)
If Xnew is better than Xou
Xotd = Xnew
End If
End For
(Learner Phase)
For i=1:Nvariable
Select any two solution randomly [j, j]
Create a new solution based on selected solutions Eq. (6)
Calculate objective function for the new solution
If Xuew is better than X,
Xotd = Xnew
End If
End For

End While

Fig.

(a)

1. Pseudo code of optimization process with TLBO.

0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Strain

Fig. 2. (a) 6-bar plane system;
(b) Material properties of problem.

In Figs. 3-5, for all these three materials, plots about
the convergence to optimum result of TLBO and HS is
given where the population number is equal to 10. On
the TLBO approach, optimum results are found after
about 100, 400 and 800 cycles for MAT 1, MAT 2 and
MAT 3, respectively. For the HS based analyses, these
numbers are about 2500, 500000 and 500000, respec-
tively. It can be concluded here that convergence for lin-
ear material is much better than other materials and, for
all cases, convergence performance of TLBO is better
than HS approach.

TLBO
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—
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Fig. 3. Convergence to optimum results for MAT 1.

o
o

5.0 £
-10.0 £
-15.0 £
200 £
250 4

-30.0 £
-35.0 4
E TLBO :

B P I
1 10 100 1000

Total Potential Energy (kNm)

10000 100000 1000000
Analysis Number (log)
Fig. 4. Convergence to optimum results for MAT 2.
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Fig. 5. Convergence to optimum results for MAT 3.

In order to investigate the effect of population num-
ber when applying TLBO on number of cycles, compu-
tations are repeated for seven different population
numbers (Fig. 6). According to results, for all cases,
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analyses numbers needed for obtaining optimum re-
sults increase almost linearly as the population number
increases. Statistical treatment of results for different
population number is summarized in Table 1. Accord-
ing to these tests, results are all acceptable except for

population number as 5. For case where population
number is 10 or greater, the difference between the up-
per and lower bounds obtained for minimum potential
energy is negligible so that the standard deviations are
very small.

Table 1. Optimum result for different population number.

5V 10V 15v 20V 25V 30V 35V 40V
Min  -1059735 -1059735 -1059735 -1059735 -1059735 -1059735 -1059735 -1059735
MAT1 Max -1035346 -1059735 -1059735 -1059735 -1059735 -1059735 -1059735 -1059735
StDev 3192.258  0.024875  1.86x10°  1.86x10°  1.86x10°  1.86x10°  1.86x10°  1.86x10%
Min -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107
MAT2 Max -3.62x107  -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107 -3.68x107
StDev  55387.39  0.011541 8.2x108 8.2x108 8.2x108 8.2x10+8 8.2x108 8.2x10-8
Min  -521x107  -521x107  -521x107  -5.21x107  -5.21x107  -5.21x107  -5.21x107  -5.21x107
MAT3 Max -5.02x107  -5.21x107  -521x107 -521x107 -521x107 -521x107 -521x107  -5.21x107
StDev  186907.6 0.001228 7.45x10-° 7.45x10-° 7.45x10-° 7.45x10-° 7.45x10-9 7.45x10-9
250000 +—————t e i e 2 0.0 T s
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. 200000 X ~ » )
3 A MAT2 > -10.0 T \ 1
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2 150000 X MAT3 X + E i \
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Fig. 6. Analysis number vs. population number plot. Fig. 8. Potential energy value of increasing loading for
MAT?2 material.
In Figs. 7-9, total potential energy values for increased
loading from 0 kN to 150 kN are given. The effects of ma- e 0.0 rivprrrttrrbbrdmtr b bt i sty
terial properties on total energy values can be clearly Z 100 I ‘A\A 1
seen on the figures. The energy graph is quite monotonic = s ]
for linear MAT 1 material, but sudden changes become ? 200 4 LN 1
observed for the other nonlinear materials MAT 2 and 8 I 5]
— 300 + Yot
MAT 3. 3 F 3
8 4001 ¢!
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Fig. 7. Potential energy value of increasing loading for
MAT1 material.

ing TPO/MA method for different material properties
such as linear, bilinear and nonlinear. The efficiency of
the proposed TLBO method is checked by comparing
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with results obtained by HS approach. According to re-
sults, both TLBO and HS algorithms gave the same mini-
mum potential energy for all material cases. Comparing
the computational times (analyses numbers for opti-
mum results) of the methods, the TLBO approach is 20%
to 80% shorter than HS algorithm. According to obser-
vation of the effect of population numbers on analyses
number, if the population number of TLBO is equal to or
more than 10, the minimum energy value can be success-
fully found. But comparing the statistical suitability and
analyses number, using a population number defined as
10 can be the best selection.
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ABSTRACT

ARTICLE INFO

The structures are challenged by earthquakes and other environmental factors.
Structural health monitoring is crucial to protect the lives. The strain gages used in
structural health monitoring have low durability and can get point wise measure-
ments which limit their use. In this study, five different concrete mixtures with dif-
ferent brass fiber volume fractions were designed. Along with the control mixture
which does not have brass fiber, six mixtures were designed and three cube samples
from each mixture were cast and cured. Compression test was conducted with sim-
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ultaneous measurement of electrical resistance. The brass fiber reinforced concrete

has strong linear relationship between the electrical resistance change and strain.
Important progress was achieved in development of “Smart Concrete” which can

sense its strain and damage.

