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Research Article

Effect of carbon fibers on the mechanical properties of
steam-cured concrete

Mehmet Canbaz ®* (9, Mouad Bensaoud " @, Hakan Erol 2 (3, H. Selim Sengel 2

2 Department of Civil Engineering, Eskisehir Osmangazi University, 26480 Eskisehir, Turkey
® Department of Civil Engineering, University of Tripoli, RGXF+46G Tripoli, Libya

ABSTRACT ARTICLE INFO

While the use of the steam-curing method in the precast concrete can result in an
early high compressive strength and thus can increase the production rate of struc-
tural elements, it should be noted that the steam-curing method has some negative
effects on the mechanical properties of concrete due to the fact that the high-temper-
ature steam causes micro-cracks. On the other hand, the inclusion of carbon fibers
enhanced the overall mechanical properties in terms of high tensile strength and
modulus of elasticity. This paper aimed to investigate the effect of adding carbon fi-
bers to steam-cured concrete. Twenty-seven cube specimens of 15 cm dimensions
were used to investigate the unit weights, the ultrasonic pulse velocity, the compres-
sive strength, and the split tensile strength of the concrete. Three different mixes
were made by adding carbon fibers (0%, 0.12% and 0.24%) by weight to the con-
crete. Three of each were keptin a standard curing environment for 3, 7 and 28 days.
Three specimens of each mix were steam-cured for 4 hours, and three specimens
were steam-cured for 8 hours. The result showed a significant increase in the rate of
gaining compressive strength under steam-curing with an enhancement in the ten-
sile strength due to the presence of fibers, all without compromising the integrity of
the concrete and without increasing the amount of voids.
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1. Introduction

As a result of the rapid development around the
world, there is always a need to build structures at a
lower cost and in a shorter time without compromising
the quality. Therefore, researchers focus on developing
the production process of structural elements rather
than relying on improving project execution techniques.
Using precast concrete is one of the best ways to achieve
this in reinforced concrete structures (Ba et al. 2011).
One of the main advantages of precast concrete is to in-
crease the production rate in many ways. One of the
most cost-effective ways is by accelerating the concrete
curing process (Shi et al. 2020; Hanif et al. 2017).

Various methods are used for accelerating the con-
crete hardening process, to gain higher early-age perfor-

mance. Steam-curing is one of the most widely used ac-
celerated curing methods, which proved numerous ad-
vantages in terms of the material characteristics such as
less permeability, intent microstructures, high mechani-
cal properties, and more hydrated products at early
stages (Ba et al. 2011). However, the steam curing
method demonstrated disadvantages in terms of long-
term compressive strength, micromechanical proper-
ties. Based on Liu et al. (2020), a dense region around the
cement particles formed as a result of the rapid hydra-
tion caused by the steam curing heating result in an ex-
pansion of the gas-liquid phase inside the concrete
which produces micro-cracks.

One of the methods used to improve the mechanical
properties of concrete is to add fibers to the concrete mix
(Yang et al. 2017; Guo et al. 2021). Fiber admixture con-
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tributes to increasing the concrete’s resistance to com-
pressive and tensile loads, as well as its resistance to
cracks expansion. The behavior of fiber reinforced con-
crete varies according to the type, length, and density of
the fibers used (Zhang et al. 2019). Considering its cor-
rosion and high-temperature resistance, as well as high
tensile strength and modulus of elasticity, carbon fiber is
recommended over other types of fibers.

The effect of fibers on the behavior of concrete has
been tested by many researchers. According to Mastali
et al. (2017), the mechanical properties of fiber rein-
forced concrete, as well as the impact resistance, can be
improved by increasing the length of carbon fiber and
the volume fraction. (Rangelov et al. 2016) investigated
the differential impact of carbon fiber sizes and combine
them with cement mortar mixtures. The result showed
an increase by (4-11%) of the 28-day compressive
strength and 7-day tensile strength increased by (11-
46%). Xiong et al. (2019) demonstrated that when car-
bon fiber dosage increases a clear improvement in Vick-
ers hardness, fracture toughness, and the ultimate ca-
pacity when they studied the mechanical behavior of car-
bon fiber reinforced concrete. Yakhlaf et al. (2013) in-
vestigated carbon fibers effect on the physical properties
of self-consolidating concrete. The study concluded that
(filling ability and passing ability) inversely correlated
with the amount of carbon fibers. However, the amount
of carbon fibers had no negative impact on the segrega-
tion resistance of concrete.

