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Effects of Mixing Temperature on the Mechanical
Properties of Hot Mix Asphalt

Giil BALIK!
Mehmet YILMAZ?
Baha Vural KOK?
Taner ALATAS*

ABSTRACT

In this study, the effects of mixing temperature on the performance of hot mix asphalt (HMA)
were investigated. 5% Styrene-butadiene-styrene (SBS) and 18% America Gilsonite were
used as binder modifiers. HMA samples were prepared at the mixing temperatures 10°C,
15°C, and 20°C lower temperatures than the mixing temperature. Marshall Stability and flow,
resistance to moisture-induced damage and indirect tensile fatigue tests were conducted on
the hot mix asphalt samples. As a result of the experimental study, it was observed that use
of additives increased the performance of the HMAs. In addition, it was seen that, in general,
the stability, Marshall quotient, indirect tensile strength and fatigue life of the mixtures
decreased and the flow values increased with decreasing mixing temperature.

Keywords: Mixing temperature, hot mix asphalt, styrene-butadiene-styrene, gilsonite,
superpave, performance.

1. INTRODUCTION

Hot mix asphalts (HMAs), which can be used in the base and surface layers of flexible
pavements, are comprised of bituminous binder and aggregate. Due to the rheological
properties of bituminous binders, they act as an elastic solid at high vehicle speeds and low
temperatures while demonstrating viscous liquid properties at low vehicle speeds and high-
temperatures [1,2]. Because these properties of bituminous binders are reflected in the
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mixture, the rheological behaviors of bituminous binders are significant regarding pavement
performance.

Various materials are added to the bituminous binders for different reasons and a modified
kind of bitumen is obtained. The main reasons for bitumen modification are increases in the
price of crude oil, consequently preference of thinner pavements due to high costs, significant
increases in traffic loads, thereby shortening the service life of pavements, inability of
classical binders to provide the desired level of performance, the inclination toward use of
industrial wastes, the need for an increase in strength to prevent formation of deformations
and high costs of maintenance [3].

Modifiers are substances, which can change the chemical, physical and/or mechanical
properties of pure binders when added to pure binders. For a long time, researchers and
chemists have conducted studies on modified bitumen. These studies were focused on the
industrial utilization of graphite, specific fillers, mineral fibers, plastomers, elastomers and
rubbers for bitumen modification [4-7]. The most commonly used modifiers are polymers
[8]. Polymers are macromolecules, in which the same groups of atoms are repeated for
several times [3]. Each repeated group can consist of one or several different molecules
(monomer). Styrene-butadiene-styrene (SBS) block copolymers of the elastomer class
increase the elasticity of bitumen and are the most suitable and commonly used polymer used
in bitumen modification [9,10]. SBS copolymers provide their durability and elasticity due
to the physical structure and cross binding of their molecules, which form a three-dimensional
network. Polystyrene end-blocks increase the strength while polybutadiene elastic matrix
blocks provide the extraordinary viscosity of the material [11]. When SBS is mixed with
bitumen, the elastomeric phases of SBS copolymer absorb the oil fractions in bitumen and
can swell about nine times of the initial volume [12]. In a suitable SBS concentration, a
polymer phase is constantly formed during polymer modified bitumen (PMB) and the
properties of pure binder change significantly.

Gilsonite, which is a member of the hydrocarbon class in bitumen additives and a natural
bitumen source, contains hydrocarbons, which are 99% pure, and possesses a bitumen
content, which varies between 57-70% [13,14]. Because Gilsonite is a substance that contains
resin, it is used in various industrial fields [15]. Generally, Gilsonite is a by-product natural
crude oil, and it splits from the rocks undergrounds and rises to the ground surface via the
cracks in the surface layers. If the natural bitumen reaches ground surface, a bitumen source
is formed. Otherwise, it stays underground, and if it stays isolated from the ground surface,
it slowly hardens, becoming oxidized and eventually, it forms a solid and hard substance,
which is the mineral bitumen. Gilsonite is a black and fragile substance and it can be turned
into powder easily [16]. When Gilsonite is mixed with bitumen, its consistency increases. In
addition to being mixed into bitumen, Gilsonite can also be added to the mixture [17]. As a
result of the studies conducted on America and Iran Gilsonite, it was concluded that these
additives improved the elasticity and high-temperature properties of bituminous binders [ 16,
18, 19, 20]. In another study, it was concluded that although America Gilsonite use increased
the high-temperature behavior of bituminous binder, the practice also increased the crack
formation possibility at low temperatures [21]. When aggregates are covered with Gilsonite
modified bitumen, a notable interface is formed between the aggregate and the bitumen, thus,
crack formation can be prevented in pavements [22]. It was also reported that Colombia
Gilsonite, just as the Gilsonite from other countries, improved the high-temperature

9222



Giil BALIK, Mehmet YILMAZ, Baha Vural KOK, Taner ALATAS

properties of HMAs [23]. In previous studies, it was reported that Iran Gilsonite was more
effective in terms of resistance to fatigue and permanent deformations as compared to
America Gilsonite [24,25]. Gilsonite, due to its positive effects on bituminous binders and
mixtures, especially on high-temperature resistance, is a considerable alternative material to
polymers [26].

In order to obtain the expected performance of HMAs, they should be produced with suitable
materials, designed in a suitable way as well as being produced under suitable conditions and
in a suitable way. One of the parameters that affect the performance of HMAs is the mixing
temperature. In general, a temperature range corresponding to 170 + 20 cP is chosen for
mixing and the range corresponding to 280 + 30 cP is chosen for compaction [27]. These
values are generally determined by rotational viscosimeter test. Although the mixing
temperature of aggregate and bitumen is determined during the design process, the required
temperature may not be achieved due to conditions, which occasionally result from personnel
or equipment insufficciency.

According to data from 2015 in Turkey, the General Directorate of highways, special
provincial administrations, municipalities and private firms possess 857 asphalts plants [28].
Although some of these plants go through regular maintenances and checks, some of them
have over run their regular maintenance periods. Especially in several cities, it is believed
that one of the reasons early deteriorations of the hot mix asphalt urban and village roads
result from manufacturing defects.

In this study, the effects of mixing temperature on the performance of HMAs, which were
prepared with modified binders, which contained commonly-used additives (SBS and
Gilsonite). For this purpose, 5% styrene-butadiene-styrene (SBS) and 18% America
Gilsonite (G) were used in the preparation of the modified bitumen. The mixing temperature
was determined for pure bitumen and the modified bitumen. HMA samples were prepared at
the determined mixing temperature and 10°C, 15°C and 20°C lower temperatures than
mixing temperature. The prepared HMA samples were subjected to tests of resistance to
moisture-induced damage, Marshall Stability and flow and indirect tensile fatigue. Thus, the
effects of mixing temperature on the performance of HMAs were investigated.

2. MATERIALS AND METHODS

In this study, the effects of mixing temperature on the performances of HMAs prepared with
pure bitumen and styrene-butadiene-styrene (SBS, obtained from the Shell Chemicals
Company) and America Gilsonite (G, obtained from the American Gilsonite Company)
modified bitumen. For preparing the modified binders, the pure bitumen and additives were
mixed for 60 minutes at a temperature of 180°C in a mixer with a rotation rate of 1,000 rpm.
As for the pure bitumen, PG 52-28 grade binder, which was obtained from the TUPRAS
refinery in Turkey, was used. The city with the warmest climate in Turkey, Sanlurfa, was
chosen as the city for investigation and the target performance level was chosen as PG 76-16
according to the temperature data. In order to achieve this performance level in previous
studies, it was reported that it was necessary to use 5% SBS and 18% Gilsonite [29]. The
results of the Superpave tests conducted on the binders were presented in Table 1.
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Table 1 - DSR and BBR test results of neat and modified binders [29].

G*/sind (kPa) (specification limit min. 1 kPa)

Temp.(°C) . .
PG 52-28 5% SBS 18% Gilsonite
52 2.021 - -
76 - 1.367 1.504
:z G*/sin 8 (kPa) RTFOT residue (specification limit min. 2.2 kPa)
? 52 8.782 - -
f 76 i 4.673 8.678
8 G*.sin 6 (kPa) PAV residue (specification limit max. 5000 kPa)
16 2023 - -
25 - 739 4213
28 - 556 3186
31 - 398 2345
m-value (specification limit min. 0.300)
Temp.(°C) . .
PG 52-28 5% SBS 18% Gilsonite
-6 0.330 0.333
E: -12 - 0.291 0.294
3 18 0.562
2 -24 0.451
% Creep stiffness (Mpa) (specification limit max. 300 MPa)
= -6 - 43.2918 151.0398
-12 76.790 283.9786
-18 165.7
-24 3254
Perfo““(?)‘g;’ grades 52-28 76-16 76-16

Bituminous binders should have viscosity values of 170 + 20 cP during mixing with the

aggregate and 280 + 30 cP during laying out [30]. For this test, spindle No. 27 was chosen

and the spindle speed was set to 20 rpm. Rotational viscometer tests were applied to pure and
modified binders under two different temperatures (135 and 165°C). Viscosity-temperature

graphs plotted with the obtained results were used to determine aggregate mixing

temperatures and compaction temperatures. Findings obtained in the rotational viscometer

test were presented in Table 2.

Similar to binder design, mix design was also conducted with the Superpave method as well.
For this purpose, dense graded asphalt mixtures with crushed-stone aggregate suitable for
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Superpave gradation and with a maximum size of 19 mm were prepared. The limestone type
crushed aggregate was supplied from the Karayazi Region of the province of Elazig. The

properties of the aggregate were presented in Table 3. Additionally, the adopted gradation
was presented in Figure 1.

Table 2 - Rotational viscosity test results [29].

Properties Standard PG 52-28 5% SBS 18% Gilsonite

Viscosity (cP, 135°C) 250.0 1513 1113
. ASTM D4402

Viscosity (cP, 165°C) 100 487.5 2817.5

Modification index
(Mmodifiye Msaf, 135°C)
Modification index
(Mmodifiye Msaf, 165°C)
Mixing temperature
range (°C)

- 1.00 6.05 4.45

- 1.00 4.88 2.88

146.2-153.9 190.1-194.9  174.6-179.9

Compaction temperature

130.5-137.4 175.8-181.5  163.8-168.5
range (°C)

100

90 4

80 4
o

o, 70 -

Y

60 - s
50 X —#—Used gradation
- 7

40 4 ——Restricted zone

Percent passing

30 4 --- u-- - Control points

20 1

—— Maximum density

10 4

Sieve size (0.45 power)

Figure I - Combined aggregate gradation.

As shown in Table 1, high-temperature resistance of binders was increased and low
temperature resistance was decreased with additive use. The province of Sanlurfa was
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selected as the application area where the high temperature resistance of the binders is more
important. Therefore, negativity at low temperature is not taken into account. When the
rotational viscosity values given in Table 2 were examined, it was determined that the
consistency of the binders increased with the use of additives. Due to the increase in viscosity,
the mixtures prepared with modified bitumen required higher mixing and compaction
temperatures.

Table 3 - Physical properties of the aggregate [29].

Properties Standard Sf:?;ri‘;?stl Coarse Fine Filler

A ion 1 °

brasion loss (%) ASTMD 131 Max30 292 - -
(Los Angeles)
A ion 1 °

brasion loss (75) ASTMD 6928 Max15 174 - i
(Micro deval)
Frost action (%)

. ASTM C 88 Max 18 16.7 - -

(with Na:SOy) ax

Methylene blue (gr/kg) ASTM C 837 Max 1.5 0.5

Specific gravity (g/cm?) ASTM C127 2.626 - -
Specific gravity (g/cm®) ASTM C128 - 2.661 -
Specific gravity (g/cm?) ASTM D854 - - 2.689

Superpave Gyratory Compactor (SGC) which imparts a constant vertical pressure of 600kPa
to the sample was used for sample compaction. SGC gyrates the sample with an eccentricity
of 1.25° from the vertical axis. Design number of gyration was chosen as 100. In the study,
the bitumen contents, which provide 4% air voids at determined mixing and compaction
temperature, were obtained. In order to evaluate the effect of the decrease in the mixing
temperature on the performance of the HMAs, the same bitumen contents were used in the
mixtures prepared at different temperatures.

At the determined mixture and compaction temperatures, 4.61% bitumen was used in
mixtures prepared with pure binders, 5.05% bitumen in mixtures prepared with 5% SBS
modified bitumen, 4.91% bitumen in mixtures prepared with 18% Gilsonite modified
bitumen [29]. In the contents of bitumen and 4 different mixing temperatures (at mixing
temperature and 10°C, 15°C and 20°C lower than this temperature) mentioned in the study,
the mixture samples were prepared. The mixing temperatures used in the study were
presented in Table 4.

Marshall stability and flow (EN 12697-34), moisture-induced damage (AASHTO T 283) and
indirect tensile fatigue (BS DD ABF) tests were performed on the mixtures prepared at
different mixing temperatures. Thus, the effects of the change in mixing temperature on the
fatigue, moisture-induced damage and stability of HMAs were evaluated.
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Table 4 - Mixing temperatures of mixtures.

Mixing temperature Mixing Mixing Mixing
(°C) temperature temperature temperature
-10 (°C) -15 (°C) -20 (°C)
Abbreviations IMT MT-10 MT-15 MT-20
PG 52-28 150 140 135 130
5% SBS 193 183 178 172
18% Gilsonite 177 167 162 157

3. RESULTS AND DISCUSSION

In the study, Marshall Stability and flow test, resistance to moisture-induced damage and
indirect tensile fatigue tests were conducted on the HMA samples prepared at 4 different
mixing temperatures.

3.1. Marshall Stability and Flow Test Results

In this study, a total of 36 samples were prepared using 3 different binders (pure bitumen,
5% SBS and 18% Gilsonite modified bitumen) at 4 different mixing temperatures (MT, MT-
10, MT-15 and MT-20) and these samples were subjected to Marshall stability and flow test
according to EN 12697-34 standard. The prepared samples were kept in water, at 60°C, for
40 minutes and were cracked at 50.8 mm/min load speed. The final values were determined
by multiplying the automatically determined stability values by the correction values, which
depended on the height of the samples. The Marshall Stability values of the mixtures were
presented in Figure 2 while the flow values were presented in Figure 3 and the Marshall
Quotient (MQ) values were presented in Figure 4.

As it can be seen in Figure 2, the stability rates of mixtures prepared with 18% Gilsonite and
5% SBS modified bitumen were higher compared to the mixtures prepared with pure binder.
It was determined that an irregular change occurred in the stability values of mixtures
prepared with the pure binder with decreased mixing temperature. It was also observed that
the differences between the values of the mixtures prepared with pure binder, the difference
between the highest and lowest stability values were only 3.4%. Furthermore, it was observed
that the values were close to each other in mixtures prepared with 5% SBS, the difference
between the highest and lowest stability values were only 1.2% in mixtures prepared with
5% SBS modified bitumen. It was seen that the stability values reduced the most in mixtures
prepared with 18% America Gilsonite modified binders by changing the mixing temperature.
The highest stability values were obtained from the mixtures prepared at the mixing
temperature and 10°C lower than the mixing temperature while the lowest stability values
were obtained from the mixtures prepared at 20°C lower than the mixing temperature. It was
observed that the difference between the highest and lowest stability values of the mixtures
prepared with 18% Gilsonite modified bitumen were 36.6%.
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HMA wearing courses should have a minimum 900 kg Marshall stability value according to
Technical Specifications of the Turkish General Directorate of Highways (TCK). As seen in
Figure 2, all mixtures met the specification’s requirements.

B MT B MT-10
4000 B MT-15 W MT-20
3500
3000
w2500
=
£ 2000 /
=
& 1500
1000
500
0
PG 52-28 18% Gilsonite 5% SBS
Figure 2 - Marshall stability values of mixtures.
4,50 uMT m MT-10
4,00 BMT-15 mMT-20
3,50
— 3,00
€
£ 250
3
o 2,00
[N
1,50
1,00
0,50

0,00
PG 52-28 18% Gilsonite 5% SBS

Figure 3 - Flow values of mixtures.
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In the examination of the flow results in Figure 3, it was determined that the flow values were
generally increased with decreased mixing temperature. It was observed that the flow values
of all the mixtures were between 2-4 mm, meeting the criteria of the agreement, except for
the mixtures prepared with 18% Gilsonite modified bitumen at 20°C lower than the mixing
temperature. It was determined that the mixtures prepared with pure binders and 18%
Gilsonite had the lowest flow value at the mixing temperature while the highest flow value
was observed in mixtures prepared at 20°C lower than the mixing temperature. It was also
seen that there was a 12.8% difference between the highest and the lowest flow values of
mixtures prepared with pure binders while the difference was 44.5% in mixtures prepared
with 18% Gilsonite. In mixtures prepared with 5% SBS, the lowest flow value was observed
in the mixture prepared at the mixing temperature while the highest flow value was observed
in the mixture prepared at 15°C lower than the mixing temperature. The difference between
the highest and the lowest flow values of mixtures prepared with 5% SBS were 19.5%.

Flow values of HMA wearing courses should be between 2-4 mm according to Technical
Specifications of the Turkish General Directorate of Highways. As seen in Figure 3, except
mixtures prepared with 18% Gilsonite modified bitumen at 20°C lower than the mixing
temperature, all mixtures met the specifications’ requirements.
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T 1200
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o
]
T
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200

PG 52-28 18% Gilsonite 5% SBS

Figure 4 - MQ values of mixtures.

Marshall Quotient (MQ) value, which is the indicator of resistance to permanent deformation
in HMAs, was determined by proportioning the stability values with flow values [31]. As it
can be seen in Figure 4, with decreased mixing temperature, MQ values were generally
decreased. It was maintained that the highest MQ values, thereby the highest resistance to
permanent deformation, were obtained from mixtures prepared at the mixing temperature.
The lowest MQ value was obtained from the mixtures prepared with pure binder and 18%
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Gilsonite modified binders at 20°C lower than the mixing temperature and, for the mixtures
prepared with 5% SBS modified bitumen, the lowest value was observed at mixtures prepared
at 15°C lower than the mixing temperature. The difference between the highest and the lowest
MQ values for mixtures prepared with pure bitumen was 11.3%, while the difference was
97.4% for the mixtures prepared with 18% Gilsonite and 20.4% for the mixtures prepared
with 5% SBS modified bitumen.

3.2. Resistance to Moisture-Induced Damage

In order to determine the resistance to moisture-induced damage in the study, the samples
were prepared and subjected to tests according to AASHTO T 283 standard. For 6 samples
for each type of binder and each mixing temperature, a total of 72 Superpave HMA samples
were prepared. In order to determine the moisture damages of the samples more clearly, the
samples were prepared at 7% + 0.5 air voids. Then, the prepared samples were divided into
two groups in a way that their specific weights are close to each other. After that, the first
group was subjected to vacuuming in a way that their voids were filled with 70-80% water.
Following this process, these samples were held at -18°C temperature for 16 hours and then
held at 60°C water for 24 hours. While it was suggested to apply 1 cycle in the normal testing
procedure, 5 freezing and thawing periods were applied in this study in order to determine
the effects of mixing temperatures on the resistance to moisture-induced damage of HMAs.
After the 5th period, the samples were kept in 25°C water for 2 hours and were cracked at
the diametrical direction by applying a 50.8 mm/min loading rate. The second group of
samples was kept in 25°C water for 2 hours and the samples were cracked by applying a 50.8
mm/min loading rate. Based on the maximum level of load at failure, the indirect tensile
strength (ITS) in kPa is calculated by the following equation:

ITS=2*F/n*L*D (1)

where F is the peak value of the applied vertical load (kN); L is the mean thickness of the test
specimen (m); and D is the specimen diameter (m). In the study, the unconditioned samples
were labeled as ITSyncond, While the conditioned samples were labeled as ITScond.

The tensile strength ratio (TSR) value, which is an indicator of the resistance of the mixtures
against moisture-induced damage, was determined as per the equation below:

TSR = 100 * ( ITSeond. / ITSuncond.) 2

where ITScond is the indirect tensile strength of the conditioned specimens and ITSuncond
denotes the indirect tensile strength of the unconditioned specimens. The ITSucond Values of
the samples were presented in Figure 5 while the ITScond values were presented in Figure 6
and TSR values were presented in Figure 7.

In the examination of the ITSuncond values (Fig. 5), it was observed that the ITS was increased
significantly with additive usage. With decreased mixing temperature in pure mixture, a
consistent reduction in ITS values was observed. In mixtures prepared with 18% Gilsonite
and 5% SBS modified bitumen, with decreased mixing temperature, a consistent change was
not observed in ITS values. In the pure mixture, the highest ITS value was observed in the
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mixture prepared at the mixing temperature while the lowest value was observed at 20°C
lower than the mixing temperature. It was determined that the difference between the highest
and the lowest ITS value was 20.1%. In mixtures prepared with 18% Gilsonite modified
bitumen, the highest value was observed at mixture prepared at 15°C lower than the mixing
temperature while the lowest value was observed at the mixture prepared with at 10°C lower
than the mixing temperature. For the mixtures prepared with 18% Gilsonite modified
bitumen, the difference between the highest and the lowest ITS values was 6.5%. While the
values in mixtures prepared with 5% SBS were rather close to each other, the highest value
was observed in mixtures prepared at 10°C lower than the mixing temperature while the
lowest value was observed at mixtures prepared at 20°C lower than the mixing temperature.
The difference between the highest and the lowest ITS values was only 2.3%.
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PG 52-28 18% Gilsonite 5% SBS

Figure 5 - ITS values of unconditioned mixtures.

In the observation of the ITScona in Fig. 6, it was observed that the ITS values of mixtures
prepared with additives were higher compared to pure mixtures. Following the conditioning,
while the ITS values of HMAs prepared with 5% SBS modified bitumen decreased
consistently with decreasing mixing temperature, the ITS values of mixtures prepared with
other binders (pure and 18% Gilsonite modified bitumen) did not demonstrate a consistent
change with decreased mixing temperatures.

In mixtures prepared with pure binders, the highest value following the conditioning was
observed in the mixtures prepared at 10°C lower than the mixing temperature while the
lowest value was observed in mixtures prepared at 15°C lower than the mixing temperature.
The difference between the ITS values of mixtures prepared with pure binders following the
conditioning was 24.1%. In mixtures prepared with 18% Gilsonite, following the
conditioning, the highest ITS value was observed in mixtures prepared at 15°C lower than
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the mixing temperature while the lowest ITS value was observed in mixtures prepared at
10°C lower than the mixing temperature and the difference between the highest and the
lowest ITS value was determined to be 22.7%. In mixtures prepared with 5% SBS modified
bitumen, following the conditioning, the highest ITS value was observed in mixtures
prepared at the mixing temperature and the lowest ITS value was observed in mixtures
prepared at 20°C lower than the mixing temperature while the difference between the highest
and the lowest ITS value was 7.0%.

1400

1200 uMT = MT-10

B MT-15 MT-20

1000

800

ITS cond. (kPa)

600 max. difference
24.1%

400

200

PG 52-28 18% Gilsonite 5% SBS

Figure 6 - ITS values of conditioned mixtures.

In the examination of the tensile strength ratio values in Fig. 7, it was determined that none
of the mixtures met the criteria of Superpave specification limit (min. 80%) due to
conditioning for 5 successive times. However, the fact that even the worst TSR value was
around 40% following the Sth freezing and thawing cycle supported the idea that all the
mixtures would meet the criteria of the agreement.

In the evaluation of the mixtures, it was observed that the lowest TSR value was of pure
mixture while the highest TSR value was of the mixtures prepared with 5% SBS. The TSR
value was observed to increase with additive usage. It was determined that SBS is more
effective compared to Gilsonite in terms of resistance to moisture-induced damage.