Compression test
Smart structures
Brass fiber

1. Introduction

Earthquakes and other environmental factors de-
grade and damage civil structures. Concrete infrastruc-
tures, have materials deteriorations and 30% of the
bridges were reported to be structurally not reliable in
USA (Reza et al,, 2003). Structural health monitoring is
vital to protect the people and structures. Commercial
metal foil strain gauges measures the strain of a point
and they have low durability and short life time. Moreo-
ver, many strain gauges have to be used to monitor
structure health which increases cost (Chung, 2001).
This study is a contribution of developing self-sensing
smart materials and structures for the construction in-
dustry.

Piezoresistive effect is the change of electrical re-
sistance under application of load (Chung, 1998; Fuetal,,
1997). Cementitious materials were tested with two and
four electrode methods for electrical resistance. Current
application and the voltage measurement were carried
out with the same pair of electrodes in the two electrode
method while different electrode pairs were used in the
four electrode method (Han et al., 2007; Chiarello and
Zinno, 2005). Embedded and circumferential electrode
methods were used. In circumferential electrode
method, conductive band or dyestuffs were stuck around

samples. In embedded electrode method, conductive
mesh, wire or plate were sink into samples (Chen and
Liu, 2008; Teomete and Erdem, 2011; Li et al., 2008; Li
etal., 2006).

Tensile strain sensitivity of cementitious composites
was tested by split tensile test and high strain sensitivity
was obtained (Teomete and Kogyigit, 2013). There is
strong linear relationship between crack length and
electrical resistance change of cement composites (Te-
omete, 2013). Transverse strain sensitivity of cement
matrix composites was tested by compression and split
tensile tests (Teomete, 2014).

2. Material and Experimental Method

Six different mixes were designed in this study (MO,
Brl, Br2, Br3, Br4, Br5). CEM Il B-M (L-W) 42,5R cement
were used in all mixes. All mixes were prepared accord-
ing to TS 802 “Design of Concrete Mixes”. Water /binder
ratio 0.37; silica fume/binder ratio 10%, super-plasti-
cizer/binder ratio 1% was used in all mixes. Commer-
cially available brass fiber which had average length of
1.5 mm and average diameter of 0.5 mm was used in
mixes MO, Br1, Br2, Br3, Br4 and Br5 at 0, 0.35, 0.5, 0.8,
1, 1.5% volumetric ratios, respectively. In MO, there is
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not any brass fiber. Super plasticizer was modified poly-
carboxylates based polymer (ViscoCrete High Tech 30).
Aggregates 0-5 mm and 5-15 mm were used according
to TS802 grading limits.

7.5 cm cube molds were used for casting samples. The
molds have four slots which were 2 mm wide and 55 mm
long, on each side. Pure copper wire mesh which has hole
size 5 mm, wire diameters 0.6 mm were used as elec-
trodes and placed into molds (Fig. 1(a)). The mix was
cast in the mold as in Fig. 1(b). The samples were taken
out of molds 24 hours after casting, and cured in water
for 28 days.

(@

(b)

Fig. 1. (a) Mold and electrodes; (b) After casting.

Compression test was applied in order to investigate
the relations between compressive strain and electrical
resistance change as in Fig. 2. Shimadzu mechanical test-
ing machine was used for the tests with a load rate of 0.5
mm/min. During the test, DC 20 V was supplied to outer
two electrodes while potential difference between inner
electrodes were measured as Vs (Fig. 2(a)). The refer-
ence resistance R~=1000 Ohms was used and its voltage
was recorded was V. The current in the circuit was
measured as I.. Voltages, Vs and V;, current I, sample
strain, load were recorded at a rate of 10 Hz during the
test (Figs. 2(a, b)). Glass fiber epoxy composites were used
to isolate the sample from steel plates during the test.

Supply Electrode(Ec) l F
\

= 1

/
Measurement g 2 ¢
-
Electrodes | 3 & R
(Ev) \ r

4
/

Supply Electrode(Ec) T F

Fig. 2. (a) Test circuit; (b) The sample at test.

The resistance of the sample (Rs) at any time of the
test were determined by using Ohms law as in Eq. (1).