On the other hand, other studies focused on the me-
chanical properties of carbon fiber reinforced concrete
that has been exposed to high temperatures. The effect
of post high temperature on the elastic modulus, com-
pressive strength, and toughness of fiber reinforced con-
crete have been researched by Diigenci etal. (2015). The
study found that 1.0% fiber additive had a minimum loss
of compressive strength of fiber reinforced concrete that
exposed to a high temperature. Varona et al. (2018) and
Wang et al. (2021) suggested a formula to the progres-

sion of mechanical behavior post exposure to high tem-
peratures, as a result of their investigation of the me-
chanical behavior of fiber reinforced concrete,

Most of the above-mentioned studies focus on inves-
tigating the mechanical properties of fiber reinforced
concrete under standard curing conditions or after expo-
sure to high temperatures, while carbon fiber reinforced
concrete was not investigated under steam curing condi-
tions. This paper aims to investigate the effect of steam
curing on the compressive strength, the Ultrasonic pulse
velocity, unit weights, and the split tensile strength of
concrete for cubic specimen of concrete reinforced with
different ratios of carbon fibers under different steam
curing periods and comparing it with specimens tested
28 days later under standard curing conditions.

2. Experimental Study
2.1. Materials

Three types of crushed aggregates were used in cast-
ing concrete cube specimens. The particle size analysis
of the aggregate mixture used can be seen in Fig. 1. The
density of the fine aggregate of sizes (0-4 mm), (4-11.2
mm) and (11.2-22.4 mm) were 2.69, 2.70 and 2.71
g/cm3, respectively.

Table 1 shows the properties of the new generation of
superplasticizers that were used as an admixture for the
concrete.

Carbon fibers added to the concrete mix are shown in
Fig 2. The properties of fibers are given in Table 2. The
fibers have been used up to 0.24% by weight of the con-
crete.

The type of cement used is CEM 1.42.5 R Portland ce-
ment, the chemical and physical properties of the cement
used are given in Table 4. Tap water was used for mixing
the specimen, the physical and chemical properties of
the water used can be shown in Table 3.
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Fig. 1. Granulometry of aggregate mixture according to EN 12620.
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Table 1. Properties of admixture.

Chemical Structure

Appearance Cl, %

pH Density, g/cm3 Alkali, %

Polycarboxylic ether Brown

<0.10

5-7 1.069-1.109 <3.00

Table 2. Properties of carbon fiber.

Tensile Str., MPa Tensile Mod., GPa

Strain, %

Density, g/cm3 Yield, g/1000m

240 4200

1.78 800

Fig. 2. Carbon fiber.

Table 3. Properties of mixing water.

Chemical Property, mg/1

Physical property

Al 0.04 Cu 0.016 Ni
NO3 11.1 Fe 0.007 K
NH4 0.06 Mn 0.015 As

5.07 Conductivity, uS/cm 628
6.8 Hardness, Fd® 30.11
1.19 pH 7.35

Table 4. Properties of cement.

Chemical properties

Physical properties

Si02 19.20 K20 0.63
Alz03 4.56 Naz0 0.31
Fe203 3.09 SO3 3.21
Ca0 62.90 CI- 0.01
MgO 1.88 LOI 3.80

Density, g/cm3 3.09
Specific surface, cm?/g 3190
Setting Time(initial), min 163
Setting Time(final), min 228
Soundness, mm 1

2.2. Method and tests

The concrete was mixed according to the ratios
given in Table 5. Three different mixes were made by
adding carbon fibers (0%, 0.12% and 0.24%) by weight
to the concrete mixture as can be seen in Fig 3. Cube

specimens of 15 cm dimensions were cast. Nine speci-
mens of each mix were cast, three of each were keptin
a standard curing environment for 3, 7 and 28 days.
Three specimens of each mix were steam cured for 4
hours, and three specimens were steam cured for 8
hours.

Table 5. Mix ratio of 1 m3 of concrete mixture.