In mixtures prepared with 5% SBS modified binder, with decreased mixing temperature, TSR
values were consistently decreased while it was observed that these values did not
consistently change in mixtures prepared with other two binders. In mixtures prepared with
pure binders, the lowest TSR value was observed in mixtures prepared at 15°C lower than
the mixing temperature while the highest value was observed that mixtures prepared at 20°C
lower than the mixing temperature and the difference between the highest and the lowest
values were 23.0%. In mixtures prepared with 18% Gilsonite modified binders, the highest

9232



Giil BALIK, Mehmet YILMAZ, Baha Vural KOK, Taner ALATAS

TSR rate was observed in mixtures prepared at 15°C lower than the mixing temperature while
the lowest rate was observed in mixtures prepared at 10°C lower than the mixing temperature
and the difference between the highest and the lowest rate was 15.2%. In the mixtures
prepared with 5% modified binder, the highest tensile strength ratio was observed in mixtures
prepared at the mixing temperature while the lowest rate was observed in mixtures prepared
at 20°C lower than the mixing temperature and the difference between the highest and the
lowest temperature was 5.3%.

70,0

60,0 BMT = MT-10

m MT-15 MT-20

50,0

40,0

TSR (%)

30,0

20,0

10,0

0,0
PG 52-28 18% Gilsonite 5% SBS

Figure 7 - TSR values of pure and modified binder included mixtures.

3.3. Indirect Tensile Fatigue Test Results

Indirect tensile fatigue tests were conducted on mixtures prepared with pure binders, 18%
Gilsonite and 5% SBS modified bitumen at mixing temperatures of 10°C, 15°C and 20°C
lower than the mixing temperature. The indirect tensile fatigue tests were performed in a
controlled stress mode according to BS DD ABF standard [32]. 3 samples of each type of
mixture, a total of 36 samples, were prepared for this test. The prepared samples were
conditioned at 40°C for 3 hours. Then, repeated loading was applied by using Universal Test
Machine (UTM). Because the main aim of the study is to investigate the effect of mixing
temperatures on the performances of HMAs, fatigue tests at various stresses were conducted
on each type of binder. In mixtures prepared with pure binders, the fatigue tests were
conducted at 200 kPa stress level, in mixtures prepared with 18% Gilsonite modified
bitumen, at 350 kPa stress level and in mixtures prepared with pure binders, at 250 kPa stress
level.

Indirect tensile fatigue tests were continued until the sample failed. Thus, the deformation
values in the maximum load cycle number and maximum load cycle number were obtained
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via the software. As a result of the stress-controlled fatigue tests, the representative load
repetition number-deformation level graph was plotted, see Fig. 8.
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Figure 8 - A representative deformation-load repetition number relationship.
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Figure 9 - The variation of Nyax values of mixtures with the stress level and modifier type.
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Figure 10 - The variation of dma: values of mixtures with the stress level and modifier type.
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Figure 11 - Nyvalues of mixtures.
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Figure 12 - drvalues of mixtures.

Then, the results of the tests were transferred to Microsoft Excel and the fatigue lives of
mixtures were determined by the junction points of 2nd and 3rd zones [33]. Additionally,
maximum load cycle numbers (Nmax) of mixtures were presented in Figure 9 and the
deformation values at maximum load cycle number (dmax) were presented in Figure 10 while
the fatigue lives (Nf) were provided in Figure 11, the deformation values at fatigue lives (6f)
were presented in Figure 12.

In the observation of the maximum load cycle numbers in Figure 9, even though the mixtures
prepared with modified bitumen were subjected to higher stresses, it was determined that the
maximum load cycle numbers were higher in mixtures prepared with modified bitumen. In
the comparison of the type of additive, it was observed that even though mixtures prepared
with 18% Gilsonite were subjected to higher stresses, they had similar maximum load cycle
number with mixtures prepared with 5% SBS modified bitumen. Thus, the best results of
these fatigue tests were obtained from mixtures prepared with 18% Gilsonite modified
bitumen. It was also observed that in all of the binders, with decreased mixing temperature,
the maximum load cycle number consistently decreased.

In mixtures prepared with pure binder at 10°C lower than the mixing temperature, the
maximum load cycle number was decreased by 17.7% while at 15°C lower than the mixing
temperature, it was 34.7% and at 20°C lower than the mixing temperature, it was decreased
by 51.9%. In mixtures prepared with 18% Gilsonite modified binder, the maximum load
cycle number decreased by 18.0%; 28.7% and 55.5% at 10°C, 15°C and 20°C lower than the
mixing temperature, respectively. In mixtures prepared with 5% SBS modified binder, the
maximum load cycle number decreased by 14.3%; 31.8% and 48.0% at 10°C, 15°C and 20°C
lower than the mixing temperature, respectively. According to the obtained results, it was

9236



Giil BALIK, Mehmet YILMAZ, Baha Vural KOK, Taner ALATAS

determined that at 10°C and 20°C lower than the mixing temperature, the highest decrease
was in mixtures prepared with 18% Gilsonite and at 15°C lower than the mixing temperature,
the highest decrease was in mixtures prepared with pure bitumen. Especially at 20°C lower
than the mixing temperature, the fact that the maximum load cycle number was decreased by
approximately 50% demonstrated the significance of the mixing temperature in conditions
with repeated loads.

In the observation of the deformation values in the maximum load cycle number of the
mixtures (Fig. 10), it was determined that the highest deformation value in pure binder was
in mixtures prepared at 10°C lower than the mixing temperature while the lowest deformation
value was in mixtures prepared at 20°C lower than the mixing temperature. In the observation
of mixtures prepared with 18% Gilsonite and 5% SBS, the lowest deformation value was in
mixtures prepared at 15°C lower than the mixing temperature. These results indicated that
the mixtures would have more brittle fractures in a situation where the mixture prepared with
pure binder was prepared at 20°C lower than the mixing temperature and the mixtures
prepared with 18% Gilsonite and 5% SBS modified bitumen prepared at 15°C lower than the
mixing temperature.

In the observation of the fatigue lives of the mixture, it was determined that the changes were
similar to those in the maximum load cycle number (Fig. 11). In mixtures prepared with pure
binder, when the mixing temperature is 10°C lower than the mixing temperature, the number
of fatigue life load cycle was decreased by 19.2% while at 15°C lower than the mixing
temperature, it was decreased by 36.3% and 20°C lower than the mixing temperature, it was
decreased by 52.3%. In mixtures prepared with 18% Gilsonite modified bitumen, with 10°C,
15°C and 20°C lower than the mixing temperature, the number of fatigue life load cycle were
decreased by 18.4%; 28.9% and 56.0%, respectively. In mixtures prepared with 5% SBS
modified bitumen, with 10°C, 15°C and 20°C lower than the mixing temperature, the number
of fatigue life load cycle were decreased by 14.0%; 30.6% and 47.4%, respectively.
According to the obtained results, it was determined that at 10°C and 15°C lower than the
mixing temperature, the mixtures prepared with pure bitumen had the highest decrease in the
number of fatigue life load repeated while at 20°C lower than the mixing temperature, the
highest decrease was in mixtures prepared with 18% Gilsonite modified bitumen.

In the observation of the deformation values in fatigue lives of the mixtures (Fig. 12), it was
observed that the lowest deformation value in mixtures prepared with pure binders was at
20°C lower than the mixing temperature while in mixtures prepared with 18% Gilsonite and
5% SBS modified bitumen, the lowest deformation value was in mixtures prepared at 15°C
lower than the mixing temperature. This situation indicated that these mixtures would cause
more brittle fractions.

4. SUMMARY AND CONCLUSIONS

In this study, three different types of binders (pure bitumen, 18% Gilsonite and 5% SBS
modified bitumen) and limestone type crushed aggregate were used at 4 different mixing
temperatures (the mixing temperature, 10°C, 15°C and 20°C lower than the mixing
temperature) for the preparation of mixture samples. The values of mixing temperatures were
determined by using the viscosity values (the values corresponding to 170 cP). The mixture
samples were prepared by using Superpave gyratory compactor. By conducting Marshall
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Stability and flow, resistance to moisture-induced damage and indirect tensile fatigue tests
on the mixture samples, the effects of mixing temperatures on the performance of HMAs
were investigated.

As a result of the Marshall Stability and flow tests, it was determined that the stability values
were increased as a result of additive usage. Additionally, with declined mixing temperatures,
the stability and MQ values of the mixtures were generally decreased and the flow rates
increased. It was also determined that the mixture prepared with 18% Gilsonite was the one
affected most by the changes in the mixing temperature.

In the comparison of the moisture-induced damage tests, with additive use both before and
after the conditioning, it was determined that tensile strength values were increased. Gilsonite
was more effective on tensile strength values compared to SBS. However, SBS was more
effective in tensile strength ratio, which is an indicator for resistance to moisture-induced
damage, compared to Gilsonite. In the evaluation of the effects of mixing temperature on ITS
and TSR, while there was no consistent change, it can be concluded that with decreasing
mixing temperatures, tensile strength values were decreased in general.

In the evaluation of the indirect tensile fatigue tests, it was observed that the fatigue lives of
mixtures were increased with additive use. The most effective additive on indirect tensile
fatigue test results was Gilsonite. With decreased mixing temperature, fatigue life values of
all of the mixtures were decreased. This situation indicated that the decrease in the mixing
temperature influenced the fatigue performance of the mixture negatively. In the evaluation
of the deformation values, it can be concluded that with decreased mixing temperature, there
was no consistent change.

When all the tests results were taken into consideration, it was concluded that additive use
had positive effect on the performances of HMAs positively. Additionally, in cases where
the mixing temperature is lower than what it is supposed to be, the performances of the
mixtures would be affected negatively and especially the fatigue life would be affected
substantially in a negative way. It was also determined that, in the evaluation of the effects
of mixing temperature, dynamic test methods (indirect tensile fatigue) had more precise
results compared to static test methods (Marshall stability and flow, indirect tensile strength).
It can also be mentioned that in the HMAs produced for the investigation, attention paid to
the mixing temperature of bitumen and aggregate in the plant is crucial for the performance
of the mixture. In this study, only one type of aggregate and bitumen were used. Studies with
materials obtained from different sources would further augment the validity of the results.
Additionally, the effects on performance should be investigated in the event that when HMAs
are prepared at higher temperatures than the indicated mixing temperature.

Symbols

G* : Complex shear modulus
HMA  : Hot mix asphalt

ITS : Indirect tensile strength
MT : Mixing temperature
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: Marshall quotient
: Fatigue live
: Maximum load cycle number

: Performance grade

SBS : Styrene-butadiene-styrene

TSR : Tensile strength ratio
UTM  : Universal Test Machine

Af

: Phase angle

: Deformation value at fatigue live

dmax : Deformation value at maximum load cycle number
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Examination of the Efficiency of Retrofitting
Methods through Fragility Analysis

Murat S. KIRCIL!
Erdem Caglar KOCABEY?

ABSTRACT

Turkey had several devastating earthquakes throughout its history as it is located in a highly
seismically active region. Thus, seismic evaluation and retrofitting of the existing structures
to decrease the potential damage of the future earthquakes is an essential part of the
earthquake relief plans. The aim of this study is to examine the efficiency of widely used two
retrofitting methods of existing structures through fragility analysis. Fragility curves are
useful tools to show the probability of structural damage due to earthquakes as a function of
ground motion indices. Fragility curves of a hypothetical residential building which
represents the existing building stock have been generated. Furthermore, fragility curves of
two retrofitted building have also been obtained. The first one is a frame with jacketed
columns and the second one has shear walls added to the existing frame. Fragility curves
have been obtained based on both local and global damage criteria limits in terms of
interstory drift ratio. The obtained damage probabilities have shown that the damage criteria
either local or global which are used for generation of fragility curves are significantly
effective on the results. Differences in damage probability indicate the importance of the
damage criteria and corresponding limits used for the determination of damage probability.

Keywords: Fragility curve, damage probability, incremental dynamic analysis.

1. INTRODUCTION

Damage, observed after past earthquakes, has emphasized the need for risk assessment of the
existing building stock to estimate the potential damage of future earthquakes. The M,, 7.4
1999 Kocaeli and My, 7.2 2011 Van earthquakes caused a considerable amount of economic
losses, damage and a great number of causalities. This is due to not only the high seismicity
but also due to the seismic vulnerability of the existing building stock. Most of the existing
RC structures in Turkey are prone to earthquakes. Fragility curves allow estimation of the
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probability of structural damage due to earthquakes as a function of ground motion indices.
Thus, fragility curves of different types of structures have always been a subject of
investigations which are performed for vulnerability assessment to estimate the potential
damage that may be caused by future earthquakes. Several studies have been carried out all
over the world to investigate the potential damage to the existing building stock [1-16]. In
this study, the effectiveness of two widely used retrofitting methods has been investigated
through fragility curves. Incremental dynamic analyses were performed for considered
buildings to determine the threshold of different damage levels in terms of interstory drift
ratio and fragility curves have been obtained based on the determined threshold values.
Furthermore, threshold of damage levels obtained with different approaches are compared.

2. SAMPLE BUILDINGS

The structural system of a 6-story hypothetical sample building that consists of R/C frames
in both two directions has been investigated. Fig.1 shows typical story plan of the sample
building. The thickness of the concrete slab is 12 cm at each floor. Story height is 3.10m.
Reinforcement type is S220 which has the characteristic yield strength of 220 MPa and mean
concrete compressive strength is assumed to be 10 MPa considering the construction practice
in Turkey before 2000. Those are realistic values for the buildings which are expected to
exhibit poor performance during a severe earthquake.
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Figure I - Typical Story Plan of the Existing Building
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Mean reinforcement ratio of columns is approximately 0.008 which is lower than the
accepted minimum reinforcement ratio. Beam dimensions are 25x60cm and mean beam
reinforcement ratio is approximately 0.0035. Typical deficiencies of such a building are
material strength which is lower than the specified design strength and poor ductility of
structural elements. The axial load on columns is higher than allowed especially in lower
floors. Strong column and weak beam rule is not satisfied and also there is no confinement
effect on structural members because of insufficient lateral reinforcement. The first mode
period of the existing building, calculated with effective stiffness of structural elements, is
1.46s.

Although the main portion of the existing building stock does not have such a regular
structural system, a regular plan building is used within the scope of this study to rationalize
the structural behavior; so that, improvement in structural performance provided by each
retrofitting method can be easily compared.

The assumed transverse reinforcement spacing is 25cm since the existing buildings do not
have adequate shear reinforcement to provide a significant confinement effect. Even 25cm
may be thought as low considering the shear reinforcement spacing of the significant portion
of the existing building stock; however, it’s high enough so that the confinement effect can
be neglected. The calculated shear reinforcement spacing for retrofitting jackets is about 8-
10cm and shear reinforcement of jackets are taken into account for the calculation of the
confinement effect. Figure 2 shows few example sections for beams and columns.

3014 ——0 1 . [
k- 3014 —
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= q L [98/10
3 08/25 3014 *© 5 ]
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aod | 4(312 75 o
25 N Q
o4 |

Figure 2 - Sample Sections for Existing Beam, Column and Retrofitted Column

As mentioned earlier, two different options which are widely used for retrofitting of the R/C
structures were investigated within the scope of this study. The first one is jacketing columns
of the existing structure and the latter is adding shear walls to the existing structural system.
Jacketing improves strength of columns and also helps to improve strong column-weak beam
behavior. The characteristic concrete strength of the jacket is 30MPa and characteristic yield
strength of the reinforcing steel of the additional elements is 420MPa. The floor plan of the
structure, retrofitted by jacketing columns, is shown in Fig 3. The jacketing thickness is 10cm
and not constant because of the decreasing existing column dimensions through the building
height. Thus, thickness of jacket increases up to 20cm especially at upper floors so that a
constant column section can be provided. The authors believe that constant dimensions of
jacketed columns, along the height of retrofitted building, is an advantage to provide strong
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column-weak beam behavior and additional lateral stiffness to the retrofitted structure. The
first mode vibration period of the retrofitted building, calculated with effective stiffness of
structural elements, is 0.49s.

Another widely used method for strengthening is adding new shear walls to the structural
system. This option provides strength and stiffness rather than ductility. New shear walls
reduce the shear force and bending moment on the existing columns since they reduce the
lateral displacement of the structure. However, ductility and ultimate strength of the existing
columns is still low since their rotational capacity and strength can’t be increased. Fig. 4
shows the floor plan of the structure with shear walls. The first mode vibration period of this
building, calculated with effective stiffness of structural elements, is 0.40s.

The shear and bending reinforcement of all additional structural elements are determined
based on the provisions given by TSDC[17] and TS500[18] using the internal actions
obtained for the building located in Earthquake Zone 1 and Site Class B. The observed failure
type of shear walls is bending. The shear failure for those shear walls are not expected
considering that their mean shear capacity ratio is approximately equal to 0.87 in case of
collapse and their height/length ratio 3.10.
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Figure 3 - Typical Floor Plan of the Sample Building (Retrofitted with Column Jacketing)

Although main portion of the existing building stock does not have such a regular structural
system, a regular plan building is used within the scope of this study to refine the structural
behavior; so that, improvement in structural performance provided by each retrofitting
method can be easily compared.
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3. GROUND MOTIONS

The random nature of the earthquakes makes the damage estimation problem probabilistic.
13 ground motion record of 8 earthquakes with different magnitude, PGA and source distance
have been used in this study to be able to take the random nature of the earthquakes into
account. All the considered earthquakes are shown in Table 1. Note that, both X and Y
component of Friuli, Colinga, Kocaeli (Eregli) and Kocaeli (Tekirdag) ground motions are
used for analysis. All the selected ground motion records were recorded on Site Class B since
the sample building is assumed to be constructed on this type of soil. Table 1 shows the considered
earthquakes.

Table I - Ground Motions

Event Year Mag. Rrur(km) PGA(g) Site Class
Kocaeli, Turkey (Eregli) 1999 7.51 58.3 0.06
Kocaeli, Turkey (Tekirdag) 1999 7.51 16.4 0.12 B
Coalinga (Perkfield-Cholame) 1983 6.36 42 0.62 B
San Fernando (Upland — San Antonio Dam) 1971 6.61 46.8 0.62 B
Friuli (Barcis) 1976 6.5 49.1 0.25 B
Imperial Valley
(Pachute test site) 1977 6.53 50.1 0.11 B
Loma Prieta (Saratoga) 1989 7.58 8.5 0.51 B
Landers (Amboy) 1992 7.28 69.2 0.1
Northridge (Castaic) 1994 6.69 20.11 0.46
4. DAMAGE LEVELS

For the present study, 3 different approximations have been adopted to determine the
threshold of damage levels in terms of inter-story drift ratio. The first one is analytic which
is based on the determination of the mean inter-story drift limits obtained from incremental
dynamic analyses at different damage states. The considered damage states are Slight,
Minimum, Extensive and Collapse, respectively. The inter-story drift ratio limit for slight
damage is assumed to be the inter-story drift ratio at first reinforcement yield in either column
or beam section. Inter-story drift ratio limits for minimum and extensive damage level have
been determined based on the strain limits given by the Turkish Seismic Design Code [17]
as shown in Table 2.

The minimum damage limit is assumed as the inter-story drift ratio related to the first
minimum section damage of a structural system element. The max. inter-story drift ratio of
extensive damage limit is assumed to be reached at first beam section collapse based on the
strain limits given in Table 2. The partial collapse limit corresponds to max. inter-story drift
ratio at first column section collapse and finally collapse limit is defined as the max. inter-
story drift ratio causing frame mechanism.
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Table 2 - Strain Limits of Section Damage Levels

Section damage

level Strain limit for concrete Strain limit for reinforcement
0.004
Mini 0.01
T (Unconfined)
Extensive 0.004+0.0095(ps / psm) <0.0135 (confined) 0.04
Collapse 0.004+0.013(ps/psm) <0.0180 (confined) 0.06

Note that the approximation given above, which is used for linking the inter-story drift ratio
and strain limits given by Turkish Seismic Design Code[17], is subjective. On the other hand,
Turkish Seismic Design Code[17] defines structural performance levels based on the rate of
the damaged structural elements at each story. However, this approximation is not practical
for such a study. Table 3 shows the drift ratio limits obtained following the procedure
explained above. Those mean inter-story drift ratio limits will be called local damage criteria
in the remaining part of the text since they have been determined using the local damage
limits.

Table 3 — Inter-story Drift Limits Corresponding to Local Section Damages

Mean interstory drift ratio (%)
Damage level

Existing Jacketing Shear wall
Slight 0.2 0.3 0.2
Minimum 1.5 1.8 0.9
Extensive - 3.7 -
Part. collapse 2.7 6.6 33
Collapse 5.4 7.1 5.5

The extensive damage limit is defined as first section collapse of a beam section as mentioned
above. As seen from Table 3, the extensive damage limit could not be determined for the
existing and the retrofitted building with shear walls, since strain limit of the collapse section
damage for columns is reached before strain limit of collapse section damage for beams with
a little increase in spectral acceleration. It is believed that the main reason is strong beam-
weak column mechanism commonly encountered in such buildings.

The second approximation is based on the global damage levels and corresponding inter-
story drift limits proposed by Rosetto and Elnashai [19]. Table 4 shows the aforementioned
limits. Finally, the last approximation is the determination of yield and collapse states
analytically through the incremental dynamic analysis following the definitions given by
Vamvatsikos and Cornell [20]. Results are sown in Table 5. Inter-story drift ratio limits,
given in Table 4 and 5, are based on the global structural behavior while those given in Table
3 are based on the local section damage limits.
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Table 4 — Inter-story Drift Limits (Global)

Damage level Interstory drift ratio (%)
Light 0.19
Moderate 0.56
Extensive 1.63
Part. collapse 3.34
Collapse >4.78

Table 5 - Interstory Drift Limits Obtained With Incremental Dynamic Analysis

Mean inter-story drift ratio (%)

Damage level

Existing Jacketing Shear wall
Yield 0.8 0.69 0.28
Collapse 3.06 4.39 2.17

5. INCREMENTAL DYNAMIC ANALYSIS

Incremental dynamic analysis (IDA) has been used to determine the damage thresholds
corresponding to aforementioned damage levels. This method was discussed
comprehensively by Vamvatsikos and Cornell [20]. IDA is a useful method to produce curves
which show the relationship between the selected ground motion intensity measure versus
the selected damage indicator. For this study 5% damped elastic spectral acceleration and
maximum inter-story drift ratio is selected as intensity and damage measure, respectively.
Each ground motion is scaled up monotonically with respect to the individual spectral
acceleration based on the corresponding fundamental period of the considered building.
Thus, the maximum inter-story drift ratio, obtained for each step of IDA, is the result of a
non-linear time history analysis which is carried out for a certain elastic spectral acceleration.
Up to the yield point, the relationship between spectral acceleration and the maximum inter-
story drift ratio is linear. However, the curve leaves the linear path as soon as a yielding
which causes a significant decrease in the slope of the curve —in other word stiffness of the
structure- is observed. When the slope of the curve decreases 20% of the initial slope of the
IDA curve then the analyzed structure is assumed to have collapsed [20]. If dynamic
instability as a result of non-converging run is observed before IDA curve’s slope decreases
to the limit value mentioned above then spectral acceleration level of the non-converging run
is assumed as the collapse capacity. Seismostruct [23] has been used as a structural analyses
software tool for IDA. Seismostruct uses the Newmark scheme with automatic time-step
adjustment for optimum accuracy for the direct integration of the equations of motion during
time history analysis of a 3-dimensional model. The considered hysteretic behavior of
reinforcement and concrete are Bilinear and Mander model [17, 21], respectively. The fiber
section model has been used which considers strain of each point of the section based on the
aforementioned material models. Rigid diaphragm behavior of the slabs is considered during
the analyses.