R, ==, (1)

The percent change of the electrical resistance of the
sample (%R) was determined by Eq. (2). Rs is electrical
resistance of sample without load.

%R = (== — 1) x 100. )

SO

Performance measures were defined in this study.
These are gage factor (K) and linearity (LE). Gage factor
(K) is the change in electrical resistance per unit strain
and determined by Eq. (3). The higher the gage factor,
the more sensitive to strain the sensor is. Commercial
strain gages have a gage factor of 2. Linearity (LE) is the
percent of maximum difference (Amax) between input-
output curve (%R versus strain curve) and fitted linear
regression line, to full scale output (Rs) as in Eq. (4). As
the linearity decreases, the error in strain measurement
decreases.

(Rs —Rso ) /R
S0

K=—7F (3)
Amax
%LE = (M) X 100. [4)

3. Results and Discussion

In this study, six different mixtures were designed
and tested with compression test. The relation between
strain and electrical resistance change was determined.
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The strain-%R graph of MO is presented as shown in
Fig. 3(a). MO have a gage factor of K=21, linearity of
LE=%15 and correlation coefficient is R2=0.93. M0 is 10
times more sensitive than commercial strain gages while
not having any fibers.

Brl which has 0.35% fiber is almost 2.5 times more
sensitive than M0 and almost 24 times more sensitive
than commercial strain gages. It has gage factor of K=47,
linearity of LE=6%. The change in electrical resistance
had a strong linear relationship with strain with a corre-
lation coefficient of 0.99 as shown in Fig. 3(b).

Strain
-0.0025 -0.002 -0.0015 -0.001 -0.0005 0
: r r r r 0
y=1782.7x 1
R%2=0.93
-2
]
S
-3
-4
(@) N
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-0.0012 -0.001 -0.0008 -0.0006 -0.0004 -0.0002 O
T T T T T T 0
y = 4581.4x 1
R%Z=0.99
-2
<4
s -3
-4
-5
(b) 6

Fig. 3. Strain-the percent change of electrical resistance:
(a) MO mixture without fiber (K=21, LE=15%, R?=0.93);
(b) Br1 (0.35%) mixture (K=47, LE=6%, R?=0.99).

Br2 having 0.5% brass fiber volume fraction has the
gage factor of K=58, linearity of LE=8% as shown in Fig.
4(a).

The strong linear relationship between the changes in
electrical resistance-strain had a correlation coefficient
of 0.99. The gage factor of Br2 is almost 27 times more
sensitive than commercial strain gages.

The mixture Br3 has 0.8% fiber volume fraction. It has
gage factor of K=53, linearity of LE=3%. The correlation
coefficient of best fit line to the data is 0.99 (Fig. 4(b)).

The mix Br4 having 1% brass fiber volume fraction
has a gage factor of K=60, linearity of LE=6%. It is almost
30 times more sensitive than commercial strain gages.
The correlation coefficient of fit line is R?=0.99 (Fig. 5(a)).

The gage factor of Br5 having 1.5% brass fiber volume
fraction is K=40, which is 20 times more sensitive than

commercial metal strain gages. Br5 had a linearity of
LE=5%. The electrical resistance change and strain has a
correlation coefficient of 0.99 which testifies the strong
linear relationship seen in Fig. 5(b).
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Fig. 4. Strain-the percent change of electrical resistance:
(a) Br2 (0.5%) mixture (K=58, LE=8%, R2=0.99);
(b) Br3 (0.8%) mixture (K=53, LE=3%, R?=0.99).

4. Conclusions

Six different brass fiber reinforced cement based con-
crete mixes were designed with different volume frac-
tion of brass fiber. Three cube samples were cast and
cured from each mix. Compression test was applied to
each cube sample. Strain and electrical resistance was
measured simultaneously. The relation between the
changes in electrical resistance and strain were exam-
ined to evaluate the strain sensitivity of mixtures. The re-
sults obtained are as follows:

e Under compressive strain, micro crack and voids
closed, fiber-matrix, fiber-fiber and matrix-matrix
contact increased which led to decrease of electrical
resistance.

e Tested brass fiber reinforced concrete mixes have
higher strain sensitivity than metal foil strain gages.
Gage factors as high as 60 were obtained for brass fi-
ber reinforced concrete while metal foil strain gages
had gage factor of 2.

e The brass fiber reinforced concrete had a strong lin-
ear relationship of strain - electrical resistance
change.
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e Brass fiber reinforced concrete mixes were more sen-
sitive to strain than the concrete which did not have
any brass fiber.

The results obtained in this study are important steps
to develop smart concrete which senses its strain and
damage.
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Fig. 5. Strain-the percent change of electrical resistance:
(a) Br4 (1%) mixture (K=60, LE=6%, R?=0.99);
(b) Br5 (1.5%) mixture (K=40, LE=5%, R?=0.99).
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