Aggregate, kg

Cement, kg Water, 1 Superplasticizer, |

0-4 mm

4-11.2 mm 11.2-22.4 mm

435 125 3.5

967 333 555
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At the end of the curing process, unit weight, ultra-
sonic pulse, split tensile strength and compressive tests
were carried out on the specimens as shown in Fig 4. Ex-
amination of the changes in the unit weight, ultrasonic

pulse velocity, splitting tensile strength and compressive
strength for each fiber ratio, curing condition and curing
duration was carried out and the results will be dis-
cussed in further sections.

Fig. 5. Steam curing.

3. Discussion

Average unit weight test results are shown in Fig 6.
Specimen unit weights varied from 2407 to 2480 kg/m3.
As it can be seen from the figure, the increase in the fi-
bers caused the unit weight values to increase. In 0.12%
fiber concrete mix, the unit weights of the specimens in-
creased by 1.4% compared to the mix without fibers,
while in 0.24% fiber concrete mix, the increase in unit

weights reached 2.1%. Moreover, since the fiber addi-
tion affects the workability of the fresh mix, the voids
formed during the setting caused the unit weights to in-
crease at different rates for each fibre content. As the
curing time increased, the unit weights for fibrous spec-
imens increased up to 2.2%, which is a significant in-
crease compared to the non-fibrous specimens. The in-
crease in unit weight was caused by the formation of ce-
ment reaction structures that filled the voids.
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--©--- 3-days

Unit Weight, kg/m3
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Carbon Fiber, %

Fig. 6. The effect of fiber ratio on unit weights of concrete specimens.

Changes in ultrasonic pulse velocity for carbon fiber
content mix are shown in Fig 7. It can be noted that the
ultrasonic pulse velocities were increased with increas-
ing carbon fiber content. While this increase was 0.9%
in the case of 0.12% carbon fiber mix, the increase rate
reached 5.7% when the carbon fiber ratio was 0.24%.
This increase can be due to fibers acting as bridges, al-
lowing ultrasound vibrations to be transmitted through
the fibers instead of being transmitted through the

pores. As the curing time increased, the ultrasonic pulse
velocities increased up to 4.7%, this might be caused by
filling of the voids by the hydration reaction products
formed over a longer hydration time. The highest ultra-
sonic pulse velocity value was observed in specimens
containing 0.24% fiber for 28 days, the increase in ultra-
sonic pulse velocities with the increase in fiber content
was more pronounced in specimens tested after 28
days.

450
L 445
E
1 440 A
2
Q
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(5]
=
3 430
£
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=
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(0]
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410 4 ' .

0.12 0.18 0.24

Carbon Fiber, %

Fig. 7. The ultrasonic pulse velocity rate of concrete under various carbon fiber ratios.

The resulting compressive strength values for each
curing time and fiber content can be seen in Fig 8. Com-
pressive strength results were shown to increase with
increasing fiber content, this was caused due to the crack
growth and branching of micro-cracks formed as the
loads were increased in the fiberous mix specimens.
While this increase was 7.6% in the case of using 0.12%

fiber, the strength reached 14.2% in the 0.24% fiber mix.
Examination of the changes of the compressive strength
with the curing time showed that the specimens reached
64.1% of the 28-day compressive strength on the 3rd
day, and 81.7% on the 7th day. It can also be observed
that in the case of 0.24% fiber content mix, the effect of
increasing the fiber content is more notable at early ages.
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Fig. 8. The compressive strength of concrete under various carbon fiber ratios.

Variation in split tensile strengths for the mixes are
shown in Fig. 9.1t can be seen that the increase in splitting
tensile strength of the specimens increased by 12.1%
when the fiber ratio was 0.12%, while it reached a 23.1%
increase when the fiber ratio was 0.24%. Due to the brit-
tleness of concrete, there is a sudden loss of strength, par-
ticularly after the development of the first crack under
the tensile effect. Although the fibers could not prevent
the formation of the first crack, they prevent the crack
growth and propagation until fibers lose their bond with
the binder. This explains the increase in splitting tensile
strengths. Therefore, the use of fibers is advantageous as

it reduces the brittleness of the concrete mixture under
tensile stresses. Cement hydration reactions over time
caused an increase in the calcium silicate hydrate gels,
this not provided compressive strength gains butalso en-
hanced the tensile strength, which explains the increase
in the tensile strength over longer curing times. The ten-
sile strength of the fibrous mixes significantly had a sig-
nificant enhancement in early splitting strength, a similar
effect was noted in the compressive strength behavior
discussed earlier. However, unlike compressive strength,
the increase in fiber ratio caused a significant increase in
splitting tensile strength in 28 days.