Fig. 5 shows typical IDA curves of the considered buildings obtained for Imperial Valley
ground motion. Yield and collapse points are indicated on the figure.
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Figure 5 - IDA Curves Obtained for Imperial Walley Ground Motion
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All IDA curves obtained for all the considered building are given in Fig. 6, Fig.7 and Fig. 8
with their yield and collapse point.
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Figure 6 - All IDA Curves Obtained For the Existing Structure
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Figure 8 All IDA Curves Obtained For the Retrofitted Building by Adding Shear Walls
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6. FRAGILITY CURVES

Fragility curves express the probability of structural damage due to earthquakes as a function
of ground motion indices. In the present study, fragility curves are constructed in terms of
elastic spectral acceleration as mentioned before. Fragility curves can be expressed in the
form of two-parameter lognormal distribution functions. Based on this assumption, the
probability of reaching or exceeding a limit state (LS) at a given earthquake intensity can be
expressed as follows

P(LS) = P(dys < dmax) =1 — () (1

where dis and d.. are limit state capacity and maximum demand, respectively. By assuming
a lognormal distribution, the standard normal variant can be expressed as follows

r= Indyps—Ap (2)
Jffs"'flza

where 1p is mean value with lognormal distribution and it can be expressed in terms of the
mean of the maximum response (dnq. ) and its dispersion (¢p).

— g 3
/1D - lndmax Y (3)

&vs is the lognormal standard deviation of a limit state. It is assumed to be 0.3 for the limits
given in Table 4 by following the Jeong and Elnashai [22]. Lognormal standard deviation of
other limit states, given in Table 3 and 5 were calculated using the results obtained from IDA.

The dispersion of maximum demand &p is obtained as the combination of uncertainties
associated with demand estimation as follows

= \/ln (1 + (&T‘le)z) +In <1 + (&:;x)z) +In (1 + (&:Zx)z) 4)

where o, and o, are the standard deviations due to randomness in earthquake records and
material properties, respectively. o, is considered by using 13 ground motion records. The
dispersion in material properties has been considered using the standard deviation of 5 MPa
following the Bartlett and MacGregor [23]. op is standard deviation of structural response.
Fig.9-11 show the fragility curves obtained for all considered buildings.

The target performance of earthquake resistant design of a residential buildings is to satisfy
the Immediate Occupancy (10), Life Safety (LS) and Collapse Prevention (CP) performance
levels under the effect of earthquakes with probability of exceedance of 50%, 10% and 2%,
respectively. Table 6, 7 and 8 show the probability of exceedance of the considered
performance levels under the effect of earthquakes given by TSDC[17] for Earthquake Zone
1 and Site Class B with aforementioned probability of exceedance. The slight, extensive and
partial collapse damage levels, given in Table 3, are related to IO, LS and CP performance
levels, respectively.

9252



Murat S. KIRCIL, Erdem Caglar KOCABEY

=S light
& 0.5 §
~Minimum
=DPart. Collapse
= Collapse
0
0 0.5 1 L5 2

Sa(®)

(a) Fragility Curves of the Existing Building (Local Damage Criteria)

1

—Slight
Light
& 0.5 —Moderate
—Extensive
—Part.Collapse
—Collapse

0 0.5 1 15
Sae(8)

o

(b) Fragility Curves of the Existing Building (Global Damage Criteria)

1
A 0.5 Yield
Collapse
0
0 0.5 1.5 2

1
Sae(®)
(c) Fragility Curves of the Existing Building (Global Damage Criteria / IDA)

Figure 9 - All IDA Curves Obtained for the Existing Building
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Figure 10 - Fragility Curves of the Retrofitted Building with Jacketed Columns
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The strain limit of the (partial) collapse section damage for columns.
(collapse limit) has been reached before the strain limit of collapse section damage for beams
(extensive damage limit) with a little increase in spectral acceleration for both existing and
retrofitted (shear wall) structure. Thus, the probability of reaching life safety performance
level could not be obtained for those buildings in case of using local damage criteria. Light,
Moderate and Partial Collapse damage levels, given in Table 4, are related to 10, LS and CP
performance levels, respectively. The performance levels are connected to damage levels
based on the definitions of performance and damage levels.

Table 6 - Damage Probability for Target Performance (Local Damage Criteria)

excegézzac‘:lilrllt};(()) 1;ears ggﬁgﬁi Life Safety PSeO\}iI:isgn

Existing

%50 98

%10 -

%02 74
Jacketing

%50 58

%10 55

%2 39
Shear wall

%350 76

%10 -

%02 34

Table 7 - Damage Probability for Target Performance (Global Damage Criteria)

excondance in S0 yews  Occupaney Life Safety Prevention

Existing

%50 96

%10 85

%2 68
Jacketing

%350 58

%10 38

%2 12
Shear wall

%50 78

%10 69

%2 37
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Table 8 - Damage Probability for Target Performance (Global Damage Criteria / IDA)

Probability of

exceedance in 50 years Yielding Collapse

Existing

%50 69

%10 -

%2 57
Jacketing

%50 57
%10 -
%2 6

Shear wall

%350 70
%10 -
%2 45

As it is seen from the Tables 6-8, both retrofitting methods decrease the damage probability
significantly. There is almost no difference between the probability of reaching IO
Performance Level, obtained with local and global damage criteria (Table 6 and 7).

In case of using the local damage criteria (Table 6), the highest decrease in probability of
exceeding the 10 performance level is provided by the jacketing, while the highest decrease
in probability of CP performance level is provided by shear walls. However; the difference
in the probability of exceeding CP performance level of both retrofitting methods is not
significant.

Jacketing is the most efficient method to decrease the damage probability in case of using
global damage indicators since it provides significant decrease in damage probability at each
considered performance level (Table 7) as compared with strengthening with shear walls.
The authors believe that the main reason of this significant decrease is strong column-weak
beam behavior which is provided by the increase in the strength and deformation capacity of
the jacketed columns. This enhancement in strength can be observed from the IDA curves
given in Fig.5. Note that improvement in the behavior of the building with jacketing depends
on the shear reinforcement of jackets so that the premature shear failure can be prevented. In
this study, it is assumed that sufficient amount of transverse reinforcement will be provided
in jacketed columns.

7. CONCLUSIONS

Finally, the following conclusions can be drawn from the results of this study in addition to
the discussion above:

e [t is observed that analytic collapse probability (IDA) of the existing and the retrofitted
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buildings by jacketing (%57, %6) are lower than the probability of CP performance level
obtained based on either local (%74, %39) or global (%68, %12) damage limits and there
is a reasonable margin between probability of reaching analytic collapse state obtained
with IDA and that of collapse prevention performance level determined with both global
and local criteria.

e However, as it is seen from Tables 6-8, the probability of reaching collapse state
determined through IDA for the retrofitted building with shear walls (Table 8) is higher
than the probability of reaching CP performance level determined with local and global
damage criteria given in Table 6 and 7. This result shows that both local and global criteria
for CP performance level, given in codes or proposed by other researchers, are not always
consistent with the analytic collapse limit. However, this observation must be verified by
examining more sample structures with different amount of shear wall area so that it can
be determined whether shear dominated behavior of the structure is effective on this
observation or not. Strengthening with shear walls is almost inevitable with increasing
building height so that lateral displacements can be limited. In such a case, analytic
collapse limit should be determined and used as the upper limit or inter-story drift ratio
of collapse instead of the collapse limit given by codes or other similar documents.

e The Immediate Occupancy Performance Level is defined by Turkish Seismic Design
Code [19] as “none or negligible damage” in structural system. Furthermore, yielding
capacity determined via IDA represents the onset of yielding. Thus, it is expected to have
similar probability of reaching the yielding and the 10 performance level. The probability
of reaching the Immediate Occupancy Performance Level determined with local and
global criteria and the probability of yield determined with IDA are similar (%58, %58,
%357) only for the retrofitted building with jacketing. However, yielding probability of
the existing building (%69) is significantly lower than the probability of reaching the IO
Performance Level (98%, 96%). Yielding probability (70%) of the retrofitted building
with shear walls is still lower than the probability of reaching 1O Performance Level given
in Table 6 and 7 (76% and 78%). However; the difference is not as significant as observed
for the existing building.

Those differences in damage probability indicate the importance of the damage criteria and
corresponding limits used for the determination of damage probability. Damage state or
performance level limits -either local or global- must be selected carefully and upper and
lower limits (onset of yield and collapse), at least, must be determined analytically so that
realistic estimations can be made.

Note that local damages such as shear or axial failure of structural system elements are not
considered within the scope of this study; so that, the retrofitting methods can be compared
clearly. On the other hand, those failure types can be observed during the evaluation and
design process and they may require application of some local strengthening techniques to
prevent brittle failure of those elements. However, it is believed that the existence of this type
of deficiencies (when they don’t change the global structural behavior significantly) does not
cause significant changes in the observations which are made within the scope of this study.

A building with a regular plan has been investigated so that the individual effect of considered
retrofitting methods can be compared clearly; however, the plan layout of the main portion
of the existing building stock is not as regular as such. Therefore, for a building with a highly
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irregular plan, the probable strengthening method will be the combination of the considered
methods within the scope of this study.
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ABSTRACT

The trend of renewing old masonry buildings and provision of new housing, public and other
areas without using new building blocks is becoming increasingly important to ensure the
conformity of the renovated buildings with the current technical regulations. One compliance
aspect is the load-bearing function, which to a large degree depends on the floor structures.
As old masonry buildings often have timber floors, the purpose of this article is to provide
insight into the field of timber floor strengthening. Thus, the evolution of floor structures is
briefly presented, and common types of timber floors are provided. Furthermore, the weight
of different timber floor fillings is studied in relation to the prescribed imposed loads.
Measures for strengthening old timber floors are introduced separately in view of vertical
and horizontal strengthening. Additionally, a classic timber floor and a timber-concrete
composite floor are analyzed regarding current building standards in the European Union,
the Eurocodes.

Keywords: Floor structures, timber floors, strengthening, timber-concrete composite,
Eurocodes.

1. INTRODUCTION

A frequent situation in building renewal is the change of the category of use, which can in
certain cases lead to the requirement imposing higher incident loads and consequently to
necessity for structural improvement of the existing structure. Nonetheless, even a change in
a standard can increase the minimum incident load, which can be related to the progress of
the housing culture and/or policy changes. In the studied case, special attention must be paid
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to floor structures as a building element which bears the incident loads and transfers them to
the adjacent walls. Since timber floors present a significant part of the existing building stock
(for example in Slovenia [1]), acquirement of existing timber floor data and strengthening
measures is crucial for planning effective building renewal strategies.

Regarding the strengthening problem, timber floors can be arranged into two categories. The
first category represents timber floors that have no importance for the cultural heritage and
the second category represents timber floors of historical and cultural interest. The
strengthening techniques for the first group are controled only with the owners wish or solely
by economic reasons, whereas limitations for the second group regard the reversibility, the
compatibility, the minimum level of intervention and fulfillment of internationally accepted
requirements regarding historic architecture [2].

The strengthening measures for timber floors can be split into strengthening techniques for
vertical (“out of plane”) loads and horizontal (“in-plane”) loads [3]. Especially the timber-
concrete composite (TCC) section has gained importance as a new structural element and as
a strengthening technique in the past years [4], as it strengthens the “out of plane” and “in-
plane” behavior of the timber floor simultaneously. Instead of the concrete part of the TCC
section, additional timber elements in the form of cross-laminated timber are often used,
which presents a dry technique for forming composite cross sections and is therefore
preferred for timber floors of historical or cultural interest ([2, 3, 5, 6]). Other strengthening
techniques involve the use of additional tensile or bending elements connected to the existing
timber joists.

Beside increased incident loads, time imposed timber damage can be a reason for
strengthening measures, although it is often an argument for replacement of the timber floor
with a reinforced concrete floor. Floor vibrations are also an essential criterion for evaluating
floor structures but are already positively influenced with strengthening measures for
ultimate and deflection limit states which are not covered in this article.

Irrespective of the article’s subject being only load-bearing capacity, there are also other
important timber floor technical criteria, such as sound insulation, fire safety and thermal
conductivity. They must not be ignored when planning timber floor renovation, but they also
are not considered in this study.

The first part of this article briefly presents the evolution of floor structures and timber floor
types in Central Europe, although the validity of the findings for other territories is not
excluded. Attention is also given to timber floor filling weights. In addition, an overview of
timber floor strengthening techniques is provided. The second part of this article includes a
numerical comparative case study of a classic timber floor and a timber-concrete composite
floor. The research focuses especially on the acquirement of existing timber floor geometry;
whereas the essential contribution of the numerical study lies in the load-bearing capacity
limitations of existing timber floors and TCC floors with existing timber floor joist geometry.

2. THE EVOLUTION OF FLOOR STRUCTURES

According to [7], Central European floor structures until the 19" century can be arranged into
three groups:
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e Timber floors with joists without spacing (Fig. 1a)

Due to a higher load-carrying capacity, they were often used for the upper floors, because
they provided a higher fire safety as they could carry the loads resulting from a
demolished roof structure, possibly as a result of a fire. Due to the dense arrangement,
they also provided a significant obstacle for fire propagation.

e Classic timber floor with timber joists with spacing (Fig. 1b)

They were used for floors between the ground and upper floor. There are many subtypes
which only differ in the sense of different arrangements of floor paneling and filling
between joists.

e Vaults (vaults, vaults between iron beams) (Fig. 1c)

Vaults were usually used on lower floors, cellars and over staircases.[7]

(@) (b) (c)

Fig. 1 - Floor structures used until the 19" century: (a) Timber floor with joists without
spacing; (b) Classic timber floor with timber joists with spacing, (c) Vaults between iron
beams (redrawn from:[7])

In the 20™ century reinforced concrete began being used for floors more frequently. Later,
many different floor types were invented, which especially lowered the material consumption
and consequently diminished the floor weight (prefabricated concrete elements, masonry
fillings, etc.). Afterward, the development of composite and prestressed systems followed.
Parallel to the structural developments, building physics’ demands have risen (sound
insulation, thermal conductivity, etc.), which required floors consisting of multiple layers of
materials with various properties.[7]

3. TIMBER FLOOR TYPES

In principle, there are two types of old timber floors. The first type is represented by timber
floors without joist spacing (Fig. 1 a) and the second type by timber floors with joists with
spacing (Fig. 1 b). A newer development is seen in the timber floor panels (Fig. 2 a), which
have slender timber joists mechanically or adhesively connected to different wood-based
sheeting boards. The latest type of timber floors consist of the cross-laminated timber floor
elements (Fig. 2 b). Somewhat less often, glued laminated timber elements are also used for
floors (Fig. 2 c). Instead of adhesives also mechanical connectors are used but to a much
lesser extent.

9263



Timber Floors and Strengthening Techniques (Illustrated With a Numerical Example)

@ (®)

Fig. 2 - Timber floor types: (a) Timber floor panels; (b) Cross-laminated timber floor; (c)
Glued laminated timber floor, (d) Timber-concrete composite floor

3.1. Timber-Concrete Composite Floors

The timber-concrete composite floor (Fig. 2 d) is a structural system, which is used for

strengthening existing timber floors and for new construction projects. There are also

examples of the system used in bridge construction [8]. The main advantages of the system

are [7]:

e Rational use of various materials (concrete is in the compressive zone of the cross section
and timber is in the tension zone of the cross section)

e Possibility of an undemanding strengthening of existing timber floors
e Relatively high bending stiffness

e Rigid diaphragm behavior

e Positive effect on the vibrational behavior of the floor

e Positive effect on the floor sound insulation properties

e Positive effect on the floor fire safety

The shear forces due to the composite action between timber and concrete are transmitted
through mechanical connections. There are also attempts with adhesive layers providing the
connection [9]. Different fasteners may be used for mechanical connections: bolts, nails,
dowels, toothed plates. The concrete slab is usually reinforced in compliance with minimum
reinforcement requiremeny, splitting forces resulting from mechanical connectors and
rheological behavior of concrete (shrinkage) [7].

In addition, attention must also be given to the cultural heritage criteria, for example in Italy
the timber-concrete approach for strengthening old timber floors was often rejected by
responsible authorities due to claims that the measure is not reversible [6].

3.2. Timber Floor Filling

An important property of timber floors is the filling material inserted between timber joists.
The filling material had the function of sound insulation, fire insulation and reduction of floor
vibrations. According to [10] the materials used for timber floor fillings were:
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e construction waste (crushed masonry, usually burnt) with a density of about 1400 kg/m?
e slag (without sulfur) with a density of about 850 kg/m?

e Dblack coal ash with a density of about 750 kg/m?

e sand and gravel with a density of about 1400 kg/m?

e clay with a density of about 1800 kg/m?

Many variants of old timber floors with descriptions can be found in [11]. These descriptions
were used to determine ratios of filling weight to floor weight. The results for each variant
can be found in Table 1. The weight percentages reach from 20 % to 65 %. The filling area
weight in all variants is more than 0.5 kN/m?. Considering the low weight of new insulation
materials, the removal of the filling may considerably influence the imposed load limit of the
floor.

Table 1 - Floor weights and filling weight percentages (Figures redrawn from: [11])

Floor Filling Filling Weight
area Filling volume per area |percentage of the
Timber floor variant weight area usage | weight filling
kN -’ kN
=] Fo | ] el
2.24 slug 0.075 0.64 28.5
2.07 sand 0.040 0.56 27.1
220 | construction ) 046 0.64 293
waste
2.20 sand 0.062 0.87 39.5
2.88 ash 0.078 0.59 20.3
1.50 slug 0.079 0.67 44.8
2.20 clay 0.079 1.42 64.6

9265



Timber Floors and Strengthening Techniques (Illustrated With a Numerical Example)

3.2.1. Building Codes Related to Prescribed Imposed Loads

In Slovenia (a former Yugoslav country), an increase of the prescribed imposed loads occured
when the building standards in the former Yugoslavia have been changed and later when they
were replaced with the Eurocodes, the current building standards in the European Union. The
old Yugoslav building regulations from 1948, the PTP-2 (“Privremeni tehnicki propisi za
opterecenje zgrada”), can be found in [12]. In 1988 the standard with prescribed imposed
loads, the JUS U.C7.121, was introduced, which was identical with the standard ISO
2103:1986 [13]. After the entry of Slovenia into the European Union in 2004, the Eurocode 1
[14] had become the adopted standard for the prescribed imposed loads. Table 2 shows the
prescribed imposed loads for residential areas, offices and exhibition halls from the
mentioned standards. Comparing the differences between the minimum imposed loads with
the floor filling weights, one can see that the increase of the minimum imposed loads (due to
changing standards) can be partly alleviated or completely balanced out with the removal or
replacement of the timber floor filling with a modern insulation material.

Table 2 - Prescribed minimum imposed loads from different standards

PTP-2 [12]{JUS U.C7.121 (ISO 2103:1986 [13] )|Eurocode 1 [14]
kN kN kN
Area category —2] —2] —2]
m m m
Residential areas| 1.25-1.5 1.5 2.0
Offices 2.0 2.0 3.0
Exhibition halls 2.0 2.5 5.0

4. MEASURES FOR STRENGTHENING OLD TIMBER FLOORS

Although old timber floors are often replaced with reinforced concrete floors, numerous
measures can be used for strengthening. According to [11] some of these measures are:

e Decreasing the timber joist spacing

o Installation of additional beams under the floor for intermediate support
o Installation of additional joists under locations of concentrated loads

e Joist strengthening with nailed timber elements (Fig. 3 a)

e Forming of box girders by using the original joists, additional joists and sheeting boards
(Fig.3b)

e Use of tension or bending elements connected to timber joists (Fig. 3 ¢). Materials such
as steel or carbon fiber reinforced polymers are used.

e Use of tension elements and spacer posts, which enlarge the bending height of the cross-
section (Fig. 3 d). It is also possible to pre-stress the timber joists with steel elements.
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e Forming of a composite cross-section (Fig. 2 d). Usually, concrete elements are added to
the timber joists and mechanically connected with various steel fasteners.

Instead of concrete elements also cross-laminated timber elements are known to be used for
forming composite cross sections [15].

(@)

st LA

Fig. 3 - Timber floor strengthening methods: (a) Strengthening timber joists with nailed
timber elements; (b) Forming of box girders, (c) Tension or bending elements connected to
timber joists, (d) Enlarging the bending height with tension elements and spacer posts
(redrawn from: [11])

There are also examples of forming a timber-concrete composite cross-section with an
additional carbon fiber reinforced polymer strip in the tensile zone [16]. Bending tests (Fig.
4) for this measure can be found in [17].

Fig. 4 - Bending tests of timber-concrete composite sections with additional carbon strips

Another option is the usage of steel collars which surround existing timber floor joists and is
presented in [18]. The forces between the steel collars and the timber joists are transmitted
through friction, which is ensured due to a rubber layer which is vulcanized, in contact with
the steel collar and transversal ringing action due to bolt tightening. The collars are used to
connect additional elements (for example concrete slabs) to the timber joists without
perforating them and without causing any strength reduction.

4.1. Timber Floor in-Plane Strengthening

Besides the vertical behavior of floor structures, their horizontal behavior is also important,
because the horizontal floor stiffness affects the stability or load-bearing capacity of the
whole building. It is important to determine whether the floor structure can be considered a
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rigid diaphragm (Fig. 5) and if it can redistribute horizontal forces (wind or earthquake
forces) to the neighboring elements — walls [19].

Fig. 5 - Role of the diaphragm preventing the overturning modes of masonry walls: (a) the
inadequate in-plane stiffness of the floor causes overturning of the walls perpendicular to
the seismic action; (b) a stiff diaphragm allows forces to be transmitted to the walls
parallel to the seismic action (redrawn from:[20])

In cases where the timber floors do not behave as rigid diaphragms (or diaphragms at all),
different wall collapse or overturning modes are possible (Fig. 6), as walls usually do not
have sufficient strength for forces acting perpendicular to the wall plane [19].

Fig. 6 - Wall overturning modes due to an inadequate stiffness of the floor (redrawn

from:[20])

Although there are different ways of stiffening timber floors in the horizontal plane (Fig. 7),
it turned out that some of these measures are only conditionally useful. Among them is the
replacement of timber floors with reinforced concrete floors and installing reinforced
concrete ties into the masonry, as the higher mass and higher stiffness can negatively impact
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the building [19]. The problem is the connection of the new reinforced concrete elements
with the old masonry walls. As stated in [21], for a successful use of reinforced concrete
elements it is necessary to ensure monolithic behavior of the old masonry walls, which are
often built as a kind of layered structures, and to prevent the wall layers to separate, which is
observed in seismic experiments and during actual earthquakes.

Fig. 7 - Different timber floor in-plane shear strengthening techniques: (a) existing simple
layer of wood planks on the timber beams; (b) second layer of wood planks crossly
arranged to the existing one and fixed by means of steel studs; (c) diagonal bracing of the
existing wood planks by means of light steel plates or FRP laminae; (d) three layers of
plywood panels glued on the existing wood planks; (e) a stud-connected reinforced
concrete slab (redrawn from:[20])

In [20] installation of a steel curb and a reinforced concrete curb is shown as a measure of
horizontal floor stiffening. Furthermore, [22, 23] discuss a timber floor on masonry walls,
which were strengthened with prestressed steel ties on both sides and at the floor height, to
act as a rigid diaphragm. In [24] the use of gang nails, which present a direct connection
between the wooden boards, for horizontal stiffening of timber floors is investigated. In
addition, [24] studied the use of carbon fiber-reinforced polymers strips for horizontal
stiffening of timber floors. To sum up, there are many different timber floor strengthening
techniques, but only a few of them simultaneously strengthen the timber floor “in-plane” and
“out of plane” behavior. One of the few is the timber-concrete composite cross-section.