6.5
« --©--- 3-days
o
= 6.0 — % - 7-days
éﬂ —¥— 28-days
g A 1
& 55 - -
2 - —— - e ‘G)
g S e
2 T o
=
= |
@45

4.0 T T T

0 0.06 0.12 0.18 0.24

Carbon Fiber, %

Fig. 9. The split tensile strength of concrete under various carbon fiber ratios.

Variation of unit weight values under the effect of
steam curing for each mix are shown in Fig. 10. While the
unit weights of the steam cured specimens reached 98%
of the reference specimen, a negligible increase of 0.4%
was observed in the unit weights of the specimens with

the increase in the steam curing application time, there-
fore there was no negative effect of steam curing on the
unit weights of the specimens. Italso should be noted that
with the increase in the fiber content with steam curing,
the unit weights of the specimens increased by 1.3%.
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2600

04 hours steam cured
2500

2400

2300

2200

Unit Weight, kg/m3
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2000 r

0.12 0.24

Carbon Fiber, %

Fig. 10. Comparing the unit weight of steam-cured concrete under various curing durations
and carbon fiber ratios to the reference specimens.

Variation of ultrasonic pulse velocity of specimens
with steam curing time and fiber ratio is shownin Fig 11.
The ultrasonic pulse velocity of the 4 hours steam cured
specimens was 95.7% of the ultrasonic pulses of the ref-
erence specimen, while this rate reached 97.9% when the
steam curing time was 8 hours. With the increase in fiber
content, there was a decrease in the variation between
the ultrasonic pulse velocity for different steam curing
application times, notably for fiber content of 0.24%, this

4.6

rate decreased to 0.2%. However, a decrease in rates up
to 6.4% was observed for the specimen of steam cured
specimens with fiber content of 0.24% compared to the
reference specimen. This effect might be due to the in-
crease in the hydration reaction rate in the concrete with
the application of steam curing, causing the filling of the
internal structure and the formation of cement products
in a short time, which in turn caused a significant rate of
ultrasonic pulse velocities compared to the reference.

04 hours steam cured
44

4.2

08 hours steam cured

4.0

3.8

3.6

3.4

Ultrasonic Pulse Velocity, km/s

3.2

B Reference

3.0 r

0.12 0.24

Carbon Fiber, %

Fig. 11. The ultrasonic pulse velocity rate of steam-cured concrete under various carbon fiber ratios.

In Fig. 12, the change in compressive strength of
specimens with fiber ratio and steam curing time are
shown. In the case of the compressive strengths of non-
fibrous specimens, and when taking the compressive
strength of the 28-day normal concrete as a reference,
around 45.7% of this strength was reached when the 4

hours-steam curing was applied, and 56.7% of the com-
pressive was reached when steam curing for 8 hours. In
precast concrete applications, it is important to reach
about half of the 28-day strength in a short time (e.g., 4
hours). The strengths obtained for steam cured speci-
mens are accelerated by the effect of curing tempera-
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ture due to the formation of calcium silicate hydrate gels
with a more robust structure. In addition, the water loss
that would have resulted due to this temperature is pre-
vented as a result of the saturation of steam. In the case
of different fiber content specimens, the 5% compres-
sive strength increase in the reference specimens was

reduced to 3% in steam cured specimens. When the
steam curing time increased from 4 hours to 8 hours,
the compressive strengths increased by 25% even
when fibers are added. Therefore, increasing the steam
curing time does not increase the strength at the same
rate.

80
04 hours steam cured 08 hours steam cured B Reference

< 70
S
= 60
)
B0
g 50
5
n
g
w
g 30
£
o 20
(&)

10

0 r '
0 0.12 0.24

Carbon Fiber, %

Fig. 12. The compressive strength of steam-cured concrete under various curing duration and carbon fiber ratios.

The effect of steam curing and carbon fiber ratio on
the splitting tensile strength is illustrated in Fig. 13. An
increase of 27% was observed in the split tensile
strength of the fibrous specimens kept in steam curing
for 4 hours, while the increase rate reached 17% in the
specimens kept in steam curing for 8 hours. With the ad-
dition of fiber, crack control in the hardened cement
paste was achieved. Although it is important to gain
strength quickly with steam curing, particularly after the

concrete has hardened, the split tensile strengths of the
fibrous specimens with 4 hours and 8 hours steam cur-
ing gave close results. It is evident that the fibers have a
very significant effect on the tensile effect, it can be ob-
served that the split tensile strength of the non-fibrous
specimens, which were steam cured for 4 hours, reached
47.5% of the split tensile strength of the reference con-
cretes, while this ratio was 64.8% in the 8-hour steam
curing.

04 hours steam cured

@8 hours steam cured

Split Tensile Strength, MPa

B Reference

0.12 0.24

Carbon Fiber, %

Fig. 13. The split tensile strength of steam-cured concrete under various curing duration and carbon fiber ratios.
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4., Conclusions

The following results have been achieved with the ex-
perimental study conducted:
¢ The addition of carbon fiber increased unit weights,

Ultrasonic pulse velocity, compressive strength, and

split tensile strength of the concrete. Interestingly, the

largest increase has occurred in the split tensile
strength. The evidence from this study suggests to use

0.24% carbon fiber for tensile strength, while 0.12%

fiber is sufficient for compressive strength. An impli-

cation of this is the possibility that carbon fiber can be
used in places where strength is important at early
ages, since fibers positively affect the mechanical
properties of concrete at an early age.

¢ As the steam curing application time increased, very
low increases were observed in the unit weights of the
specimens, around 0.2%, and very low increases in
the Ultrasonic pulse velocity around 2.2%. This find-
ing suggests that steam curing does not impair the in-
tegrity of the concrete and does not increase the
amount of voids. Steam curing is especially applied to
improve the early age mechanical properties of con-
crete. This study has shown that as the steam curing
time increased, the compressive strengths increased
by 25% and the splitting tensile strengths increased
by 36.5%. This study has also found that compressive
strengths of 30 MPa have been reached with 4 hours
of steam curing. According to the results of compres-
sive strength under normal conditions, additional
steam curing is not recommended unless very high
compressive strength is required, since 8-hour steam
curing does not increase much compared to 4-hour
application.

¢ The unit weight of the specimens increased by 1.5%,

the ultrasonic pulse velocity by 3.7%, the compressive
strength by 8.2%, and the splitting tensile strength by
37%, with the increase in the carbon fiber ratio used
in the steam cured specimens. While the effect of
steam curing on the rate of gaining compressive
strength is very high, it has been observed that it has
a positive effect of the fibers on the tensile strength of
the specimens. For the fact that stem curing imposes
the precast elements under aggressive conditions, the
use of carbon fiber is recommended to control cracks
caused by internal tensile stresses that may arise
from these effects.

The results of this study indicate that the addition of
carbon fiber to improve the concrete mechanical prop-
erties did not adversely affect the strength gain rate un-
der the effect of steam curing. While steam curing is
highly preferred in the precast sector in practice, it has
been observed that fibers are not used in the production
of concrete or reinforced concrete elements. The results
of this research support the idea of increasing the use of
fibers in this sector, especially in order to increase the
mechanical properties and crack control performance. A
further study could assess the long-term effects of steam
curing performance of fiber use and the control of cracks
that may occur in an aggressive environment, especially
in precast concrete, with fiber.

Acknowledgements

None declared.

Funding
The authors received no financial support for the re-

search, authorship, and/or publication of this manu-
script.

Conflict of Interest
The authors declared no potential conflicts of interest

with respect to the research, authorship, and/or publica-
tion of this manuscript.

REFERENCES

Ba M, Qian C, Guo X, Han X (2011). Effects of steam curing on strength
and porous structure of concrete with low water/binder ratio. Con-
struction and Building Materials, 25, 123-128.

Ba MF, Qian CX, Guo X], Han XY (2011). Effects of steam curing on
strength and porous structure of concrete with low water/binder
ratio. Construction and Building Materials, 25, 123-128.