5. NUMERICAL CASE STUDY OF A TIMBER FLOOR AND A TCC FLOOR

Although timber floors can have random geometric properties, for example timber joist cross
sections differing from a rectangular cross-section (Fig 8), Brezar [25] writes about the so-
called 4-meter syndrome in European buildings, claiming that the most common span of
European rooms is 4 meters, which is the consequence of different practical criteria such as
easy transport or handleability. Brezar [25] also foresees that the dimension of a classic
timber floor joist cross section should be 18 cm x 24 cm. The same timber joist dimension
can be found in [10], although for a 5 m span and a timber joist spacing of 0.9 m.
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Fig. 8 - Timber joists with an inverted T-cross section from a demolished timber floor

To get an insight into the load-bearing capacity of old timber floors, the following numerical
case study deals with the comparison of a classic timber floor for a 5 m span and a timber-
concrete composite floor (TCC floor) with regards to their imposed load-bearing capacity.
The TCC floor has the same timber joist dimension as the so-called classic timber floor. The
numerical case study is conducted to provide an insight into the potential of classic timber
floors and strengthening methods in view of complying with the current building standards.

5.1. Timber Floor

The floor section is given in Fig. 9 and the timber joist dimensions are given in Table 3. The
wooden flooring is fitted on spacer boards, which were oriented perpendicularly to the timber
joists and had an axial distance of about 1 meter. The space between the spacer boards and
timber joists was filled with a mixture of sand and gravel. The function of the lower wooden
boards was to hold the floor filling in place.

900 mm

Floor sectlon detail
Wooden flooring 4 cm
Spacer boards 2 cm
Sand and gravel 10 cm

Timber Jolsts e=90 cm
Wooden boards 4 cm

—240 mm—

=180 mm—t

Fig. 9 - Floor section detail
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Table 3 - Geometric properties of the timber floor

Timber joist width |b;|18|[cm]

Timber joist height |h,|24|[cm]

Span length 1|5 [m]

Joist spacing ¢ |90|[cm]

5.1.1. Mechanical Properties of the Timber Floor Joists

The timber class of the timber joists was defined as C24 and the serviceability class as S2.
The mechanical properties are given in Table 4.

Table 4 - Mechanical properties of timber class C24

Characteristic bending strength f 124.00 |[MPa]

m.k

Characteristic tensile strength along the grain | £, [14.00 |[MPa]

Characteristic shear strength f, [2.50 ([MPa]
Mean value of modulus of elasticity E . [11.00 |[GPa]
Mean value of shear modulus G,.0.69 |[GPa]
. k
Mean density p_ [420.00 [_%]
m

5.1.2. Structural Calculation

To assess the load-bearing capacity of the given timber floor an analysis is performed
according to Eurocode 5 [26]. The combination factors for area category C3 were used. The
area category C3 in Eurocode 1 [14] has a prescribed imposed load of 5 kN/m? and is defined
as an area without obstacles for moving people. The input parameters for the structural
calculation are given in Table 5.

Although the actual span is 5 meters, calculations of maximum imposed loads (Q) are carried
out for different spans, different ultimate and serviceability limit states criteria. Deflections
from shear deformations are also considered. The final deflection is calculated taking timber
creep into account. The static system is a simply supported beam. The design strengths are

used for strength verifications (X3=Koq° ;(—k).
M
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Table 5 - Input parameters for the structural calculation

kN
Floor self-weight G |1.55 —]
m2
. . kg
Filling density Pgn 11300 [E]
Partial factor for permanent actions Yo |1.35] /
Partial factor for variable actions Yo 1.50| /

Modification factor for duration of load and moisture content|k,,4/0.80 | /

Crack factor for shear resistance ke |0.67| /

Factor for quasi-permanent value of a variable action vy, [0.60| /
Deformation factor kgor [0.80| /

Partial factor for material properties Yum | 1.30] /

Considered criteria in the calculation are:

 Ultimate limit state — Bending:

* Serviceability limit state — Instantaneous deflection (deflection limit: span/300)

1 MEd,y0(x) MEqy1(x) " flVEd,zo(X)'VEd,zl(X) <L

u. =
inst fo Erlyy 0 GiAgs 300

* Serviceability limit state — Final deflection (deflection limit: span/250)

~ yN 1
Ufin= ZI:I uinst,i.( 1 +W2’i Kae) < 550

where 6, 4 is the design bending stress, Mgy the design bending moment, E, the modulus of
elasticity of timber, I, the timber joist cross section moment of inertia about the y-axis, f;, 4
the design bending strength, T4 the design shear stress, Vg the design shear force, S, the
first moment of area for the half of the timber joist cross-section, b.s the effective width of
the timber joist cross-section (bef=b; k), f, 4 the design shear strength, u;, the instantaneous
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deflection, Mgqy(x) and Vgq,9(x) the functions of the actual timber joist inner forces,
Mgg,y1 (X) and Vg, (x) the functions of the timber joist inner forces due to virtual forces in
the point and direction of the maximum deflections (middle span point and gravity direction),
G the shear modulus of timber, A, the effective shear area of the timber joist (At,s=1A—; for

rectangular cross-sections), A; the cross-section area of the timber joist, ug, the final
deflection, uj,; the instantaneous deflection for the individual load (permanent or variable).

The instantaneous deflection is calculated for the characteristic load combination, whereas
the final deflection is calculated for the quasi-permanent load combination. The combination

of actions for permenent or transient design situations is used for the ultimate limit state
checks.

5.1.3. Results

The results for the calculation of maximum imposed loads for the classic timber floor are
presented in Fig. 10.

50.0
47.5
45.0 4=
25 \"‘
\
\

40.0
37.5
35.0
32.5 P
30.0 = =+ = ULS Bending
27.5 e

250 \ ULS Shear
225 .z\ N I S T I e SLS Inst. Def.
20.0 T

17.5 R ST SLS Fin. Def.
| A

150 N Cat. C3 Imposed Load

12.5

10.0 e

7.5 S

5.0 st

25 I i 5 o o o
oo 2 e
2.0 2.5 3.0 3.5 40 45 50 55 6.0 65 7.0 7.5 8.0

Span [m]

Maximum imposed load [KN/m"2]

’

Fig. 10 - The dependence of maximum allowable imposed load on the span length — timber
floor (the vertical dashed line labels the actual floor span)

Fig. 10 shows that the final deflection is the most critical criterion. The maximum allowable
imposed load for our timber floor is about 2.5 kN/m? as allowed by the serviceability criteria.
Considering our chosen area category (C3), the maximum calculated allowable imposed load
from the serviceability criteria is too low, the ULS criteria, on the other hand, are met.
Moreover, the shear strength seems to be the most uncritical criterion. If the floor is used for
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category A (floors), both the ULS and SLS criteria will be met, as the characteristic value for
category A the imposed load is 2.0 kN/m? However, considering the high floor filling weight
of about 1.0 kN/m?, a replacement of the filling material with a modern and light insulation
material will result in considerably higher allowable (maximum) imposed loads. To
conclude, it can be also seen that the SLS criteria are the most critical for spans longer than
3.0 m, for spans shorter than 3.0 m the ULS criteria are more critical.

5.2. Timber-Concrete Composite Floor

As previously presented, the timber floor does not meet the ULS and SLS criteria for area
category C3. Our next analysis includes a contribution of the concrete slab to the load-bearing
capacity in a composite floor element with the same timber joist properties as in the
investigated timber floor (5.1. Timber Floor). The timber-concrete composite floor section
(with all details) is given in Fig. 11 and, in comparison to the timber floor section, presents a
modern floor which should also comply with today’s housing culture. The concrete slab
segment geometric properties are given in Table 6. The mechanical connectors between the
concrete slab and timber joists were steel dowels.

900 mm

Floor section de+tall
||/||/| ././u .,1 ||//||/|/| ||/||/|1/|/|/|| ./1 ||//|1/|/| ||/||,||,|/|/|||/| T /u/./. u/u/u/././u; |:/||/| Wooden flooring 1,5 cm
Concrete screed S cm
Impact sound Insulation 4 cm
Concrete plate S cm
L Wooden boards 1lcm
£ [Additional sound insulation 8 cm
< Timber Jolsts e=90 cm
T Wooden boards 4 cm

=180 mm—t

Fig. 11 - Timber-concrete composite section detail

Table 6 - Geometric properties of the concrete slab (segment)

Concrete slab segment width b.(=e) | 90 | [em]
Concrete slab thickness h, 5 | [cm]
Uncracked concrete slab thickness (initial value for all limit states) X¢ 5 | [em]

Thickness of wooden boards between the timber joist and concrete
slab (for considering the gap between the timber joists and concrete |ty 1 | [cm]
slab)
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5.2.1. Mechanical Properties of the Concrete Slab

The strength class of the concrete slab is defined as C20. The mechanical properties are given
in Table 7.

Table 7 - Mechanical properties of concrete class C20

Characteristic compressive cylinder strength of concrete at 28 days f | 20 [[MPa]

Secant modulus of elasticity E_| 30 |[GPa]

k
Mean density P..12500 [—%
m

5.2.2. Structural Calculation

The calculations are performed in compliance with the so-called “gamma method” from

Annex B of Eurocode 5 [26]. The input parameters for the structural calculation are given in
Table 8.

The connectors are only used for stiffness requirements and are not structurally checked.
During construction, the floor should be fully supported consequently, the floor self-weight
and imposed loads are defined as completely resisted by the composite section. The concrete
tensile strength is considered to be zero; therefore concrete is understood as to fail under
tension. Although minimum reinforcement should be present in the concrete slab, this is not
taken into consideration in structural calculation. The uncracked concrete slab thickness is
calculated iteratively (if the first step of the calculation shows tensile stresses in the concrete
slab). The new thickness or uncracked section thickness, X, is used to recalculate the floor
bending stiffness of each iteration step, although vy, the coefficient of composite action, is
calculated only for the uncracked concrete thickness. The reason for this is the reflection of
the global composite beam behavior through the y coefficient. The static system is a simply
supported beam.

Table 8 - Input parameters for the structural calculation

Floor self-weight G |28 l:rl—lj]
Concrete creep coefficient ¢, |3.0] /
Dowel diameter dgow | 20 | [mm]
Dowel spacing Sdow | 10| [ecm]
Modification factor for duration of load and moisture content Kmoa [0.8] /
Partial factor for concrete for ultimate limit states Yo | 1.5 /
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Creep of both materials (timber and concrete) is considered in the calculation. The ULS
criteria depend only on timber tensile and bending strength, as the concrete compressive

strength (fy°—k =13.3 MPa) is never exceeded. Although the actual span is 5 meters, calculations

of maximum imposed loads (Q) for different spans, different ultimate and serviceability limit
states criteria are carried out. Deflections from shear deformations are not considered. The
whole concrete slab width is considered for calculation, as the determination of the effective
flange width (according to Eurocode 2 [27]), b, shows that the calculated effective flange
width is greater than the actual concrete slab segment width, b, for spans longer than
approximately 3.4 m. The results for spans shorter than 3.4 m are therefore slightly
overestimated.

The effective bending stiffness ((EI),) of the composite floor is defined with:

(ED, = XN, (B Tty B-Ayaf) Q)

where E; is the modulus of elasticity of the individual material, A; the (uncracked) cross-
section area of the individual member, a, the distance between the centers of gravity of the
individual cross-section and composite cross-section and I; the moment of inertia of the
individual cross section.

The vy coefficient for timber is equal to 1.0, the y coefficient for the concrete slab (for the
appropriate limit state) is defined with:

1
2 Eehebe:
1 (n”-Eche cSdow)
K12

Y= (6)

where K; is the slip modulus for the considered limit state. The instantaneous slip modulus
for serviceability limit states is defined with:

I<ser: —— : (7)
The instantaneous slip modulus for ultimate limit states is defined with:

=2 Keer (3

Ku3

The final slip modulus for ultimate limit states is defined with:

— K\l
I<u,ﬁn_ 1+(kdef‘4’2+¢c) (9)
2

The final slip modulus for serviceability limit states is defined with:
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— KSCI‘
I<ser,ﬁn ) (kdcg“"c) (10)

For the instantaneous design checks the mean values of moduli of elasticity (E.=E,, and
E=Ecan) are used, whereas modified values are used for the final design checks (due to
creep).

The timber final modulus of elasticity for ultimate limit states is defined with:

E, = —men (11)

Ik gefy,

The timber final modulus of elasticity for serviceability limit states is defined with:

_ Emean ( 1 2)

E =
t,ser 1 +kdcf

The concrete final modulus of elasticity for the ultimate and serviceability limit states is
defined with:

EC[II
B (13)

The axial force (due to composite action) stress component of the individual cross section is
defined with:

_ Yi'EiarMeg
(D,

(14)

ONi

The bending moment stress component of the individual cross section is defined with:

_0.5EihiMggq
(ED,

(15)

Om,i

where h; is the uncracked height (in case of the concrete slab x.).
The total normal stress of the individual cross section is defined with:

G;i=ON,itOMm; (16)

In the calculation considered criteria are:
e Serviceability limit state — Instantaneous deflection (deflection limit: span/300)

The characteristic load combination is used for checking instantaneous deflection.

1MEdy0(x)'Mggy1(x) _ 1
L= = e e
umst fo (EDef =300 ( 1 7)

e  Serviceability limit state — Final deflection (deflection limit: span/250)
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The quasi-permanent load combination is used for checking the final deflection. This limit
state considers creep of both materials (timber and concrete).

~ IMEgyo(X)'MEgy1(x) 1
U T ey S 4

e Ultimate limit state — Bending Instantaneous

ON,t +0M,t <1

1
frod  fmd (19)

e Ultimate limit state — Bending Final

This limit state considers creep of both materials (timber and concrete). The equation (19) is
applied with appropriate input parameters.

e  Ultimate limit state — Shear

Only the shear capacity of the timber joists is used, which means that the results for the

maximum imposed load from the ULS — Shear criterion are conservative. The equation (2)
is applied.

5.2.3. Results

The results for the calculation of maximum imposed loads for the timber-concrete composite
floor are given in Fig. 12.

50.0 T

47.5 Y

45.0 X
>
v
»

425
_ 40.0
37.5
35.0
2325 _
T 300 % N - - = ULS Bending Inst.
=275 1+ \ -
B 250 7% — —ULS Bending Fin.
Ens ' L ULS Shear

20.0 S B e e s EEEERH SLS Inst. Def.
N 1 ] SLS Fin. Def.

12.5 — Cat. C3 Imposed Load

KN/m"2

P
[~

//

——

9

O
I
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/g

< =

= “lee.
_= . *ale
e

0.0 B SR vl
20 25 3.0 35 40 45 50 55 60 65 7.0 7.5 8.0
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Fig. 12 - Dependence of the maximum allowable imposed load on the span length — timber-
concrete composite floor (the vertical dashed line labels the actual floor span)
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It can be seen from Fig. 12 that the most critical criterion for the composite floor of 5 m span
is the ULS Bending criteria. The maximum allowable imposed load regarding the SLS — Fin.
Def. criterion for the timber-concrete composite floor is about 9.0 kN/m?, whereas for the
ULS — Bending Final criterion the maximum allowable imposed load is about 5.9 kN/m?.

The ULS — Bending criteria are the decisive criteria for spans shorter than 6.5 m, for longer
spans the SLS Fin. Def. maximum imposed load is the decisive criterion. The ULS — Shear
criterion is mostly uncritical, even after the shear load is (computationally) completely
resisted by the timber joists.

According to our chosen category of use and span length, the calculated maximum allowable
imposed loads from the serviceability and ultimate criteria are high enough for the category
C3.

Detailed results for each criterion and span length (o, ,, is the concrete slab top stress and
O vot 18 the uncracked concrete slab bottom stress):

e  Ultimate limit state — Bending Instantaneous (results are given in Table 9)

Table 9 - Results for »Ultimate limit state — Bending Instantaneous«

1 Q Gc.top Oc.bot X, (EI)ef K Y

[m] k_N] [MPa] | [MPa] | [em] |[GN-cm?] [k_N /
m cm.

2.0 37.60 -3.23 0.00 1.00 25.20 99.80 0.03
2.5 24.75 -4.58 0.00 1.49 28.04 99.80 0.04
3.0 17.85 -5.78 0.00 2.00 32.20 99.80 0.06
35 13.59 -6.71 0.00 2.51 37.44 99.80 0.08
4.0 10.63 -7.36 0.00 2.99 43.32 99.80 0.11
4.5 8.43 -7.78 0.00 3.42 49.39 99.80 0.13
5.0 6.72 -8.04 0.00 3.79 55.29 99.80 0.16
5.5 5.36 -8.19 0.00 4.11 60.80 99.80 0.18
6.0 4.26 -8.27 0.00 4.39 65.81 99.80 0.21
6.5 3.36 -8.31 0.00 4.62 70.30 99.80 0.24
7.0 2.63 -8.33 0.00 4.82 74.28 99.80 0.27
7.5 2.01 -8.33 0.00 4.99 77.78 99.80 0.30
8.0 1.49 -8.33 -0.19 5.00 80.34 99.80 0.32

9279



Timber Floors and Strengthening Techniques (Illustrated With a Numerical Example)

e Ultimate limit state — Bending Final (results are given in Table 10)

Table 10 - Results for »Ultimate limit state — Bending Final«

| Q e top Oc.bot X¢ (ED¢ K Y

[m] [k_N] [MPa] | [MPa] | [cm] |[GN-cm?] [k_N /
m cm.

2.0 37.02 -1.72 0.00 1.43 16.62 36.42 0.04
2.5 23.96 -2.45 0.00 2.11 18.01 36.42 0.06
3.0 16.93 -3.13 0.00 2.82 20.00 36.42 0.09
35 12.63 -3.69 0.00 3.53 22.48 36.42 0.12
4.0 9.71 -4.12 0.00 4.19 25.24 36.42 0.15
4.5 7.59 -4.42 0.00 4.79 28.09 36.42 0.18
5.0 591 -4.60 -0.19 5.00 30.32 36.42 0.21
5.5 4.59 -4.73 -0.47 5.00 32.09 36.42 0.25
6.0 3.57 -4.84 -0.72 5.00 33.77 36.42 0.28
6.5 2.75 -4.94 -0.94 5.00 35.35 36.42 0.32
7.0 2.08 -5.03 -1.13 5.00 36.81 36.42 0.35
7.5 1.53 -5.11 -1.30 5.00 38.17 36.42 0.38
8.0 1.08 -5.18 -1.45 5.00 39.41 36.42 0.41

e Ultimate limit state — Shear (results are given in Table 11)

Table 11 - Results for »Ultimate limit state — Shear«

1 |{[m]|20|25]|30|35|40|45|50/|55]|60|65|70]|75]38.0
kN]

~1130.28]23.71]19.34{16.21{13.87|12.04{10.58| 9.39 | 8.40 | 7.56 | 6.83 | 6.21 | 5.66
m

e  Serviceability limit state — Instantaneous deflection (deflection limit: span/300)
(results are given in Table 12)
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Table 12 - Results for »Serviceability limit state — Instantaneous deflection«

| Q Oc.top ¢ bot X¢ (ED¢ K Y

[m] [k_N] [MPa] | [MPa] | [cm] |[GN-cm?] [k_N /
m cm.

20 | 9562 | -689 | 0.00 144 | 2769 | 14969 | 0.04
2.5 56.88 -7.94 0.00 2.07 32.80 149.69 0.07
30 | 3872 | -859 | 000 | 268 | 3944 | 149.69 | 0.9
35 2822 | 889 | 000 | 324 | 4680 | 149.69 | 0.12
4.0 21.23 -8.93 0.00 3.72 54.12 149.69 0.15
45 1619 | 879 | 000 | 412 | 6092 | 149.69 | 0.19
5.0 1241 | 854 | 000 | 445 | 6697 | 149.69 | 022
5.5 9.52 -8.24 0.00 4.72 72.24 149.69 0.25
6.0 728 | 791 | 000 | 494 | 7677 | 149.69 | 0.29
6.5 548 | 754 | -0.16 | 500 | 80.15 | 149.69 | 0.32
7.0 4.05 -7.19 -0.33 5.00 82.95 149.69 0.36
7.5 293 | -686 | -046 | 500 | 8543 | 149.69 | 0.39
8.0 204 | 656 | 056 | 500 | 87.62 | 149.69 | 0.42

The results for bending and deflection limits states (Table 9, Table 10, Table 12 and Table
13) show that creep has a negative impact on the load-bearing capacity and it also affects the
distribution of stresses. Although the concrete slab compressive stresses are averagely higher
before creep, the concrete slab is more likely to be uncracked after creep (for longer spans).
It is also noticed that the coefficient of composite behavior, v, is higher after creep. A deeper
look into this fact reveals that timber creep decreases the y coefficient, concrete creep, on the
other hand, increases the y coefficient. As the chosen value for the concrete creep coefficient,
., was higher than the timber creep (kyr) for serviceability limit state or kyry, for the
ultimate limit state), this results in a higher y coefficient. Moreover, if the creep values for
concrete and timber are equal, the creep will have no effect on the y coefficient. Furthermore,
observations reveal that the maximum imposed loads for the serviceability limit state after
creep (Table 13) for spans shorter than 3 m are higher than the maximum imposed loads for
the serviceability limit state before creep (Table 12). This is also a consequence of the y
coefficients being higher after creep and of the fact that the percentage difference between
the y coefficients (between the before and after creep values) is higher for shorter spans.
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The concrete stresses are for all limit states considerably lower than the design concrete

. f, S . .
compressive strength (yik=1 3.3 MPa), which insinuates that using a higher concrete strength

class would not give better results (higher maximum imposed loads) considering the rather
small differences in the moduli of elasticity for different concrete strength classes.

Table 13 - Results for »Serviceability limit state — Final deflection«

Serviceability limit state — Final deflection (deflection limit: span/250) (results are
given in Table 13)

| Q ¢ op Oc bot Xe (EI)ef K Y

[m] k_N] [MPa] | [MPa] | [cm] |[GN-cm?] [k_N /
m cm

2.0 100.96 -2.78 0.00 1.93 14.86 51.62 0.06
2.5 57.44 -3.18 0.00 2.76 17.07 51.62 0.09
3.0 37.23 -343 0.00 3.57 19.90 51.62 0.12
35 25.83 -3.54 0.00 4.30 23.02 51.62 0.16
4.0 18.50 -3.55 0.00 493 26.11 51.62 0.20
4.5 12.90 -3.42 -0.22 5.00 28.21 51.62 0.24
5.0 8.97 -3.28 -0.40 5.00 30.06 51.62 0.28
5.5 6.15 -3.15 -0.53 5.00 31.75 51.62 0.32
6.0 4.06 -3.03 -0.63 5.00 33.29 51.62 0.36
6.5 247 -2.91 -0.70 5.00 34.68 51.62 0.40
7.0 1.25 -2.80 -0.75 5.00 35.93 51.62 043
7.5 0.28 -2.70 -0.78 5.00 37.05 51.62 0.47
8.0 -0.48 -2.60 -0.80 5.00 38.05 51.62 0.50

5.2.4. Impact of Concrete Slab Thickness on the Maximum Imposed Load

In addition to the span length, the concrete slab thickness is also varied. The results for the
maximum imposed load regarding the »Ultimate limit state — Bending Final« criterion can
be seen in Fig. 13. The criterion is chosen because it is the most critical criterion in the

previously presented example.
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Fig. 13 - Dependence of the timber-concrete composite floor maximum allowable imposed
load on the concrete slab thickness — »Ultimate limit state — Bending Final« criterion (the
dashed line labels the chosen concrete slab thickness)

The results clearly show that increasing the concrete slab thickness does not result in a higher
load-bearing capacity (maximum imposed load) of the TCC floor. The load-bearing capacity
of the composite floor is limited by the timber strength, as the concrete compressive strength

(f"—k=l3.3 MPa) is not even nearly exceeded. This is a consequence of the concrete slab only

C

strengthening the compressive zone of the composite section. Detailed results can be
extracted from Table 14.