Diigenci O, Haktanir T, Altun F (2015). Experimental research for the
effect of high temperature on the mechanical properties of steel fiber-
reinforced concrete. Construction and Building Materials, 75, 82-8.

Guo Z, Zhuang G, Li Z, Chen Y (2021). Mechanical properties of carbon
fiber reinforced concrete (CFRC) after exposure to high tempera-
tures. Composite Structures, 256, 0263-8223.

Hanif A, Kim Y, Lee K, Park C, Sim ] (2017). Influence of cement and
aggregate type on steam-cured concrete - an experimental study.
Magazine of Concrete Research, 69(13), 694-702.

Liu B, Jiang ], Shen S, Zhou F, Shi], He Z (2020). Effects of curing meth-
ods of concrete after steam curing on mechanical strength and per-
meability. Construction and Building Materials, 256, 0950-0618.

Mastali M, Dalvand A, Sattarifard A (2017). The impact resistance and
mechanical properties of the reinforced self-compacting concrete
incorporating recycled CFRP fiber with different lengths and dos-
ages. Composites Part B: Engineering, 112, 74-92.

Rangelov M, Nassiri S, Haselbach L, Englund K (2016). Using carbon fi-
ber composites for reinforcing pervious concrete. Construction and
Building Materials, 126, 875-885.

ShiJ, Liu B, Shen S, Tan ], DaiJ, Ji R (2020). Effect of curing regime on long-
term mechanical strength and transport properties of steam-cured
concrete. Construction and Building Materials, 255, 119407, 1-10.

Varona FB, Baeza FJ, Bru D, Ivorra S (2018). Influence of high temper-
ature on the mechanical properties of hybrid fiber reinforced nor-
mal and high strength concrete. Construction and Building Materials,
159, 73-82.

Wang B, Li C, Cao W (2021). Effect of polyacrylonitrile precursor orien-
tation on the structures and properties of thermally stabilized car-
bon fiber. Materials, 14(12), 3237.

Xiong B, Wang Z, Wang C, Xiong Y, Cai C (2019). Effects of short carbon fiber
content on microstructure and mechanical property of short carbon fi-
ber reinforced Nb/Nb5Si3 composites. Intermetallics, 106, 59-64.

Yakhlaf M, Safiuddin M, Soudki KA (2013). Properties of freshly mixed
carbon fiber reinforced self-consolidating concrete. Construction
and Building Materials, 46, 224-31.

Yang JM, Yoo DY, Kim YC, Yoon YS (2017). Mechanical properties of
steam cured high-strength steel fiber-reinforced concrete with
high-volume blast furnace slag. International Journal of Concrete
Structures and Materials, 11, 391-401.

Zhang X, Ge L, Zhang Y, Wang ] (2019). Mechanical properties of car-
bon-fiber RPC and design method of carbon-fiber content under dif-
ferent curing systems. Materials, 12(22), 3759.



CHALLENGE JOURNAL OF STRUCTURAL MECHANICS 8 (2) (2022) 47-56

Research Article

Performance-based assessment of long masonry structures

Ferit Cakir ®*

2 Department of Civil Engineering, Gebze Technical University, Gebze, 41400 Kocaeli, Turkey

ABSTRACT

ARTICLE INFO

Performance-based assessment (PBA) has become an increasingly important con-
cept for assessing the structural performance of existing structures today. This pro-
cedure aims primarily to determine structural damage subject to predetermined load
effects and evaluate the state of the building based on the damage obtained. However,
because of their complicated engineering characteristics and structural performance, it
is very difficult to evaluate the performance of long masonry structures, such as aque-
ducts, castle ramparts and city walls. The PBA of long masonry structures is extremely
challenging because there is no valid approach to assessing their performance. In this
study, a practical evaluation method is developed to assess the structural perfor-
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mance of long structures and the seismic performance of Valens Aqueduct, which was
constructed by the Roman Empire in Istanbul, is examined using this method.