Table 14 shows that increasing the concrete slab thickness decreases the concrete slab
compressive stresses. Furthermore, it can be seen that the highest imposed load is achieved
with the concrete slab thickness of 5 cm, for which the whole concrete slab thickness is still
under compression. With higher concrete slab thicknesses there is no increase in the load-
bearing capacity anymore. The effective bending stiffness stagnates and starts to decrease
with thicknesses higher than 5 cm because the concrete is defined to fail under tension. The
coefficient of composite action, v, is calculated only for the uncracked concrete slab thickness
and decreases with higher concrete slab thicknesses. With increasing concrete slab thickness,
the design bending moment is counterbalanced with inner bending moments rather than inner
forces of the partial cross sections (timber joist cross-section and concrete slab cross-section).
The increasing inner bending moments in the concrete slab results in concrete slab tensile
cracking as concrete is considered to fail under tension. Another reason for the higher
concrete slab thicknesses not resulting in higher maximum imposed loads is also the
increasing self-weight of the floor.
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Table 14 - Results for »Ultimate limit state - Bending Final« and varying concrete slab

thickness
hc Q Gc.top G¢,bot Xc (EI)ef K ¥ G
k k k
[em] [_N] [MPa] | [MPa] | [cm] |[GN-cm?] [—N] / [—g]
m cm? m?

1.0 5.42 -7.66 -6.63 1.00 21.75 36.42 0.58 182.66

2.0 5.62 -5.63 -3.71 2.00 24.63 36.42 0.41 207.66

3.0 5.72 -4.90 -2.12 3.00 26.69 36.42 0.31 232.66

4.0 5.80 -4.64 -1.03 4.00 28.51 36.42 0.25 257.66

5.0 591 -4.60 -0.19 5.00 30.32 36.42 0.21 282.66

6.0 5.86 -4.55 0.00 5.09 30.56 36.42 0.19 307.66

7.0 5.75 -4.48 0.00 4.91 30.33 36.42 0.16 332.66

8.0 5.63 -4.40 0.00 4.75 30.17 36.42 0.15 357.66

9.0 5.51 -4.34 0.00 4.61 30.06 36.42 0.13 382.66

10.0 5.38 -4.28 0.00 4.48 30.00 36.42 0.12 | 407.66

5.3. Comparison of the Classic Timber Floor and the Timber-Concrete Composite
Floor

For easier comparison, we took the lowest maximum imposed loads of both floors (5.1.
Timber Floor and 5.2. Timber-Concrete Composite Floor) and compared them in one
diagram (Fig. 14).

The difference between the lowest maximum imposed loads of the two floors is higher for
greater spans. The TCC floor proved its structural superiority compared to the timber floor,
as its lowest maximum imposed load (load-bearing capacity) is higher for almost all spans.
For the 2 m span, the timber floor has a higher load-bearing capacity, but this is a consequence
of the fact that only the timber joists are used for the shear resistance of the TCC floor. If the
concrete slab was also considered for the shear resistance, the results for the 2 m span would
also be in favor of the TCC floor.

For the 5 m span the difference between the lowest maximum imposed loads is

(595-225) =372 Even if the floor filling of the timber floor (with an area weight of

1.0%I ) was removed, the difference would still be 2.7 fn—lj Interestingly, the most critical

criteria for the timber floor are the serviceability criteria and on the other hand, ultimate
criteria are most critical for the TCC floor. This is probably the consequence of the concrete
slab contributing to the effective bending stiffness more than to the bending strength.
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Fig. 14 - Comparison of the lowest maximum imposed load for the timber and TCC floor
(the basis for the percent changes is the load-bearing capacity of the timber floor)

6. CONCLUSION

Firstly, floor structure evolution and timber floor types in Central Europe were briefly
presented. The study showed that the timber floor filling presents a large part of the whole
floor weight, which can be of high importance when reconstructing old timber floors.
Moreover, the example from Slovenia explains how changes of building standards can cause
that a floor is not in compliance with the valid building standards anymore. Although the
filling removal may considerably lower the floor self-weight, the influence on other criteria
should not be forgotten or disregarded. Especially the impact on the sound insulation should
be controlled in the case of filling removal.

Further, timber floor strengthening techniques were presented, leading to the conclusion that
numerous techniques differ only in the “strengthening target”. They can strengthen the timber
joists’ compressive or tensile zone, moreover, they can also act as additional bending
elements. Since it rarely happens (as in the case of apartment buildings) that the timber floor
covers more rooms of one owner, the strengthening techniques should also be arranged
regarding the preferable or required access side for the measure to be executed.

Despite many variants of old timber floors, the studied timber floor was declared as a classic
timber floor and presented the basis of the numerical example, which showed that the load-
bearing capacity of timber floors is usually limited with their serviceability criteria.

Thus, the standard timber floor, refurbished with a concrete slab, resulted in a timber-concrete
composite floor and could meet the current building standard requirements. The calculations
for the composite section showed the limitation of the load-bearing capacity (considering the
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ultimate bending criteria) with the timber tensile and bending strength. In addition, a
calculation of the load-bearing capacity (considering the final ultimate bending criteria) for
different concrete slab thicknesses was performed. It showed that a higher concrete slab
thickness did not necessarily result in a higher load-bearing capacity. To increase the load
bearing capacity further, strengthening of the timber joist tensile zone (or side) is needed. An
example of this measure is the use of CFRP strips [28]. However, as CFRP strips negatively
impact the timber floor appearance, more “transparent” strengthening techniques are
favorable.

The findings of this article should encourage responsible authorities to preserve the
originality of old timber floors or to re-build old timber floors in a modified way, similar to
the timber-concrete composite section. Furthermore, other technical criteria, such as sound
insulation, fire safety and thermal conductivity should be taken into account when planning
timber floor renovation. Considering the results regarding structural calculation for the
timber-concrete composite floor and the literature review it seems that this floor system has
the potential to fulfill all relevant criteria.
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Rotary Inertia and Higher Modes Effect on the Dynamic
Response of Timoshenko Beams on Two-Parameter
Elastic Foundation

Caglayan HIZAL!
Hikmet Hiiseyin CATAL?

ABSTRACT

This study investigates the effects of rotary inertia and higher modes on the dynamic response
of the axially loaded Timoshenko beams on two-parameter foundation with generalized
elastic end conditions. A simplified modal analysis procedure is presented by using the
conventional separation of variables method. The effect of rotary inertia on the solution of
free vibration differential equation is discussed. A numerical example is presented to
investigate the coupled effect of rotary inertia and higher modes on the bending moment and
shear force responses.

Keywords: Rotary inertia, higher modes effect, separation of variables method, two
parameter-foundation.

1. INTRODUCTION

The dynamic behavior of axially loaded beams on elastic foundation has gained the attention
of many researchers. The Winkler type foundation, which is the best known of the elastic soil
models, has been widely used for the estimation of soil-structure interaction. A great number
of studies exist in the literature regarding the dynamic response of Euler or Timoshenko
beams on Winkler type foundations [1-2]. Catal [3, 4] obtained the fourth order differential
equations by using the separation of variables method for the beams partially resting on
Winkler foundation with the axial force and rotary inertia effects. A particular case, in which
the free vibration equation of motion has five different solutions depending on the subgrade
modulus was highlighted. Yesilce and Catal [5] investigated the free vibration of the
Timoshenko beams on Winkler foundation with different subgrade reactions. Differential
transform method (DTM) was adopted by Catal [6] to the free vibration equations of the
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Timoshenko beams resting on Winkler type foundation and verified by the analytical results.
Yesilce et al. used the DTM for the free vibration analysis of axially loaded Reddy-Bickford
beams [7-8]. Sapountzakis and Kampitsis [9] investigated the nonlinear behavior of the
beams partially supported by tensionless Winkler foundation. Catal [10] obtained the
displacement response of forced Euler-Bernoulli beams on Winkler foundation by using the
DTM. Oztiirk and Coskun [11] obtained the analytical solution for the free vibration of beams
on Winkler foundation with different support conditions.

In the Winkler model, the elastic soil is represented by independent linear springs within an
infinitesimal part of the beam. More realistic approaches such as the two-parameter elastic
foundation approach was proposed by Pasternak [12], and Vlasov and Leont’ev [13],
respectively. These type of foundation models suppose that an interaction is constituted
between Winkler springs by the transverse displacement [12-13]. This interaction is defined
by a second parameter which represents the shear coefficient of an incompressible shear layer
on the soil surface. In Pasternak model, the influence of the soil to both sides of the foundation
beam is ignored as opposed to the Vlasov Model. Despite this difference, the second
parameter can be taken equal for both models by considering the soil layer as a semi-infinite
elastic medium [14]. Various researchers studied the behavior of the beams on two parameter
foundations. Yokoyama [15] obtained the stiffness and mass matrices for the free vibration
of Timoshenko beam-columns on two-parameter foundation with the effect of rotary inertia.
Arboleda-Monsalve et al. [16] analyzed axially Timoshenko beam-columns with generalized
end conditions on two parameter elastic foundation with rotary inertia by using the dynamic
stiffness approach. Balkaya et al. [17] analyzed the dynamic response of the beams on
Winkler and Pasternak foundation by using DTM. Celep et al. [18] calculated the response
of a completely free beam on a tensionless Pasternak foundation subjected to dynamic
loading. Malekzadeh and Karami [19] analyzed the free vibration of thick beams on two-
parameter elastic foundations by using the differential quadrature and finite element method.
Morfidis [20] obtained the exact finite element formulation for the dynamic analysis of beams
on two and three-parameter foundations. Calio and Greco [21] investigated the exact free
vibrations of Timoshenko beams and compared their results by Yokoyama [15]. Hassan and
Nassar [22] obtained the dynamic displacement response of the axially loaded Timoshenko
beams on two-parameter foundation.

Most previous studies investigate the dynamic response considering a few modes (commonly
3 or 5 modes). The effect of higher modes on the vibration is generally omitted. Although,
the contribution of first 3-5 modes generally yield the exact results for displacement response,
the bending moment and shear force response might be affected ultimately by the higher
modes. Hizal and Catal [23] mentioned that case and gave a small illustrative example.
However, their study focused on the comparison of dynamic response of the Euler and
Timoshenko beams on modified Vlasov foundation. In addition to the mentioned problems,
the solution of the differential equation of free vibration might be affected by the rotary
inertia in higher modes. For this reason, the required number of modes should be investigated
considering the coupled effect of rotary inertia and higher modes.

In this study, a general solution for the dynamic behavior of axially loaded Timoshenko
beams on two-parameter foundation with generalized end condition is presented. To the
knowledge of the authors, the effect of higher modes on the dynamic response incorporated
with the rotary inertia effect is not investigated in the literature. Different from the previous
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researches, a comprehensive study is presented to show the coupled effect of higher modes
and rotary inertia on the dynamic response. The effect of the rotary inertia on the solution
procedure is discussed. Modal variations in the bending moment and shear force responses
of Euler and Timoshenko beams with respect to the foundation type, axial force and rotary
inertia are presented.

2. GOVERNING EQUATIONS

In Fig. (1), the free body diagram of an infinitesimal part of an axially loaded Timoshenko
beam element is presented. Here, the transverse force and moment equilibrium of the given
infinitesimal part can be written as below according to the non-dimensional coordinate,
z=x/L.

J Winkler springs (First parameter), Cs
y

~
—

(a)

2
m YD
or

[Cs y(x,0+Ca %} dx
X

Ay(x,1)
Iax dx

ey M

=

Tyt TTED g
0(x,1) ox
mr? L dx
or?
dx

Figure 1 - (a) Timoshenko beam resting on two-parameter elastic foundation (b) Free
body-diagram of infinitesimal element obtained from the beam
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L@T(z,t) 6 y(z,t)
L oz ot?

2
+C5y(z,t)7CGLl—za J(;izz’t)ff(z,t) (1)

2
LMGN 1y aGD  F0ED
L oz L oz ot

+7(z,0) 2)

In the equations above, y(z,t), 0(z,f), M(z,t), T(z,t), and f(z,f) denote the transverse
displacement, angle of rotation, bending moment and shear force functions, and the dynamic
external load, respectively. Further, N, m, r and L are the axial compressive load, distributed
mass, radius of gyration and length of the beam element. In addition, the coefficients of Cs
and Cg represent the elastic spring coefficients of the soil. According to the Timoshenko
beam theory, with the effect of axial deformation, the first and fourth order derivatives of
transverse displacement with respect to z are written as below [16];

[l_%im )+ 1) ()

L oz AG

N L84y(z,t)__LL62M(z,t)+i 1 &T(z,0) @
KMG)LY &t ! EI &° L 4G &P

where E, I, G, x and A denote the modulus of elasticity, second moment of inertia, shear
modulus of the beam material, shear correction factor and area of the beam cross section,
respectively. In addition, E£7 and k4G denote the bending and shear rigidity of the beam cross
section. Substituting Eq. (3) into Eq. (2) and taking the first order derivative with respect to
z leads to

1 &M(z,1) RUCHIY 62y(zt) f[l N} 13z 1 OTE )
L & & L & KG|E o G e

Substituting Eq. (5) into Eq. (4) gives

N 0*y(z, t) oT (z, t) *y(z,1) ) N 11 0*y(z,1)
1- Y 77 N T —mr || 1= 72 A24 2
KAG oz* E] Oz L Oz kAG |~ ot°0z (6)

=0

I 10Tz | L &T(z0)
" kAG L otz kAG oz’

Finally, the equation of motion can be written as below by substituting Eq. (1) into (6),
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4 2 4
{1 }a L N P TG DU N y(f,o_mrz(l_ N ja jen)
xAG EI Oz KkAG

oz’ or’ or*oz?
2 2 4 274 4
N y(j,t) e yz(z zt) el y(z D_c 2 y(f,t) LA O y(4z,t) (7)
Oz kAG Ot 0z oz* oz ElkAG ot
azy(z H G *y(z,1) L & f(z, t) 'f(z, t) Lmr* 0 f(z,1)
a2 oo | xdAG o El  KAGEl o

3. MODAL ANALYSIS PROCEDURE
3.1. Free Vibration Analysis

In Egs. (1-7), deformations and internal forces of the beam element are defined as
depending on the location and time variables. These parameters can be divided into two parts
with the implementation of the method of the separation of variables as follows;

y(z,n:lilx(z)qi(r) ®)
e(z,r)=2)@,- (24,0 ©)
M(z,1) =ZA7 (2)¢; (1) (10)
e r)=§7‘:(z)q,.(r) (an

where i denotes the mode number and Y;(z), 0;(z), M;(z), T;(z) and q;(t) are the
displacement, angle of rotation, bending moment, shear force shape functions and the normal
coordinate function, respectively. In the free vibration case (for f{z,f)=0), the normal
coordinate function can be taken as gi(f)=sin(w;t+¢). Thus, the Eq. (7) can be written in the
following form.

xkAG—-N+C; kAG EI ElkAG

Ny KAG
kAG-N+C;

YiIV (Z)+L2[ s J|:mwi2 _CY +(mCU[2r2 +N_CG)+mwi2r2 (CG_N):IY"” (Z)
(12)

ElxkAG
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where w; and ¢ denote the natural angular frequency of i mode and the phase angle. Then,
the shape functions of the bending moment, shear force and angle of rotation are obtained as
[23].

M, (z)= EIMQ;A—Z(U"ZJK(Z) —(u+ lj Yi”(z)}

kAG I?

()= Mf(z)—(mwfrz +N)K‘(z) (13)

2.2
oMo )
xkAG

N ]mz)_i(z)

0.(z)= (1 -
kAG) L kAG

In Eq. (13), it is seen that the displacement shape function is required to obtain M;(z),

T;(2) and 0;(z). For this reason, the displacement shape function should be obtained at first.

For this purpose, Eq. (12) can be written as;

¥ (z)+ax" (2)+5Y(z)=0 (14)
where
. :( FrlG J|:ma),.2 -C. (s +N—CG)+ mar*(C, —N)} (15)
KMG+C, | KAG EI EIAG

b, - (mr ‘0 IJ{L“KAG(ma)iZ - C)} (16)

KAG (k4G + C, - N)EI

The roots of the differential equation given in Eq. (14) are obtained as;

:—ai—\/ai2—4bl. 2.2 _—ai+\/ai2—4bi a7

2
A 2 P 2
Although the differential equation given in Eq. (14) involves six different solutions
depending on the sign of 1;% and 4,?, only three of them, Case-1: 4, < 0 and 4,>> 0, Case-II:
212< 0and 2,*= 0, and Case-I1I: 2,2 < 0 and 4> < 0 are physically possible. If the beam rests
on a uniform elastic soil and the rotary inertia is considered, the lower modes satisfy Case-I
for w? < kAG/(mr?). However, this case is violated for higher modes and case-II and III is
satisfied for w? = kAG/(mr?) and w? > kAG/(mr?), respectively. In the case that the rotary
inertia is neglected, the Case-1 will satisfy all modes since the x4G/(mr?) will be infinite.
Thus, the shape functions are obtained for Case-I, Case-II and Case-III as follows.

For Case-I: 1;2< 0and 1,>> 0;
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Y.(z) = C,cos 4,z + C,sin 4,z + C; cosh A,z + C, sinh 4,z (18)
O,(z) = C\K,sin 4,z + C,K cos A,z + C,K, sinh A,z + C,K, cosh A,z (19)
ﬁ,(z) =CK,cos 4,z+ C,K,sin A,z + C,K,cosh A,z + C,K,sinh A,z (20)
i(z) = C,K;sin 4,z - C,K,cos A,z + C,K,sinh A,z + C,K,cosh A,z (21)
where
2 2
a, ++a;” —4b, —a; ++a,” —4b,
PN LT L E (22)
2 2
and
C,-mw, Elﬂf
K = 3 ,
L
EI -ma) EIL2
K, = 1 122
L (23)

i (-K, +(mw r +N)) . _@(Kz—(mwfr%rzv)) . _(i Lj

T L(me P KAGH) T Lemo P kAG+1) UL xAG

Kzﬁl_L_L K:ﬁl_N _ K,
LU xAG) xAG ~ 7 L xAG) xAG

For Case-II: 1;2< 0 and 1,>=0;

Y, (z)=C cos 4z +C,cos hz+Cyz+C, (24)
0,(z)=CK;sin\z—C,KsinAz+CK, (25)
M, (z)=CK, coshz+C,K, coshz+CK,z+C,K, (26)
T(z)=CK,sinAz—C,K,sin4z+CK, (27)
and
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KAG kAG I’ KAG

x :[EI(CS-mwi )J+(CG_N+1JEMIZ . :[EI(CS-mw, )}

3= > 4= > 5=

_%(—Kl-i—(ma)‘.r +N)) « _/12(—](2+(mwir +N)) X [ A K, j (28)
L(-me,’r* /kAG +1) L(-me,’r* /kAG +1)

UL xAG

Kzﬁ _L_L K:_l1_N_K4
S LU xAG) ¥xAG ~ 7 LU kAG) xAG

For Case-III: A;2< 0and 4,2 < 0;

Y, (z)=C,cos Lz+C,sinz+Cycos d,z+C,sin A,z (29)
0,(z) =C K;sinz+C,K cos hz+ C;K,sin A,z + C,K cos 4,z (30)
M ,(2) = C,K, cos 4,z + C,K, sin 4,z + C;K, cos 4,z + C,K, sin 2,z (31)
T(2) = C,K,sin Az — C,K, cos 4,z + C;K, sin A,z — C,K, cos 4,z (32)
where
a, + +Ja,’ — 4b a, —+a;’ —4b
j]l _ i i i /12 _ i i i (33)
2 2
and
2 2
(EB(Cmo])) (c,-N \ER? (E(Ccamo?)| (e -N ER

K = + +ll—— , K + +1|—;

KAG KAG I kAG kAG ) I

K=

j1(_Kl+(mwi2r2+N)) x _;[2(—K2+(mwi2r2+N)) . :(_ﬁ_ K, ] (34)

L(-mer* /KAG +1) Y L(mo P KAG+1) L xAG

K :ﬁ 1_ij_£ K :_ﬁ 1_i _ K K :ﬁ l_i}_i
S LU xAG) ¥xAG T 7 LU kAG) xAG © * LU xAG) xAG

An iterative computer program that determines the natural angular frequencies and mode
shapes for the beam on an elastic foundation has been prepared by the authors. This program
obtains the natural angular frequencies, and mode shapes for generalized end conditions.
Here, the end conditions are defined by elastic supports with the coefficients of Cy9, Cgo, Cy1,
Cy; as below;
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C,oy(z=0)+T(z=0)=0
Cho0(z=0)+M(z=0)=0

(35)
C,y(z=)+T(z=1)=0
Cpz=D)+M(z=1)=0
Then, the coefficient matrix is obtained as follows;
for Case-I;
Cvl) -K; Cyo -K,
K, KCoo K, K:Coo (36)
4= . . . .
(C\_lcosﬂ., +Kssmﬂq) (C\_lsmﬁ1 —Kscoshﬂl) (C‘,, cosh 4, +Kzsmh/11) (Cy,smhﬂz+K4cosh/12)
(CyKssind +Kcosd)  (CpKocosh +Kising)  (CpK,sinhA, + K, coshd,)  (CpK coshA, +K,sinh4,)
for Case-II;
Cyo 'K3 Cyu 0
_ l<] K6C€0 KZ 0 (37)
B (q, cos A +K3sinﬂ1) (CyI sin/'Ll—K3cos}Ll) (Cylcos;l2 +K3) (Cylsinﬁz)
(C,Kssind +Kicosd)  (CpKgcosA +Ksind)  (CuKsind,+K,) 0
for Case-III;
CyO - Kx C\,O -K4
K, KoCao K, K:Cpo (3 8)
4= . . . .
(C\_] cos/, +K3s1n/11) (C‘_lsmﬂq —K3cosﬁq) (Cylcosﬂ2 +K3sm£1) (Cy] smﬁ?—KACOS@)
(CpKssin +K cosd,)  (CpKgcosA, + K, sind,) (CpK;sind, + K cos ) (CpKycosd, +K,sind,)
The coefficients of C», Csand C4 can be obtained as below by setting, C; = 1.
Cz Azz Az3 A34 B -AZI 39
G =] A5 4 x| -4 (39)
o 4, A5 zm =

Once, C,, C3and Cy are obtained, Yi(z) can be normalized so that its maximum value will be
equal to 1.

3.2. Forced Vibration Analysis

Once the natural angular frequencies and free vibration mode shapes are obtained, the rest of
the problem can be easily solved numerically. The forced vibration case can be handled as a
set of linear algebraic equations by deriving the uncoupled equations of motion. Finally, a
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linear dynamic analysis can be performed. For this propose, the separation of variables
method can be applied to the Egs. (1) and (2).

i{mmm(z)+[CSYi<z>—%CGYf"(f)—%i'(z)jqi(z)}=f(z,z) (40)

Z{mrzoi(z)q;(t)+[%M;(z>—%Nzxz)—i(z)jqi(r)}=0 (1)

i=1

Multiplying the both sides of Eq. (40) by Yi(z), and Eq. (41) by ©/(z), and integrating them
along the beam length, the following equation is obtained according to the rule of the
orthogonality of modes.

[[(Z)

j mLY? (2)q,(t)dz + j Yj(z)(LCSYj(z) —CGY+ - f,(z)]q (H)dz = ImLYj(z)ij (t)dz (42)
0 0 0

ij@j(z)q' [(t)dz + J@j(z)(ﬂl(z) ~NY](2)-LT,(2))q,()dz =0 (43)
0 0

Assembling Egs. (42) and (43) yields,

MG, ()+K,q,(t)=F;(1) (44)

where M, K;, and Fj(t) denote the generalized mass, stiffness, and load at the j# mode,
respectively.

M, = ij[Yf(z) +1°67(2) [z

CY/'(2)

K, = j {YJ(Z)ELCSY,(Z)— —Tj(z)]+@j(z)(ﬂl(z)—NY,I(Z) —Li(z))}dz (45)

Fy(1)=L[Y,()f (=.1)dz

Substituting K=M;w;* into Eq. (44) leads to the following equation

 Ntwla (s = 2D
4,(0)+w;q;(dz = "

J

(46)

Thus, the normal coordinate function can be obtained by the solution of Eq. (46).
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4. CALCULATION OF SOIL PARAMETERS

The first parameter of the elastic soil which represents the modulus of transverse deformation
can be evaluated by using the formulas given for the Winkler foundation model. On the other
hand, the calculation of the second parameter is directly related to the type of the two-
parameter elastic soil model. Vlasov and Leont’ev [13] proposed a formula for the calculation
of the first and second parameters for rectangular beams on an elastic soil layer. These
formulas were simplified by Zhaohua and Cook [24] for a semi-infinite elastic medium as
given below.

E,b

Eb __Eb 1
4(1+vy) y

T2 |

=1

g G @7

where, b denotes the width of the beam. The parameter of 7 is defined by Vlasov and
Leont’ev as a coefficient that characterizes the decrease of deflections with depth and
commonly taken as y = 1. Parameters of /, E,, v, are given in the following equation.

[, 2B —v)) (48)
\} (1-0)E, b

E,=—= v,=7— (49)

where Ej,, vy and v denotes the modulus of elasticity and Poisson’s ratio of the soil and the
beam, respectively.

5. NUMERICAL RESULTS AND DISCUSSIONS
5.1. Verification Example

A numerical example which was previously studied by Yokoyama [15], and Calio and Greco
[21] is presented to verify the presented solution procedure. The free vibration of the axially
loaded hinged-hinged and fixed-hinged beam on Winkler and Pasternak foundation is
investigated and analysis results are compared with those of the Yokoyama [15], and Calio
and Greco [21]. The beam and soil properties are calculated according to the non-dimensional
parameters below [25].

_ 2

pe M (50)
T

- C,L?

ey =— (51)
EI
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o, = Colf (52)

Co =
¢ 2’El

Where 71, C; and ¢, denotes the dimensionless axial force, the first and second parameters of
the elastic soil. The dimensionless frequency parameters, Q; = EI /(L*wi*m) of the first three
modes obtained for the hinged-hinged and fixed-hinged beam are presented in Table-1 and
2, respectively. In Table-1, the frequency parameter obtained by the present study is found
to be very close to the results presented by Yokoyama [15]. A small difference is obtained in
second and third mode due to the fact that Yokoyama [15] presents a finite element solution
by using 16 bar elements. Note that the difference with the Yokoyama solution [15] decreases
for Vlasov type foundation as given in Table-2. In addition, a good agreement is obtained
with the exact analytical results presented by Calio and Greco [21].

Table 1 - Frequency parameters obtained for n=0.6, ¢;=0.6x" and ¢;=0 (k=2/3 and

L/r=10.0)
Hinged-Hinged Fixed-Hinged
Mode Number Present Yokoyama Present Yokoyama [15]
Study [15] Study
8.22 8.22 10.46 10.49
2 20.59 20.67 22.20 22.30
35.86 36.25 36.50 36.90

Table 2 - Frequency parameters obtained for n=0.6, ¢;=0.6x" and Cy=1 (x=2/3 and

L/r=10.0)
Hinged-Hinged Fixed-Hinged
Mode Present  Yokoyama Calio and Present Study  Yokoyama [15]
Number g4,y [15] Greco [21]
12.64 12.64 12.64 14.42 14.42
2 28.03 28.10 28.02 29.30 29.34
45.92 46.34 45.92 46.70 46.74

The variation of dimensionless eigenvalues 1 = A2 EI /(L*w®m) and > = 1o? EI /(L*wi*m) for
the hinged-hinged and fixed-hinged support conditions are given in Figures 3-4, respectively.
When the rotary inertia is neglected, Case-I is satisfied for all modes. For the hinged-hinged
beam, when the rotary inertia is considered, Case-I is violated starting from the 4" and 5%
modes, for the Winkler and Vlasov foundations, respectively. However, the higher modes
satisfy Case-III. For the fixed-hinged beam, Case-1 is satisfied up to the 3" mode.
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0.8 1
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Figure 2 - Normalized mode shape functions obtained for first three modes

0 5 10 15 20 0 5 10 15 20
Mode Number Mode Number

—&— Winkler without R.I. —4—— Winkler with RI.  —6— Vlasov without RI. ~ —4—— Vlasov with R.I

Figure 3 - Normalized eigenvalues for the hinged-hinged beam

0 5 10 15 20 0 5 10 15 20
Mode Number Mode Number
—6— Winkler without R.I.  —#A—— Winkler with RI. —©— Vlasov without RI. —~A—— Vlasov with R.I.

Figure 4 - Normalized eigenvalues for the fixed-hinged beam

9301



Rotary Inertia and Higher Modes Effect on the Dynamic Response of Timoshenko ...

——S—— H-H beam on Winkler soil
185 . i —H8— F-H beam on Winkler soil
—A~—— H-H beam on Vlasov soil
—<—— F-H beam on Vlasov soil

Number of modes which satisfiy Case-I

Figure 5 - Variation of the number of modes satisfying Case-I versus slenderness ratio

Figure 5 shows the variation of the number of modes that satisfy Case-I versus the
slenderness ratio, L/r. It is seen that the number of modes that satisfy the Case-I is
proportional to the slenderness ratio while some differences are observed according to the
boundary conditions and soil model.

5.2. Comprehensive Example

In this numerical analysis, the dynamic response of an axially loaded 1”x1™ square beam on
Vlasov foundation is investigated. The beam has distributed mass and elasticity, and it is
subjected to a concentrated dynamic load f{z,f) = d(z-1/2)F (). The material properties of the
beam: E = 28,000 MPa, G = 11,666.67 MPa, m = 2.548 kN.s*/m, r = 0.2887m and « = 2/3.
Elastic soil properties are calculated as Cs= 17,470 kN/m?* and C; = 68,688 kN (for sand and
gravel, E; = 100,000 MPa, vs = 0.25). In the analysis, four different boundary conditions;
free-free (Cy9 = Coo= C,1 = Coi= 0), hinged-hinged (Cyp = C,; = 0 and Cy;= Cgp= 0), fixed-
hinged (Cyp = Coi= Cy; = o0 and Cg/= 0), and fixed-fixed (C,p = Copo= C,; = Co; = ) are
considered. Axial compressive load of the beam is calculated by Euler critical buckling load
formula, N, = 72El/L?, for all boundary conditions (see Table-3).

Jx)=6(x-L/2)F (1)
l F () (kN)

\
\
\
\ S l(sec)
0.0125 0.0250

Figure 6 - Timoshenko beam on Vlasov foundation and time dependent load function
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Table 3 - Effective length and critical buckling loads according to the end conditions

End Conditions Effective Length, L, Buckling Load, Nj (kN)
Free-Free L 23029
Hinged-Hinged L 23029
Fixed-Hinged 0.7L 46998
Fixed-Fixed 0.5L 92116

In Figures 7-8, the variation of the maximum bending moment at z = 0.5 versus the number
of considered modes is presented. 95 % convergence to the exact value is observed by the
contribution of first 5-6 for all boundary conditions. In addition, it is observed that the
maximum bending moment is less affected by the rotary inertia when the axial compressive
force effect is omitted. An increase about 4%, however, is observed for hinged-hinged beam
on Winkler foundation with the rotary inertia effect. In addition, the bending moment
response for the Winkler foundation is observed to be larger than Vlasov type foundation
about 15, 8 and 7.5 % for hinged-hinged, fixed-hinged and fixed-fixed cases, respectively. In
the case where the axial compressive load is considered, the convergence speed of the
bending moment response does not change significantly except for the free-free and hinged-
hinged beam on the Vlasov foundation. For this case, the exact response can be obtained by
the first mode only. However, an increase 125, 312, 324% in the bending moment response
is observed for the free-free, hinged-hinged and fixed-hinged beam on Vlasov and Winkler
foundations, while no difference is detected for the fixed-fixed beam.

Free-Free Hinged-Hinged

200 200
£ £
4 Z
1] <]
Z 150 Z 150
2 2 o
s 7 s -~
= =
%" 100 %n 100
3 =
5 5
é Winkler without R.I fg Winkler without R.I
s 50 — - —  Winkler with R ERRY — - —  Winkler with R.L
E E
E Viasov without R.I. 7 Vasov without R1.
= — - = Vlasov with R = — = Vlasov with R.L

0 0
0 20 40 60 80 100 0 20 40 60 80 100
Mode number Mode number
Fixed-Hinged Fixed-Fixed

200 200
E E
4 Z
<) <)
Z 150 Z 150
£ — £
s s —
= / = o~
& 100 2 100
-l -l
5 5
2 Winkler without R.I. a Winkler without R.1
ERRY — = Winkler with R.L ERRY — = Winkler with R
2 Vlasov without R.I. § Vlasov without R.I.
= — - — Vlasov with R.I = — + — Vlasov with Rl

0 0
0 20 40 60 80 100 0 20 40 60 80 100

Mode number Mode number

Figure 7 - Variation of maximum bending moment at z = 0.5 versus considered number of
modes for N =0
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Figure 8 - Variation of maximum bending moment at z = 0.5 versus considered number of
modes for N = N

In Figures 9-10, the variation of the maximum shear force at z = 0.5 versus considered mode
number is presented. At first, it appears that the shear force responses with and without the
rotary inertia are the same in lower modes for both Winkler and Vlasov foundations.
However, a difference is observed with the contribution of higher modes. The exact shear
force responses have similar values for Winkler and Vlasov foundations. The convergence
to the exact value is obtained with less number of modes without the effect of rotary inertia.
For the free-free and hinged-hinged beam, it is observed that taking of first 25-30 modes into
account gives 90-95% convergence to the exact value without the rotary inertia effect. This
convergence value, however, is satisfied by taking 40-45 modes into account if the rotary
inertia is considered. For the fixed-hinged and fixed-fixed beam, this convergence is obtained
by 15-20 and 25-30 modes without and with the rotary inertia effect, respectively. On the
other hand, in the case that the axial compressive load is considered, these convergence ratios
are obtained for free-free and hinged-hinged beam without rotary inertia by the contribution
of 35-40 modes and 55-60 modes with rotary inertia. For the fixed-hinged and fixed-fixed
beam, 90-95% convergence is obtained by the contribution of 40-50 modes except the fixed-
fixed beam on Vlasov type foundation. If the axial compressive load is neglected, a small
decrease occurs in the maximum shear force response for Winkler and Vlasov type
foundations with rotary inertia.
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In the case when the axial compressive load contribution is considered, an increase about
4.50%, 20.50% for Winkler, and 3.50%, 28% for Vlasov foundation is observed by the effect
of rotary inertia for the hinged-hinged and fixed-fixed beams, respectively. In addition, a
decrease is observed about 19.25% for the fixed-hinged beam on Winkler foundation. Vlasov
type foundation causes an increase about 11% and 38% in the shear force response for fixed-
hinged beam with and without the rotary inertia, respectively. On the other hand, a negligible
difference is observed for free-free, hinged-hinged and fixed-fixed beams.

6. CONCLUSIONS

In this study, a comprehensive analysis on the effect of rotary inertia and higher modes on
the dynamic response of Timoshenko beams on two-parameter foundation with generalized
end condition is presented. The results are summarized below.

e In case of the consideration of rotary inertia, the solution of the differential equation
for the free vibration case may change depending on the slenderness ratio, L/r. Here,
three different cases (Case- I, II and III) are possible due to the slenderness ratio. In
most researches in the literature, only the Case-I is considered as the solution. When
the higher modes are considered, however, Case-II and/or III may arise.

e According to the numerical results, it is seen that the number of modes which satisfy
Case-I increases with the slenderness ratio. In addition, it is seen that the number of
modes that satisfy Case-I not only depends on the slenderness ratio but are also
affected by the boundary conditions and elastic soil model.

e Numerical results indicate that the required number of modes increases by the effect
of rotary inertia. On the other hand, the exact solution may be obtained by the
contribution of less number of modes as depending on the number of constrained
degrees of freedom at the ends.

e For the fixed-hinged beam on Winkler foundation and fixed-fixed beam on Winkler
and Vlasov foundations, the axial compressive load causes a significant difference in
the shear force response of the beam by the rotary inertia. In addition, the axial force
increases the required number of modes for the shear force response except the fixed-
fixed beam with rotary inertia.
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ABSTRACT

When highly calcinated water is transferred through the penstock of a hydropower plant it
leaves a residue on the pipe surface. Accumulated residue over time causes a change in the
roughness of the pipe surface thus leads to friction losses in the system. The effect is a change
in head and discharge relation for the turbines. A multimethodology is proposed for
determining the apparent surface roughness value (¢) by means of friction factor f and
measuring arithmetic mean deviation of the roughness profile (Ra), root mean square
roughness (Rq) and peak and valley roughness (Rz). It is found that a surface roughness
value (&) of 0.3mm can be used for calcinated surfaces which is much higher than steel
surfaces but smaller than a concrete surface.

Keywords: Friction factor, surface roughness, calcination.

1. INTRODUCTION

Energy output of hydropower plants (HPP) depends on the net head and flow rate supplied
to the turbines. Water is conveyed from a reservoir or a head pond to the power house by
means of water conduits called penstocks. Systems are designed such that the energy output
is maximized while minimizing the cost [1]. Part of the available energy is lost due to pipe
friction and other local losses. Available energy conveyed to the turbines, hence the amount
of energy produced, depends on the amount left after these losses.

When highly calcinated water is transferred through the penstock of a hydropower plant it
leaves a residue on the pipe surface. Such residues accumulate over time forming a thick
layer on the surfaces in contact with water. There are two important aspects of this
calcination, one is the change in the surface roughness coefficient the other is the change in
the actual flow diameter. While the effect of the first one is not known a priori, the second
one causes a decrease in flow diameter and an increase in the average velocity, increasing
losses in the penstock system.
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Recently, a rehabilitation project for and old powerhouse (KEPEZ 1 HPP), located in the
province of Antalya, was started. The Hydropower plant is equipped with three Francis type
turbines with an installed capacity of 26.4 MW. It is the sixth largest power house in the
region. The power house had been in operation for more than 30 years. The net head of the
turbines is 162 m with a discharge of 6.1 m3/s. The aim of the rehabilitation project is to
increase efficiency and output of the old turbines in the HPP by replacing them with new
ones while renewing all auxiliary systems up to state-of-the-art requirements.

The hydro power plant consists of a head pond and an intake structure and diverts the flow
through a pressurized concrete pipe followed by a surge tank and a long steel pipe. A problem
concerning quality of water exists in the region, causing heavy calcination of pipes. Operating
records of the power house suggests a calcination period that is as short as six months and a
calcination thicknesses of up to 30 mm were observed in the penstock. Continuous cleaning
of the water conduit is very costly and interrupts energy production because it requires
emptying the penstock and hard scrubbing of the full conduit system. Thus, a new turbine to
be installed on the old calcinated pipeline system will operate at different head than its design
head and at different discharge conditions than its initial design. Therefore, the new turbine
design should account for calcination and change in the friction losses in the system for
varying flowrates.

Initial design net head and discharge through the turbines are determined using the design
drawings. They are calculated from the well-established Darcy-Weisbach relation. When
designing a new system, the equivalent roughness values of steel (¢=0.02 - 0.05mm) and
concrete pipes (¢=0.5mm) are easily obtained from various engineering tables and the net
head available to the turbine can easily be calculated [2]. Roughness coefficients of selected
residue materials are also available in the literature [3]. But no information is available in
literature for the apparent surface roughness value (¢) of a highly calcinated pipe surface. For
this reason, a multimethodology is proposed that includes:

1.) A one-dimensional numerical model of the existing system which is built to
calculate the steady state head and discharge relation for varying apparent surface
roughness values (g)

2.) Determination of combined friction coefficient based on site measurements of flow
rate and turbine inlet pressure and head water level variations

3.) Determination of apparent surface roughness using laboratory measurements of
surface profile and waviness of a sample calcinated block obtained from the site.

The numerical model is used to observe the variation in the combined friction coefficient of
the system by changing the surface roughness values (¢) of individual pipes. Then, site
measurements are used to calculate the friction coefficient of the system. This coefficient is
compared with the surface roughness values (g¢) of the numerical model to estimate how a
calcinated pipe surface behaves for the heavily calcinated penstock so that the turbine
operating range can be determined. Lastly, during the dismantling of the old turbines, the
penstock is emptied and became accessible to receive samples from the penstock surface.
Surface roughness of the sample is measured in the laboratory to confirm the friction slopes,
apparent surface roughness values (€), and measured roughness profiles that point to the same
result.
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2. NUMERICAL MODEL

A convenient form of the Energy Equation for a steady, incompressible flow with uniformly
distributed velocity profiles can be written between the two sections in a straight pipe as:

Py Vi P v
LRIy S S A 1
pg+2g+ 1 pg+29+ 2 tH, (M

where, P is the pressure, V is the average velocity, Z is the elevation of the pipe axis, p is the
density of the fluid, g is the gravitational acceleration, and Hy, is the frictional head loss
between these two sections, given that there are no minor losses. In 1845, Julius Weisbach
[4] proposed an equation that predicts the losses due to fluid friction on the pipe wall as;

Ho=f5 @
f = func (%,Re) 3)

where L is the pipe length, D is the pipe diameter, f is a friction factor, Re is the Reynolds
number and is defined by Re=VD/v and v is the kinematic viscosity of the fluid. This equation
set the standard for all following engineering text books [2]. With Darcy’s estimates of the
friction factor [5] and additional work by Colebrook and White [6] on non-uniform
roughness, estimates of the friction factor f can be made as functions of Reynold number (Re)
and relative roughness (¢/D). Later Moody [7] published the famous Moody’s chart and
Swamee and Jain [8] expanded the form to the explicit equations for pipe diameter, head loss
and the discharge through a pipe, based on the Colebrook-White equation [6].

For long penstock systems, friction in each pipe segment can be calculated separately. Pipe
diameters, lengths and corresponding Reynolds numbers are different in each pipe segment.
Minor losses due to bends, expansions, contractions etc. can be calculated separately as a
function of discharge and all of these losses can be added to obtain the system loss. In order
to generalize the equation of losses, the Darcy-Weisbach equation can be written such that
the head loss due to friction becomes a function of discharge:

H, = (8fL/g7T2D5)Q2 = kFrictioan “4)

Minor (local) losses such as those due to bends, expansions contractions etc. can also be
formulated as a function of discharge;

Hiocar = kLocalQ2 ®)

Then the total loss in the system can be calculated by adding all friction and local losses.
HLossSystem =X kLocale +2 kFrictioan = kLocoLlQ2 + kFrictioan = sz (6)

Where k is a combined friction coefficient for the entire system. A numerical one-
dimensional model is designed for the existing system as shown in Figure 1, where the head
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pond is modeled as reservoir 1 (R1). Water is conveyed through a concrete pipe (E1) and a
series of steel pipes (P1-P9, B1, S1) to turbine and then to the Tailrace Channel (T1). The
model is set up with one turbine in operation in order to compare the results with the
measurements.

—_ - P15
2,
'-,?_A Pq
7.77!375_7 Pé‘
— P7 P8 o
T T
BiST 2

Figure I - Layout of the Kepez 1 HPP

Basic parameters including minor loss coefficients of the pipe system are given in Table 1.

Table 1 - System parameters

Label | Material | Diameter (cm) | Minor Loss Coefficient Length (m)
P2 Steel 240 0.040 62.16
P4 Steel 240 0.000 164.60
P6 Steel 210 0.110 103.87
P3 Steel 240 0.006 44.33
P5 Steel 240 0.000 100.50
Pl Steel 240 0.062 23.01
T1 Concrete 500 0.000 5.00
P7 Steel 210 0.019 206.66
P8 Steel 210 0.060 62.88
El Concrete 250 0.346 589.00
B1 Steel 130 0.052 1.00
S1 Steel 90 0.169 3.60
P9 Steel 210 0.096 19.97

The head pond and tailrace levels are set to constant values for each simulation and the
corresponding friction and minor losses are calculated. The discharge passing through the
system is controlled by the guide vanes of the Francis turbine. The model is set such that the
simulated discharge range covers the operation of the installed Francis turbine. A head
discharge curve is used for each guide vane opening for the Francis Turbine. A total of 12
simulations are performed for three discharge sets (Table 2) and four roughness values (Table
3). Simulations are iterated until the discharge values are seen to converge with the preset
values.
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Table 2 - Simulated flowrates

Qi Q2 Qs
(m’/s) (m’/s) (m’/s)
Case 3.0344 5.3758 6.1471

Table 3 - Apparent surface roughness values

€1 (mm)

€ (mm)

€3 (mm)

€4 (mm)

Case

0.5

0.3

0.05

0.02

There are various engineering tables that present the apparent roughness values (g) of
different materials [2]. The values of interest in this study are for smooth and rough steel
pipes (0.02 mm and 0.05 mm) and concrete (0.3~3 mm). A representative value of 0.5 mm
is selected for smooth concrete. A comparative study is performed to observe how the
roughness of calcinated surface changes with respect to steel and concrete. So, simulated
values for the calcinated pipes included these values in addition to an intermediate value of
0.3mm. Since calcination occurs both in concrete and steel surfaces, roughness values are
kept constant for all simulations throughout the system. During measurements, sensor taps
were drilled on the steel pipe to install acoustic flow meters. The drilled hole and calcinated
layer are shown in Figure 2. The thickness of the calcinated layers can be seen through these
holes and found to vary between 11 mm and 15 mm. Although the effect of change in the
flow diameter due to this accumulation is small, it is considered in all of the simulations and
all pipe diameters presented in Table 1 is reduced by 30mm.

Calcination

Figure 2 - Calcination in the pipe seen from a sensor tap

Friction and minor losses are calculated for each pipe segment and tabulated for each
simulation. These values are summed up to calculate the total loss in each simulation. A
sample computation for the flow rate of 6.147 m*/s, head pond elevation of 278.2 m, tailwater
elevation of 110.04 m and an apparent roughness values (¢) of 0.3 mm is given in Table 4.
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Table 4 - Solution values for a case

Headloss | Headloss
Velocity | Headloss | (Friction) | (Minor)

Label | Material | (m/s) (m) (m) (m)
P2 Steel 1.39 0.038 0.034 0.004
P4 Steel 1.39 0.090 0.090 0.000
P6 Steel 1.77 0.123 0.105 0.018
P3 Steel 1.39 0.025 0.024 0.001
P5 Steel 1.39 0.055 0.055 0.000
P1 Steel 1.39 0.019 0.013 0.006
T1 Concrete 0.31 0.000 0.000 0.000
P7 Steel 1.77 0.213 0.210 0.003
P8 Steel 1.77 0.073 0.064 0.010
El Concrete 1.28 0.289 0.260 0.029
Bl Steel 4.85 0.076 0.014 0.063
S1 Steel 9.77 1.122 0.301 0.821
P9 Steel 1.77 0.036 0.020 0.015
Sum 2.157 1.188 0.969

In order to calculate the combined system friction constant k for each apparent roughness
value (¢), total head loss in each simulation is calculated and tabulated against flowrate and

square of the flowrate. Results of all simulations are summarized in Table 5.

Table 5 - Head loss values in meters for 12 cases

€ (mm) | & (mm) | & (mm) | & (mm)
Q (m’/s) 0.5 0.3 0.05 0.02
6.1471 2.275 2.157 1.898 1.835
5.3758 1.742 1.653 1.459 1.413
3.0344 0.559 0.532 0.477 0.465

As the head loss changes linearly with Q* value according to Darcy-Weisbach equation,
results are plotted and a line is fitted to obtain friction head loss slope coefficient as shown
in Figure 3. Coefficient values of 0.0488, 0.0504, 0.0572 and 0.0603 are obtained for
roughness values of 0.02 mm, 0.05mm, 0.3mm and 0.5mm respectively.