1. Introduction

Masonry structures have been vulnerable to earth-
quakes by the nature of the brittle materials from which
they were built. Therefore, most of the masonry struc-
tures built in seismic zones are damaged or collapsed as
a result of earthquake effects. To improve the seismic
performance of these structures, it is crucial to deter-
mine their performance-based seismic performance. For
assessing the structural performance of structures, per-
formance-based assessment (PBA) is considered a very
important concept. The main objective of this approach
is to determine structural damage when predetermined
load effects are applied and to evaluate the condition of
the building based on the damage obtained. Various
standards and codes describe the PBA procedures for
different types of structures, such as reinforced or unre-
inforced masonry structures (ASCE 41-17; FEMA 445-
06; FEMA P-58; PERPETUATE-2010). Through linear or
nonlinear evaluations, they can be used for assessing ex-
isting structures. When conducting seismic performance
or damage assessment, several questions must be ad-
dressed: a) how to obtain structural drawings, specifi-
cally the structural details; b) how to determine the me-
chanical properties of the construction materials; and c)
how to model and evaluate the structures.

How to model and evaluate the structures is the most
controversial issue for engineering committees. Many
researchers have discussed this topic and masonry
structures are modelled and evaluated using several dif-
ferent methods. When the studies in the literature are
examined, it is seen that many different building types
are evaluated. Cakir (2021) developed a new simplified
model to determine the structural performance of ma-
sonry structures. Gencer et al. (2020) investigated in-
plane and out-of-plane wall behavior due to lateral load-
ing, depending on wall profiles and opening types in Hel-
lenistic towers. Preciado etal. (2015) performed damage
analysis of a historic church in Mexico using the nonlin-
ear finite element method. Korkmaz et al. (2015) focused
on multi-story masonry structures and evaluated the
structural performance of the historical Khatip School in
Erzurum, Turkey. Cakir et al. (2015) performed perfor-
mance evaluations on historical buildings damaged dur-
ing the 2011 Van earthquake and performed perfor-
mance analyses on two different historical buildings.
Lagomarsino and Cattari (2015) conducted a seismic
performance analysis of a historical masonry building
using the performance evaluation method developed
within the scope of the PERPETUATE project. Bran-
donisio et al. (2013) evaluated the performance of a ma-
sonry church during the 2009 L'Aquila earthquake.
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Dogangun and Sezen (2012), considering the 1999
Kocaeli and Diizce earthquakes, examined the seismic
performances of five different historical buildings and
investigated the seismic weaknesses of the structures.
Within the scope of a project called PERPETUATE, a per-
formance-based approach has been proposed by Lago-
marsino et al. (2010) for the protection of cultural herit-
age from earthquakes.

In particular, it is seen that the studies focused on the
structures at the single structure scale, but the evalua-
tion studies for the long structures are quite limited.
Structures that have a relatively low height and a long
length can be considered long structures. The stiffness of

these structures is high along with in-plane directions
but low along out-of-plane directions. The length of
these structures can range from a hundred meters to
many kilometers. Aqueducts, castle ramparts, and city
walls are the best examples of these kinds of structures
(Fig. 1). The evaluation of structural performances of
long masonry structures is a very complex issue due to
the lack of a valid method for assessing their perfor-
mance. As part of this study, an evaluation method for
the structural performance of long structures was devel-
oped, and the seismic performance of the Valens Aque-
duct, which was constructed by the Roman Empire in Is-
tanbul, was assessed by using this method.

Fig. 1. Some historical long structures (a) Xi'an City Wall, China; (b) Aurelian Walls, Italy;
(c) Aqueduct of Segovia, Spain; (d) Avila City Wall, Spain; (e) Osaka Castle Rampart, Japan;
(f) Diyarbakir City Wall, Turkey (images from Google Images).

2. Performance-Based Assessment of Long Masonry
Structures

In determining the earthquake performance of ma-
sonry buildings, a simplified approach based on perfor-
mance and calculation steps is given in Fig. 2. The PBA of

a long structure starts with the seismic hazard assess-
ment of the region and continues with setting the target
performance levels and corresponding acceptance crite-
ria, isolating a small segment of the structure, carrying
out non-linear analyses on the isolated structure and
seismic assessment of the structure.
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Fig. 2. A layout for performance-based assessment of the long structures.