Kutay CELEBIOGLU

Friction Slope

2.5
y = 0.0603x
y = 0.0572x
2 ~ y = 0.0504x
y = 0.0488x
1.5
g
1
0.5
€=0.02 mm
0
0 5 10 15 20 25 30 35 40

Q? (m’/sy?

Figure 3 - Calculation of friction head loss slope for different roughness coefficients

3. CALCULATION OF FRICTION COEFFICIENT BASED ON SITE
MEASUREMENT

Kepez HPP has been in operation for more than 30 years. During this period significant
improvement in turbine design was achieved with the help of computational fluid dynamics
(CFD)[9]. Efficiency and cavitation characteristics of runner is investigated and
characteristics over operating region of the old Kepez turbine is determined by means of CFD
[10][12]. Design of the new turbine is significantly improved to better characterize the current
operating regime [13]. The new turbine efficiency is obtained by means of both CFD [13]
and model tests [14] performed at ETU HYDRO Turbine Design and Test Center. Although
these works give significant insight on the turbine performance, project requirements dictate
comparison of efficiencies with in-situ site measurements. For this reason, an efficiency
measurement setup is installed at site as part of the project[15]. Using this setup, hydraulic
efficiency of the turbine is measured at different operating points [15]. Available hydraulic
energy to the turbine and power output of the generator are required to calculate efficiency
of the turbine generator set. To obtain the available hydraulic energy, the turbine net head
and flowrate must be known. Pressure measurement taps are installed for measuring the inlet
and outlet pressures before and after the turbine. An ultrasonic flow measurement system is
installed for measuring the flow rate. For efficiency calculations, the mechanical power out
of the turbine must also be determined. Power output of the generator can be measured
through the current and voltage transformers. Energy analyzers were installed at outputs of
generator current and voltage transformers to obtain the electrical output of the generator.
With known generator efficiency curve and output of the generator, shaft power can be
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calculated. So, hydraulic efficiency of the turbine can be calculated from available hydraulic
energy and mechanical power. Using this methodology efficiency of the old turbine is
measured [15]. Via these pressure taps and ultrasonic flow meters, the pressure at the turbine
inlet as well as the discharge passing through the system is readily available and given in
Table 6.

Table 6 - Flowrate, Pressure and Change in Head pond levels

Q [m*/s] P (kPa) AHppr (m)
6.1471 1619.67 0.65
6.0696 1619.90 0.77
5.7974 1622.51 0.77
5.6236 1626.25 0.20
5.5628 1626.44 0.69
5.3758 1627.50 0.77
5.1572 1629.19 0.12
4.8804 1630.61 0.00
4.2254 1636.40 0.65
3.0344 1642.69 0.74

Table 7 - System curve calculations

2 .

Q s} o | e | B | A
6.1471 1.094 165.296 166.390 165.740
6.0696 1.067 165.319 166.386 165.616
5.7974 0.973 165.586 166.559 165.789
5.6236 0916 165.967 166.883 166.683
5.5628 0.896 165.986 166.883 166.193
5.3758 0.837 166.095 166.932 166.162
5.1572 0.770 166.267 167.037 166.917
4.8804 0.690 166.412 167.101 167.101
4.2254 0.517 167.003 167.520 166.870
3.0344 0.267 167.645 167.911 167.171

This data set is used to calculate the head discharge relation of the system and the friction
slope coefficient of the conduit. An additional data, head pond level, is required to calculate
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a system curve. Since no digital measurement system for the head pond levels was available,
hourly operating records of head pond level change with respect to crest elevation using a
rod installed at the head pond is used. The change in the reservoir level is measured and
tabulated below together with flowrate and pressure (Table 6).

System losses are calculated from the slope of the curve Hijer -AHpp vs Q2. The
corresponding values are obtained by adding the velocity head, pressure head and subtracting
the variation in the head pond level as given in Table 7.

Results are plotted for total head vs square of flowrate and a line is fitted to obtain friction
slope coefficient from measurements as shown in Figure 4. As the head loss changes linearly
with Q? value according to Darcy-Weisbach equation, a line is fitted and slope is calculated
as -0.0562 (Figure 4).

System Curve
170
169

it ™ y =-0.0562x + 167.98
167 o ........... o o o o

..........
........

A S g e oo Oo'"d ...... w
165

164
163
162
161

160
0 5 10 15 20 25 30 35 40

Q* (mi/s)?

H (m)

Figure 4 - Calculation of friction slope from measurements

The curve represents the change in the total head with increasing discharge, thus a negative
value. Absolute value of this slope is 0.0562 which is compared with the various roughness
values calculated and plotted via the numerical model, the surface roughness value (g),
0.3mm shows a similar a slope of 0.0572.

4. LABORATORY MEASUREMENTS OF SURFACE ROUGHNESS

Once the design and manufacturing of the new turbine was completed, dismantling of the old
turbine system was started. Energy production interrupted, the penstock was emptied. The
old turbine system as well as the inlet valve was removed. At that stage, access to the penstock
was available. A sample block of calcinated residue is carefully taken for testing purposes
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without disturbing the surface, size and thickness of the calcinated sample taken from the
penstock are shown in Figure 5.

Figure 5 - Calcinated sample from penstock

Sides of the block are grinded and the block is attached to a clamp. A Zeiss Surfcom 130 A
surface profiler is used to measure the surface profile of the block.

R

Figure 5 - Measurement of Surface profile

A sampling section is measured with a length of 38 mm. A probe with a tip radius of 2 um,
a speed of 0.6mm/s is used. The primary (total) profile, which is the surface height measured
throughout the sampling section, is measured and shown in Figure 6. The waviness
component is obtained from an electronic low-pass filtering of the primary profile with a cut
off wavelength value of 8.0 mm (Figure 6). Finally, roughness profile is obtained (Figure 7).
By doing so, the measured profile is filtered for large scale waviness effects and a
representative data set for the surface characteristics that effect friction is obtained. This data
set is necessary to calculate measurable surface roughness characteristics Ra, Rq and Rz.
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Surface Profile Measurements
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Figure 6 - Total profile and waviness
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Figure 7 - Roughness profile

Once the roughness profile is obtained, standard surface roughness parameters (Ra, Rq, Rz)
are calculated using equations 7, 8 and 9. The first parameter Ra represents the arithmetical
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mean of the absolute values of the profile deviations from the mean line of the roughness and
is given by:
Ra = [}lz(0)ldx (7
LY0

whereas the root mean square roughness Rq is given by:

Rq = /% Jy 22 (x)dx (8)

The last parameter Rz is called ten-point height roughness which gives the average absolute
value of five highest peaks and five lowest valleys over the evaluation length.

Rz = i5=1 Zmax(i);zmin(i) (9)

These three measured parameters are the parameters that are commonly used to describe the
surface finish of materials. The calculated values for each of these parameters are given in
Table 8.

Table 8 - Surface roughness parameters

Ra (um) | Rq (um) | Rz (um)
47.20 59.46 | 287.45

The surface roughness value (g) is not directly measurable. The friction factor given by
Moody’s chart derived from the friction coefficient of various fluid experiments conducted
originally by Nikuradse by the evaluation of loss terms and equivalent sand roughness. There
are numerous studies that relate the directly measurable quantities Ra, Rq and Rz to the
surface roughness values (¢) used to calculate the friction factor f in Darcy-Weisbach
equation.

Computational models that utilize surface roughness values (¢g) for pipes, pumps and turbines
simulate roughness data acquired from experiments that include many different roughness
characterizations. On the other hand, manufacturers use directly measurable quantities Ra,
Rq and Rz to represent the surface texture of their products. Equations available in literature
[16- 31] that try to relate these parameters vary greatly and there is no consensus on a single
relation on these parameters. Equations proposed by [19-24] mostly use sand grains, emery
papers or machined surfaces to produce the empirical equations using Ra, while suggested
equations for groove height or liquid crystal surfaces, Rq [26-27] is mostly used for surfaces
with sprayed particles as an alternative.

Naturally occurring calcination deposits were not studied in any of these works; however, for
a wide range of surfaces, a general trend is to use Rz, peak to valley roughness height, equal
to surface roughness value (¢) (Rz = €) [16][17]. This corresponds to 287.45 um for the
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calcinated surface sample. Regardless, a table is prepared from available literature to
calculate and check surface roughness values (¢) using all three parameters Ra, Rq, Rz.
Values of surface roughness (g) are calculated using these three parameters as given in Table
9 [16-31].

These values are averaged to find a single representative number for € which is found to be
281.70 um. The calculated average surface roughness (g) value of 281.70 um is also found
to be very close to simulated 300 pm roughness value which corresponds to combined friction
coefficient of 0.0572 for the system.

Table 9 - Calculated values of surface roughness (¢) in um

Reference | Equation proposed € (calculated)
[18] e=Rz/5 57.49
[18] €=Rz/2.56 112.29
[19] e=2Ra 94.40
[19] e=7Ra 330.41
[20] e=6Ra 283.21
[21] g=2.2Ra%%8 65.39
[22] e=8.9Ra 420.09
[23] e=2Ra 94.40
[24] e=16Ra 755.22
[16] e=Rz 287.45
[17] e=Rz 287.45
[25] e=4Ra 188.80
[26] e=2.1Rq 124.87
[27] e=4.8Rq 285.41
[28] e=10Ra 472.01
[29] e=8.9Ra 420.09
[30] e=1.9Rz 546.16
[31] e=5.2Ra 245.45

Average 281.70

5. CONCLUSIONS

For turbine rehabilitation, roughness of old penstocks must be known in order to calculate
head-discharge characteristics of the system. The case of interest is the roughness of highly
calcinated pipeline system for which no prior information is available in the literature. A
multimethodology is proposed to obtain apparent surface roughness coefficient (¢) of
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calcinated pipes. For this reason, a one-dimensional numerical model of the existing system
is built to calculate the steady state head and discharge relation by varying apparent surface
roughness values. A set of curves are obtained for the system to specify the relation between
friction coefficient and apparent surface roughness. Friction coefficient is also calculated
based on site measurements of flow rate, head pond level and inlet pressure of turbines. The
measured friction slope is compared with the slopes obtained from the numerical model. The
closest match points to a roughness value of 0.3 mm for calcinated surfaces. Lastly, a sample
calcinated block is obtained from site to measure surface roughness parameters at the
laboratory. Measurable surface roughness parameters of arithmetic mean deviation of the
roughness profile (Ra), root mean square roughness (Rq) and peak and valley roughness (Rz)
are obtained. Empirical equations available in literature that relate these parameters to
apparent surface roughness (¢) are used to find an average roughness value of 0.282 mm for
the sample. It is determined that, for all practical purposes, a surface roughness value of 0.3
mm can be used for calcinated surfaces which is much higher than steel surfaces but smaller
than concrete.

Surface roughness values of both steel and concrete is widely used in both the theoretical
studies in literature and practical applications. However, the obtained value for the surface
roughness of calcinated pipes based on site measurements, laboratory experiments and the
numerical study presented here, is different than the values of both of these materials. This
study clearly shows that the surface roughness of the calcinated pipe is 0.3 and the design
process for rehabilitation and output of turbines and related equipment is affected drastically,
if the change in surface roughness is not considered where calcination is present. Therefore,
utilization of the methodology presented here, would provide the hydraulic power equipment
designer the information necessary for rehabilitation works.

Symbols
D Diameter of the pipe segment
f Darcy - Weisbach friction factor

Hp Head loss
k Combined friction coefficient
Krriction  Friction coefficient caused by friction losses in the pipe

kiocat  Friction coefficient caused by local losses

L Length of the pipe segment

P Pressure

Ra Arithmetic mean deviation of roughness height
Re Reynolds number

Rq Root mean square roughness height

Rz 10 point roughness height (peak and valley roughness height)
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Average velocity in pipe
Elevation head
Gravitational acceleration

Height of each measured surface

AHppr  Deviation in elevation of the head pond level

€ Apparent surface roughness
p Density of water
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ABSTRACT

An axisymmetric scaled boundary finite element method for the elastodynamic analysis of
3D layered systems is derived in frequency domain. The general three-dimensional problem
of unbounded domain can be divided into a number of independent two-dimensional
problems and a pseudo three-dimensional analysis can be performed. The aforementioned
analysis offers considerable savings in terms of storage and computation cost when compared
with a full three-dimensional analysis. A new coupled strategy is proposed in order to match
the axi-symmetrically modeled unbounded far field to a general 3D finite element model of
the near field. The derived formulation is implemented for frequency domain analysis of
foundation embedded in or resting on the surface of 3D layered homogenous or
inhomogeneous soil deposits over rigid bedrock. The dynamic response calculated using the
proposed method is compared with analytical or numerical solutions. Numerical examples
demonstrate the accuracy and high efficiency of the new proposed method.

Keywords: Axisymmetric scaled boundary finite element method, layered soil, dynamic
soil-structure interaction, Fourier series, dynamic stiffness.

1. INTRODUCTION

Dynamic response of heavy and embedded structures such as nuclear reactors, turbine towers
and offshore wind plants, liquid-storage tanks and high-rise buildings are affected by the
interaction between the structures and their foundations. These problems are known as soil-
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structure interaction (SSI) problems. The main goal of many related engineering studies is to
develop SSI models, which are reliable and easy to implement.

One of the major challenges in this area is the lack of a precise and consistent template to
model radiation damping of the unbounded soil domain. Consequently, the conventional
finite element method is not directly applicable, since outgoing waves are reflected at the
artificial boundaries of the finite element mesh. Over the past five decades, various
approaches have been introduced in order to overcome this problem [1-6].

Most of the common approaches to model dynamic soil-structure interaction problems in
layered media can be classified as the boundary element method [7-9], the thin layer method
(TLM) [10-15] or approximate methods based on physical models [16-22] and semi-
analytical methods [23, 24].

The boundary element method is a popular tool for the solution of dynamic problems in
unbounded domains since it is based on the use of fundamental solutions, which satisfies the
radiation condition explicitly. Green's functions for layered media are complex and
computationally expensive [25-27].

A widely used method for dynamic analysis of layered media is the thin-layer method which
has mainly been applied to plane and cylindrical problems [28]. It is a semi-analytical
approach based on the coupling of an axisymmetric finite element formulation with an
analytical solution in the wave number and frequency-domain in the direction of wave
propagation. The latter is obtained by discretization in the direction of layering.

Interesting from a practical point of view, simplified or physical models lead to approximate
solutions. Cone models [29] have been introduced for the analysis of rigid foundations by
one-dimensional wave propagation formulation in the frequency-domain. Semi-analytical
solutions are based on a discretization of the footing-subsoil interface and the element-wise
use of Green's functions [24,30].

A relatively recent semi-analytical approach, which shows certain parallels to the thin-layer
method, is the scaled boundary finite element method (SBFEM) [31]. It is particularly
suitable for the analysis of dynamic problems in unbounded domains. The SBFEM combines
some important advantages of the finite element method (FEM) and the boundary element
method (BEM). When this method is applied, the spatial dimension of the problem is reduced
by one eliminating the need for fundamental solution. The material anisotropy only affects
the constitutive matrix and is implemented straightforwardly. A SBFE model of an
unbounded domain can be coupled seamlessly with a finite element model of the near-field.
The combined formulation has been used for dynamic 2D and 3D SSI problems in both the
frequency domain and time domain [32-37].

The original SBFEM [31] is based on the use of a scaling centre, somehow the reference
point for assessing the visibility of the complete boundary. It defines a transformation of the
geometry such that the problem can be solved numerically in the circumferential directions
and analytically in the radial direction. It can be used for the description of 2D or 3D half-
space or full-space unbounded domains.

A modified version of the SBFEM for two-dimensional domains with parallel boundaries
[38], for three-dimensional prismatic domains [39] and for axisymmetric domain [40] exists.
All three versions of the SBFEM, however, are not used to model a truly three-dimensional
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layered system. Recently, a Modified SBFEM for the analysis of dynamic problems in three-
dimensional layered continua is derived [28]. The latter is based on the use of a scaling line,
rather than a scaling centre and it fully couples the 3D FEM with 2D SBFEM. In order to
reduce the computational cost and accuracy of the solution, the formulation has been
modified to an axisymmetric SBFEM, in which only a line discretization is needed and the
solution could be obtained for each term of the Fourier series separately [41].

The recently derived formulation by Aslmand et al. [41] for coupling a semi-analytical
axisymmetric far field formulation and a 3D finite element model is available. The coupling
is done by the aid of Fourier coefficients and the time domain developments were achieved
by FFT. The proposed novel SBFEM for 3D layered media is considerably different from the
original SBFEM. In combination with a finite element model of the near field, it can be used
efficiently for the dynamic analysis of flexible three-dimensional foundations of arbitrary
shape embedded in or resting on the surface of layered soil deposits over rigid bedrock.

The radiation condition states that there are not any incoming waves. For special cases the
radiation requirement can be expressed as a local formulation, such as Sommerfeld radiation
condition [42] for the Hemholtz's equation in infinite homogeneous domains. Generalized
radiation conditions involve elastodynamic Green's functions for the semi-infinite solid and
for the layered half-space which have been established in studies of Guzina et al. [43] and
Madyarov and Guzina [44]. Nevertheless, in this study, the radiation condition at infinity is
satisfied automatically by using the SBFEM [31, 45] to model the far field with axisymmetric
formulation.

This paper focuses on frequency domain examples by coupling between axisymmetric
SBFEM and 3D FEM. The further outline of this paper is as follows. In the first section, the
assumptions in this paper to analyze three-dimensional foundation-soil systems are
summarized. Then, the formulation of axisymmetric SBFEM for unbounded layered media
is summarized. The coupling to a 3D finite element model of the near field is addressed in
the next section, and finally frequency domain analysis of various layered soil-foundation
systems are held for verification and present the efficiency of the newly developed coupling
method.

2. PROBLEM DEFINITION

The substructure method has been used for the analysis of structures with flexible foundations
embedded in a layered soil (Figure 1). The material properties of layer j which is unbounded
in horizontal direction has been defined as shear modulus (G;), Poisson's ratio (v;), mass
density (p;) and thickness (d;) and a constant damping ratio D for all layers.

In order to have an axisymmetric geometry for the interface of near field/far field, the near
field shall be defined by a cylinder containing the arbitrary shaped foundation and a certain
part of the irregular soil. Within this context, the near field/far field interface is denoted as S
as depicted in Figure 1. For modeling of the near field, traditional 3D FEM technique is
adopted. On the other hand, the far field is analyzed through utilization of an axisymmetric
SBFEM where this approach has been previously implemented and validated in the study
conducted by Aslmand et al. [41]. In the next section, executed axisymmetric SBFEM
analysis is summarized.
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It is assumed that dynamic loads are concentrated either in the near field or on the structure
system only and hence outwardly propagating waves including surface and interfacial waves
are generated.
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L N ® :
) S o > o 7
SECTION A - A cylindrical interface
* S
'
G B YV D; d
[0} 2 7 7] [ ) 7 - r’ﬁ’oo
* ¢ -
far field near field far field

Figure 1 - 3D soil-structure system with foundation embedded in layered soil deposit
resting on rigid bedrock

2.1. Axisymmetric Scaled Boundary Finite Element Method
2.1.1. Scaled Boundary Transformation of the Geometry

The modified SBFEM uses a coordinate system, which scales a defining curve S relative to
a scaling line. As shown in Figure 2, in axisymmetric SBFEM the scaling line is identical to
the axis of symmetry (the Z-axis). The radial direction £ is described by a series of parallel
rays, which are perpendicular to the scaling line. Radial coordinate ¢ is equal to 0 and 1 at
the intersection with the Z-axis and the line S, respectively. But also, ¢ could be considered
greaterthan 1 (0 < & < o0).

Due to consideration of axisymmetric geometry, using the advantage of cylindrical
coordinates (7, z, @) in the far field is more convenient (Figure 2).

The governing equation for the linear elastodynamics in cylindrical coordinate state,

"o+ w?pu=0 (1)
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where o,u and L are stresses, displacements and the equilibrium operator in cylindrical
coordinate, respectively. Assuming linear elasticity, the stress-strain relationship can be
expressed according to Hooks’ law

Y

Discretised defining
line S [¢=1]

m'

Figure 2 - Definition of SBFE local coordinates for an axisymmetric unbounded domain

o = De (2)
where, D is constitutive matrix and
e=Lu (3)

where L is a differential operator in cylindrical coordinate [41]. The approximate solution of
Eq. (1) is obtained using a Fourier series in the circumferential 8 direction and using
conventional one-dimensional finite-element shape functions along the boundary S which
leads to a series of ordinary differential equations in terms of the radial coordinate & [41].
Hence, a solution is written in the form

ur($,s,0)
u;(§,5,0) r = XpolFi (6, N(s)u®(§,n) + EZ (6, )N(s)u?(§,n)} “)
ug(¢,s,0)
where,
cosnf 0 0 sinné@ 0 0
F;(6,n) = 0 cosnf 0 |, Fl,n= 0 sinn@ 0 [
0 0 —sinn@ 0 0 cosnb
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N(s) is the shape functions matrix corresponding to the discretization of s, and u®(¢, n) and
u?(¢, n) represent the variation of the nodal displacement in the £ direction for the symmetric
and anti-symmetric Fourier terms, respectively.

Mapping to the scaled boundary co-ordinate system, the linear operator L can be expressed
as

d a d d
L = b'(s) 5= + b2(s) - + b3(s) = + b*(s) === + b3(s) - = (6)

Where b (s) to b%(s) are defined in [41].

Substituting Eqs. (4), (6) and (3) in Hooks’ law (2), the stress can be expressed more clearly
[41].

The virtual work principle for the dynamic case (in absence of body loads) reads

J, 88(5,5,0)70 (£,5,6)dV + [, Su(s,s,0)pii (£,5,6)dV -
Jg 17 ou(s,0)"t(s,0)|/(s)| dods = 0 o

The first term denotes the virtual work of internal strain energy. The second term is the virtual
work of inertia forces and last but not least, the third term is the virtual work of external
forces such as surface tractions t(s, ) acting on the discretized boundary (It is assumed that
all of the surface tractions are in the near field). As aforementioned, the contribution of the
three terms to the virtual work is already derived in the study of Aslmand et al. [41] to obtain
the SBFE equations in displacement for an unbounded layered axisymmetric medium as
given in Egs. (8)-(11). It is a must for these equations to satisfy each symmetric and anti-
symmetric component of the Fourier series.

P5(n) = E%(m)u*(n) ¢ + (E¥ ()T + E3(n)) us(n) 8)
E®(m)¢u(§,n) g + (E%(n) — E¥(n) + E ()T + EE3(n) — EE()Nu’ (€, n) ¢
+ (%Ezs(n) +E3(n) —E*(n) — E¥*(n)T - EESS(n)> us(é,n) +
w*M§(m)éu*(§,n) =0 )
P4(n) = E%(mu®(n)¢ + (E1*()T + E**(n)) u®(n) (10)
E%*(n)¢ u®(&,n) ¢ + (E°*(n) — E*(n) + E** ()T + EE3%(n) — EE3*(M)Nu(E,n) ¢

1
+ (EEZ“(n) + E3%(n) — E*¢(n) — E**(n)T — {Esa(n)> ut(¢,n) +
w?*M§(m)éu®(¢,n) =0 (11)

The solution of Egs. (9) and (11) must be sought for each term of the Fourier Series
independently. Eqs. (9) and (11) are the scaled boundary finite element equation in
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displacement for each term of Fourier series in an unbounded layered system. A particular
solution for u(é,n)} is less interesting compared to a general solution for the dynamic
stiffness matrix which relates the amplitude of coupling forces to the amplitudes of coupling.

The significance of this is that the system of equations decouples into pairs of equations for
each symmetric and anti-symmetric term in the Fourier series representing the applied
loading and displacement. Should a particular Fourier term in the loading series be zero, the
corresponding term in the displacement series will also be zero. Thus, if the loading series
only contains a single Fourier term, only a single set of equations need to be solved. Should
the loading series contain more than one term, the set of equations for each term can be solved
independently, and the resulting displacements and stresses superposed [40].

With the intention of obtaining equations in dynamic stiffness, the linear second-order
differential Egs. (9) and (11) in displacement are transformed into equivalent nonlinear first-
order differential equations as in Ref. [28], Eq. (60). After the derivation, Equations for the
dynamic stiffness matrix of unbounded medium is obtained,

(8°(w,§,n) + E*(n) + SE* ()DE® (n)7!($°(w,§, 1) + E¥ ()T + EE* (n))
—§8°(w,§,n) ¢ —§ (E¥ () + E¥ ()" — 2ZE¥ () + w?§*M%(n) = 0 (12)

(8%(w, &,n) + E(n) + EE3*(M)NE" (n)"1(S%(w, &, n) + E%(n)T + EE3¢(n))
—8S%(w, &,n) ¢ — € (E*(n) + E**(n)T) — E2E5%(n) + w?&*M%%(n) = 0 (13)

Egs. (12) and (13) are the scaled boundary finite element equations in dynamic stiffness for
an unbounded axisymmetric layered medium.

The nonlinear first-order differential equation with respect to ¢ is solved numerically using a
Runge-Kutta scheme for a given frequency w* instead. An initial value is required to start the
numerical integration scheme. It is calculated in the following using an asymptotic expansion
of the dynamic stiffness S*(w*, &) with respect to the radial coordinate £.

2.1.2. Asymptotic Expansion of Dynamic Stiffness in &

The unknown dynamic stiffness matrix $*(&,n) for both symmetric and anti-symmetric is
expressed as a power series in (§) with decreasing exponent. In the following the superscript
s and a and the series number # has been omitted for convenience

$7() % (©)'Ca + (Koo + DL 57 A (14)
The eigenvalue problem
M’°® = E°®m°, ®TE’®d =1 ®™M°® =m’ (15)

is used to transform Eqgs. (12) and (14) into
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(2@ +e' +£e*T) (s=(©) + el +£e%) £ 57 (O) g —e? — £ (et +e*")

_Ezes + wZEZmO =0 (16)
With
s2(&) = dTS*(H) D, e/ = ®TE/p, j=12,..5 (17)

Note that both M and E° are positive definite values, thus all eigenvalues are real positive.
Thus, Eq. (14) is transformed analogously,

52(8) = (©)' € + () Ko + T]li 5% (18)
Where
Co = PTC,,®, Ko =@k, ®, a;=PTA;d (19)

The derivative with respect to s*(£) ¢ is expressed as
s2()g ~ € — Ll 753y (20)

The power series Eq. (18) and its derivative Eq. (20) are substituted in Eq. (16). The
coefficients €, Ko and a; are calculated equating terms in the resulting formulation
corresponding to decreasing powers of ¢ to zero. The quadratic term yields

CoCo + €3 c e +e3 e — e’ + w?m® = 0 (21)

Eq. (21) is an algebraic Riccati equation for the coefficient C,, [46].

Its solution involves the Schur decomposition of an associated Hamiltonian matrix H. The
eigenvalues occur in pairs +A where A contains all eigenvalues with negative real part or
positive imaginary part, if A is purely imaginary. Complex eigenvalues with negative real
parts correspond to modes which are decaying with & — oo purely imaginary eigenvalues
with positive imaginary part correspond to physically acceptable outwardly propagating
modes. Only the Schur vectors associated with 2 are used to construct C,,. In doing so, the
radiation condition is taken into account.

The linear term yields

(€ + e3T)kOo + Ko Coo + €3=-(Cop + e3T)e1T —el(c, + %)
+co + (et +eth) 22)
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Eq. (22) is a Lyapunov equation for the coefficient k., with a symmetric coefficient matrix
Cy- Its solution is computed using Schur decomposition and subsequently solving a
Sylvester equation [47].

The constant term yields

(Coo + €3)ay + 2, (Cor + €3) = - (Koo + 1) (Koo + €17) + €2 (23)

Eq. (23) is again a Lyapunov equation for the coefficient a;, which is solved analogously to
Eq. (22).

Equations for higher order terms aj, j>1, can be derived in an analogous manner. The initial
value of the dynamic stiffness is constructed evaluating Eq. (24) for a high but finite value

$he
o * ~ —1\T ; -1
$?(w"&p) = (@71 §1Ce + koo + Eﬁl(fh)j a;® (24)

In order to consider material damping in the formulation given above, Linear hysteretic
material damping is incorporated to the proposed method by using a complex-valued shear
modulus G” instead of the real-valued quantity G,

G* = (1+i2D)G (25)

In Eq. (25) the symbols i and D denote the imaginary unit and the damping ratio, respectively.

3. COUPLING OF 3D FEM-AXISYMMETRIC SBFEM

The interior domain is modeled by using an ordinary 3D finite element approach. The
coupling between the finite element model of the near field and the axisymmetric scaled
boundary finite element model of the far field is not straightforward, provided that the 2D
near field/ far field interface surface shall be presented by the 1D discretization of a line
regarding axisymmetric SBFEM.

To couple axisymmetric and non-axisymmetric domains each mesh node in the
circumference of the cylinder enclosing the near field (interface) should be considered to find
the corresponding columns of the unbounded stiffness matrix. The 7" column of the
unbounded stiffness matrix represents the nodal load vector to enforce a certain deformation
configuration, where the 7" nodal dof is unity and the rest are zero. The stiffness matrix of
the interface will be constructed from this concept. For instance, supposition a unit value of
displacement in » direction of point i as is depicted in Figure (3(a)), the variation of
displacement around the circumferential line contain node i would be a linear function which
has the value of unity at node i and zero elsewhere (Figure 3(b)). Note that the variation of
displacement in z direction would be satisfied with the shape functions of linear elements on
the line of discretization matching with the finite element ones (here the mesh is restricted to
8-node brick elements for the near field and linear elements for the far field). The Fourier
series of the corresponding function named u(6) is written as:
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Figure 3 - (a) Interface of near field/far field (b) Linear variation of displacement around
circumference due to the imposed unit displacement

u(0) = %+ Yr=1(aicoskb + bysinkf) (26)
where the Fourier coefficients ax, £=0,1,2,...,n and by, k=1,2,...,n are given by
a = % " u(8)coskd d, by = % J* u(6) sinkodo 27)

Each of these Fourier coefficients corresponds to the symmetric and anti-symmetric
displacement of node i for a particular Fourier term on the discretized line. Having the
corresponding stiffness matrix for each particular Fourier series, one could find the loading
contribution as:

fS(w, k) = S*(w, kui(w, k), u; ={0,0...a ...0}T k=0,1,2,.. (28a)
4w, k) = S%w, kul(w, k), uf=1{00..b..0}T (28b)
where uj are ug the displacement vectors of our discretized line which have only one non
zero element on the corresponding degrees of freedom of node i (See Fig. 3). Superposing

the results of forces for each term of Fourier series, the total forces for each particular position
(6, s) becomes obtainable with the help of the following equation:

F.(6,s)
F,(6,5) ¢ = X3=ofFi (8, n)N(s)f*(n) + F (8, n)N(s)f*(n)} (29)
Fg (9,5)

Where F;;(8,n) and F7(6,n) were given in Eq. (5), and N(s) is the one-dimensional finite-
element shape functions.
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The Eq. (29) should be set for each node on the near field/far field interface to obtain one
column of total stiffness matrix due to the particular deformation in node i. This procedure
shall be repeated for all degrees of freedom for all the nodes to obtain the total stiffness
matrix.

In the frequency-domain, the interior FEM model is represented by the following finite
element equation:

(K—w?M)i=P (30)

with the static stiffness matrix K, the mass matrix M, the vector of unknown displacement
amplitudes 1 and the vector of nodal forces P. The system matrices and the nodal vectors
are partitioned such that all degrees of freedom corresponding to the soil-structure interface
are assembled in Ui, whereas all remaining interior degrees of freedom are denoted as ;.

Kii  Kip 2

( Ky, Kbb] - Mbl. Mbb [ub] [Pb] [Rb 31
Here, the vector of nodal forces P is split into contributions due to external loads P,, =
[P, P,]T and due to the coupling forces R,. The external loads are partitioned into the
interior loads P; and interface loads Py,. This is illustrated in Figure 4. The dynamic stiffness
matrix S®°(w*, & = 1) relates the amplitudes of the coupling forces to the amplitudes of the
displacements at the near field/far field interface all in cylindrical coordinate. To obtain the
coupling force vector R, (8, s) in cylindrical coordinate

R,(8,5) = TS®(w*, & = 1) T4, (32)
Z
A
S A Eh
P, (0) \, S
\« [ A. [ > ° \\’\
o ‘R,
RS R, R >
y 'ﬁh/" ° L > ﬁ,- L] ﬁ,,

Figure 4 - FEM-SBFEM coupling: partitioning of degrees of freedom

Where the transformation matrix T is for converting cylindrical to Cartesian coordinate.
Substituting Eq. (32) into Eq. (31)

Kii — 0?My Kip — @?[My] ] [ﬁ ] = [E’] (33)

Ky — w?My; Kyp — ZMbb + TS®(w*, & = 1) TT] L0 P,
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or
S¢(w)u=P,, (34)

with the complex dynamic stiffness matrix S; (w) of the coupled soil-structure system. Using
Eq. (34), the displacement amplitudes of the near field due to time-harmonic external loads
P,, can be calculated.

4. NUMERICAL EXAMPLES

In this section, dynamic response of various foundations has been calculated with respect to
the aforementioned derivation. A combined 3D FEM-Axisymmetric SBFEM program has
been developed in the MATLAB programming language. In the solution procedure, 3D 8-
node isoparametric brick elements are used for the FE mesh and a conforming mesh of 2-
node linear elements are utilized for the SBFEM. The mesh needed for modeling the structure
are first created in ANSY'S commercial software [48] and then imported into the program as
input. The numerical results obtained using the proposed method is later compared to
reference solutions. Stiffness coefficients are presented in numerical results which is defined
by:

S(ap) = Kgar (k(ao) + iaoc(ao)) (35)

In Eq. (35), the symbols Ky, k(ao) and ¢(ay) denote the static stiffness coefficient and the
frequency-dependent spring and damping coefficient, respectively. The dimensionless
frequency ao is defined as

Ay = w Z—O (36)

where 7y is a typical physical dimension of the foundation and ¢ is the shear wave velocity,

cs =+/G/p.

4.1. Rigid Circular Foundation on Homogeneous Soil Layer

A rigid, massless circular foundation of radius ry resting on a homogeneous soil layer of
thickness d=3ry and Poisson’s ratio v =1/3 is considered. The influence of the
discretization on the static stiffness coefficient computed using the proposed method is
studied. For the particular problem considered here, only the first two terms of the Fourier
series is needed. Only the first term (n=0) is necessary for the analysis of vertical vibration
(symmetric case) or torsional vibration (antisymmetric case), and only the second term (n=1)
is needed for the study of horizontal or rocking vibration. The vertical, horizontal, rocking or
torsional static stiffness coefficients of the rigid foundation computed using different meshes
are summarized in Table 1. Four of these meshes are shown in Figure 5 for illustration

purpose.
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Good agreement between these reference solutions [30] and the numerical results is obtained
modeling the near field with only 6 finite elements (discretization 2). Using this coarse mesh,
the static stiffness coefficients calculated using the proposed method differ from the reference
solutions by 8%, 8%, 9% and 23% for vertical, horizontal, rocking and torsional excitation,
respectively. Table 1 provides the computed static stiffness coefficients that converge to the
values given by Gazetas when the mesh is refined. Using discretization 4 (1430 finite
elements, 12 scaled boundary elements), the vertical, horizontal, rocking and torsional
stiffness coefficients obtained numerically differ from the reference solutions by only 4%,
1%, 1% and 11% respectively. This confirms that the derivation of the proposed
axisymmetric SBFEM and the novel coupling method for three-dimensional layered systems
is correctly implemented.
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Figure 5 - Rigid circular foundation resting on homogeneous soil over rigid bedrock:
Discretization 1 to 4

Table 1 - Convergence of static stiffness coefficients with decreasing mesh size

Discretization Vertical Horizontal Rocking Torsion
Nr Number n=0 n=1 n=1 n=0
) l(?tat.v l(mlt h l(vtat r l(vtat t
of layers ’ ; :
y [Goro] [Goro] [Goro] [Goro]
1 4 9.541 6.430 4.907 7.221
2 6 9.213 6.060 4.603 6.570
3 8 9.052 5.870 4.449 6.258
4 12 8.882 5.667 4.285 5.948
Refere“[‘;%]s"hm"“ 8.560 5.600 4222 5.333
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4.2. Rigid Circular Foundation on Homogeneous Soil Layer under Dynamic Load

Consider a rigid, massless circular foundation of radius 7, which is resting on a homogeneous
soil layer of thickness d = ro which the axisymmetric system is discretized using 10 2-node
scaled boundary elements and 4752 8-node finite elements, as shown in Figure 6.

The computed dynamic spring and damping coefficients are given by Figures 7 and 8 for
horizontal and vertical, rocking and torsional motion, respectively.

The numerically obtained static stiffness coefficients K, are summarized in Table 2.

The dynamic stiffness coefficients computed using the proposed method are compared to
reference solutions, where original results were previously published in Ref. [28, 29].

In general, the dynamic stiffness coefficients of layered soil resting over bedrock are strongly
frequency-dependent. The first three eigen frequencies of the homogeneous layer
corresponding to propagating P-waves or shear waves, respectively, are given in Table 3.

As depicted in Figures 7 and 8, the cutoff-frequency and higher Eigen frequencies are
represented accurately using the proposed method. For all four modes of vibration, the
damping coefficient is zero below the cutoff-frequency (that is 1.571). In general, the
stiffness coefficients computed using the proposed method agrees well with the reference
solutions. For the horizontal vibration which is obtained from the second term of series (n=1),
the curves produced using the proposed method are more different than those calculated using
TLM. This could be due to the fact that solid elements produced by the ANSYS mesh
generator [49] suffer from shear locking in numerical modelling while they have not been
used in TLM. Moreover the components of coupled swaying-rocking stiffness could be
defined differently with the results of TLM published in [29].

g ———— .
R
L |
- Ty —60
GO po V:1/3 D=0°/o
—
2 X1,
\O
o
(=)
kO
=)
»
(e

Figure 6 - Rigid circular foundation of radius r resting on homogeneous soil layer of
thickness d = ro. System and discretization

9340



Mojtaba ASLMAND, Iradj Mahmoudzadeh KANI, Mehmet Cemal GENES

4 T T T v v

T T T
Axisymmetic SBFEM-FEM 6F Axisymmetic SBFEM-FEM Iy

— — — Birk & Behnke [28] \
—-—-—Exact TLM N \

— — — Birk & Behnke [28]
————— Exact TLM 1

>

[S] %

Spring coefficients kh(ao) [-]
Spring Coefficients kv(ao) [-]

0 2 4 6 8 10
Dimensionless frequency ao=;ur0/cS

= 1 = 2
Ac Ac
) )
S5 08F
7 2 15t
5 06} 5
2 2
= = I
2 04t 2
(&} (&}
ey @ 05f
g o g o
= 0 1 = 0

—_
o

=
—~
=
~

Dimensionless frequency aOZer/c; Dimensionless frequency a():wro/cS

Figure 7 - Dynamic stiffness coefficients of rigid circular foundation of radius r resting on
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Table 2 - Static stiffness coefficients of rigid circular foundation of radius ro resting on
homogeneous soil layer of thickness d=r

Vertical Horizontal Rocking Torsion
l(vtat.v kstat,h kstat,r kstat,t

Birk and Behnke [28] 15.927 Goro 7.775 Goro 5.514 Gorly  6.027 Gordy

Axisymmetric SBFEM-

FEM 15.956 Goi’o 8.081 Gol’o 5.603 G01"30 6.124 Gor30

Table 3 - Dimensionless eigen frequencies of homogeneous soil layer of depth d

Eigen frequency i Shear waves ¢s P-waves ¢,
g q yJ horizontal and torsion vertical and rocking
1
1 (Cut-off frequency) En =1.570 T = 3.141
3
2 ET[ = 4712 3m =9.424
5
3 ST 7.853 5m = 15.707

4.3. Rigid Circular Foundation on Inhomogeneous Soil Layer

Considering a rigid circular foundation resting on a three parallel soil strata, as shown in
Figure 9, the proposed method has been used to analyze a layered system with
inhomogeneous material properties.

A constant hysteretic damping ratio of D=0.05 is assumed throughout the total thickness of
the layer. This system has also been analyzed by Wolf and Preisig [18], and Birk and Behnke
[28].

The soil depth has been discretized using 20 2-node scaled boundary elements and 7392 8-
node finite elements. The corresponding mesh is shown in Figure 9.

Figure 10 shows the computed dynamic stiffness coefficients normalized using
corresponding static stiffness.

The reference solutions shown in Figure 10 are the "TLM exact' solutions published in Ref.
[29] by thin-layer method and 3D-modifeid scaled boundary method published in Ref. [28].

The numerical results shown in Figure 10 agree well with the reference solutions.

Moreover, the explanation for deviation of horizontal vibration overlaps with the discussions
made under section 4.2.
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4.4. Rigid Circular Foundation Embedded in Homogeneous Soil Layer

A rigid circular foundation of radius ro is embedded with depth ¢ = ry in a homogeneous soil
layer of thickness d =3ry with Poisson’s ratio v = 1/3. Hysteretic damping of D=0.05 is
assumed.

o 1
I'o
Gy Po v=0.25
P T
e OSGO po V= 030 2’ 0.5I'°_>°°
=T
0.2G, 0.89p90 v=1/3 - o RIGID FOUNDATION
\D_—S/"/ | PLAN VIEW
| 2 X7y |
g 10 x0.125 7
¢ 4 x0.125 7
g 10 x0.125 ry
G —

Figure 9 - Rigid circular foundation resting on inhomogeneous soil layer - discretization

The cylinder is modeled using 10 2-node scaled boundary elements and 440 §8-nodes finite
elements, as shown in Figure 11.

The static stiffness coefficients given in Refs. [18, 28] and the corresponding values
calculated using the proposed method are summarized in Table 4.

The vertical and torsional dynamic stiffness coefficients which are calculated by using the
proposed method are given in Figure 12.

These numerical results are compared to reference solutions which have been published in
Refs. [18, 28]. The ‘exact' solutions in Ref. [18] and in Figure 12 have been calculated by
Emperador and Dominguez [50] using the boundary element method with a very fine
discretization.

The agreement of the stiffness coefficient computed using the proposed method with the
reference solutions based on the boundary element method and modified 3D SBFEM is found
to be excellent.
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Figure 10 - Dynamic stiffness coefficients of rigid circular foundation of radius ry resting
on inhomogeneous soil layer shown in Figure 9: (a) horizontal (n=1), (b) vertical (n=0),
(c) rocking (n=1), (d) torsion (n=0).

4.5. Rigid Rectangular Foundation on Homogeneous Soil Layer

To demonstrate the suitability of the proposed method for dynamic analysis of arbitrary shape
foundation and study the effect of Fourier series terms, a rigid rectangular foundation of
L/B=2 on a homogenous soil layer is considered, where B and L are half width and half length
of foundation respectively. A constant Hysteretic damping of D=0.05 is assumed. The
rectangular foundation enclosed by a cylinder of radius=3B which is the near field.

:\O
] ] S
4 o ’
= 2 X1,
o~
00 =« * > 00
< . £ o
. . 9
° o
® x
® o
° .
; - 3

Figure 11 - Rigid circular foundation of radius ry embedded in homogeneous soil layer of
thickness d = 3ry — dicretization
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Figure 12 - Dynamic stiffness coefficients of rigid circular foundation of radius ro
embedded with depth t = ro in homogeneous soil layer of depth d = 3ro: (a) vertical (n=0),
(b) torsion (n=0)

Two cases with different depth ratios (A=4B and 6B) are considered. The boundaries of these
two systems have been discretized using 16 and 24 scaled boundary elements respectively
(Figure 13).

Table 4 - Static stiffness coefficients of rigid circular foundation of radius ro embedded with
depth r=ro in homogeneous soil layer of thickness d=3r

Vertical Torsion
Kstat,y Kstars
Axisymmetric SBFEM- FEM 16.509 Gorg 20.482 Gor
Wolf and Preisig [17] 16.14 Goro 20.22 Gordy
Birk and Behnke [28] 14.771 Goro 20.641 Gor’y
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Three terms of series are needed to accurately represent the problem. Figure 14 shows the
numerically obtained vertical impedances for n=2 along with values obtained by other
researcher. The other results were obtained using the boundary solution method by Chow
[51] and 3D frequency-dependent infinite element method by Seo et al., [52]. The proposed
solution is found to be close to the reference values. Obtained results revealed that for a rigid
rectangular foundation under vertical pressure, the Fourier series terms up to #n=2 is sufficient.

h= 16 x 0.25B
h= 24 x0.25B

(a) (b)

Figure 13 - Rigid rectangular foundation (L=B=2) resting on homogeneous soil layer -
discretization: (a) h/B =4, (b) h/B =6

5. CONCLUSION

In this paper, an efficient computational model is presented for harmonic analysis of soil-
structure interaction problem via a novel coupling of Axisymmetric SBFEM-3D FEM model.

It is based on deriving an axisymmetric scaled boundary finite element method for
elastodynamic problems in three-dimensional layered media. Major differences both with
respect to formulation and solution techniques occur with the original scaled boundary finite
element method.

In the next step, the axisymmetric SBFEM formulation of unbounded domain will be coupled
to the 3D finite element of the near field by a novel idea using the Fourier coefficients. The
proposed method has been validated by calculating the static and dynamic stiffness of various
foundation-soil systems.

The near field which can be of arbitrary complexity should be enclosed by a cylinder. Only
the first term of series (#=0) is needed for the vertical and torsional vibration of rigid circular
foundation, while for the horizontal and rocking vibration, the second term (n=1) should be
used. The study demonstrate the need of three terms of Fourier series (n=2) for a rigid
rectangular foundation.
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To sum up, it can be said that the proposed method is very well suited for the frequency
analysis of three-dimensional foundations of arbitrary shape, which are embedded in or
resting on layered inhomogeneous soil.
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1.5
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Figure 14 - Vertical impedances of rigid rectangular foundation resting on homogeneous

Symbols
§

w

[

. m

N(s)

Fl, Fy

soil layer (L/B =2, v =10.33, D =0.05) (a) /B =4, (b) /B =16

: Scaled radial coordinate

: Angular frequency

: Stress

: Constitutive matrix

: Displacement

: Strain

: Differential operator in cylindrical coordinate
: Equilibrium operator in cylindrical coordinate
: Shape function matrix

: Term of Fourier series (n>=0)

: Symmetric and anti-symmetric trigonometric matrix
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Ps,pe : Symmetric and anti-symmetric equivalent nodal force

Eis, Ei¢ :Symmetric and anti-symmetric coefficient matrix (0=<i<=5)

Mg, M§  : Symmetric and anti-symmetric mass matrix
Ss, s¢ : Symmetric and anti-symmetric stiffness matrix
ay, by : Fourier coefficients
i, f¢ : Symmetric and anti-symmetric loading vector of the discretized line
K : Static stiffness matrix
M : Mass matrix
P : Nodal force
R, : Coupling force
P.. : External loads
P, : Interior loads
P, : Interface loads
T : Transformation matrix
ao : Dimensionless frequency
G : Shear modulus
p : Density
: Poisson’s ratio
Cs : Shear Wave velocity
Ktar : Static stiffness coefficient
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