3. A Case Study: The Valens Aqueduct (Bozdogan Su
Kemeri)

3.1. General information

The Valens Aqueduct, which is also known as
Bozdogan Su Kemeri, is located in Istanbul, Turkey. The
Valens Aqueduct was widely used for supplying water to
palaces in history. It stands in the Fatih district of the city
and spans the valley between the two hills, which are oc-
cupied by Istanbul University and the Fatih Mosque. It
was constructed during the late Roman and early Byzan-
tine times. According to historical descriptions, the
structure was completed by Emperor Valens (364-378)
or Hadrianus (117-138). The aqueduct was later re-
paired by Emperor Justinian Il (576), Konstantinos V
(741-775), and Basileios Il (1019). During the period of
Theodosius I, the aqueduct was used for distributing
water to the Baths of Zeus and the Imperial Palace. The
structure was restored by Justin I, Basil Il and Romanos
I11. Moreover, during the sovereignty of the Ottoman Em-
pire after 1453, the aqueduct was repaired by Sultan

Mehmet I, who was one of the most famous Emperors,
and new arches were added to the structure to develop
the water supply system. Moreover, the structure was
several times restored during the rule of the Ottoman
Empire. However, a great part of the Valens Aqueduct
was destroyed and only the part located on Atatiirk
Boulevard has survived (Fig. 3). Although the aqueduct
is currently 921 meters long, it was originally 971 me-
ters long, 28.5 meters high and 3.70 meters depth and
the aqueduct has 86 different sized arches.

3.2. Performance evaluation

In the performance evaluation, the developed perfor-
mance-based assessment layout was used and each step
in the layout was addressed in detail.
3.2.1. Segmentation and boundary condition

In the scope of the study, the Valens Aqueduct was

firstly divided into 125 meters long segments and the
segment to be analyzed was isolated. To determine the
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stiffness of the springs, two walls were added to the right
and left of the isolated segment with the same length as
the isolated segment length since it was necessary to ex-
press the boundary conditions correctly. The boundary
conditions at the ends of the isolated segment can be
found by introducing horizontal springs (X and Y direc-
tions) at the ends (Fig. 4). Then, the corresponding lat-
eral forces required for a unit displacement of the

& sisu

BESIKTAS

BEYOGLU - A
Uskiidar

Fatih i Valens Aqueduct
& Remains of an ancient
stone water system

boundaries for the isolated segment in the Xand Y direc-
tions were determined by the linear analyses. Finally,
these lateral forces were used to determine the lateral
stiffness of the springs at the boundaries of the isolated
segment. In this model, there are two degrees of freedom
spring model was used. In the spring stiffness determi-
nation, the force equilibrium equations, Egs. (1) and (2)
were used as follows.

Fig. 3. General views of the Valens Aqueduct (images from Google Images).

(©)
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In matrix form, Eq. (3) was developed.

K elwn= {F<e>} 3)

Since the matrix was symmetric and the order of the
matrix was [2x2], the stiffness relation was summarized
as Eq. (4).

[K(e)]{u(e)} - {F(e)} 4)

where K@©) is the element stiffness matrix, u(® the nodal
displacement vector and F(©) the nodal force vector.
After determining the lateral stiffness of the springs,
the structure was discretized with 455210 solid ele-
ments with corresponding 1985972 nodes (Fig. 5). In the
finite element model (FEM) and finite element analysis
(FEA), a general-purpose finite element program, ANSYS
Workbench, was used and the isolated segment was nu-
merically modelled with SOLID65 elements, which have
eight nodes and three degrees of freedom per node.

In this study, material properties are determined tak-
ing into consideration previous studies and general as-
sumptions are made because of the complexity involved
in the determination of the material properties (Table 1).
In this study, Drucker-Prager Strength Piecewise nonlin-
ear criteria were considered for the nonlinear behavior
of the masonry material (Table 2).

Table 1. Mechanical properties of the material.

Property Value
Density 2300 kg/m3
Young’s Modulus 3E+10 Pa
Poisson’s Ratio 0,18
Bulk Modulus 1.5625E+10 Pa
Shear Modulus 1.2712E+10 Pa
Max. Tensile Pressure -4E+6 Pa
Fracture Energy Gf 100 Jm?

Table 2. Drucker Prager strength data.

Pressure (Pa) Yield Strength (Pa)
0 1E+7
1.5E7 4E+7
5E+7 4.4E+7
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Fig. 4. Dividing the structure into segments.

Fig. 5. Numerical model and dimensions of the aqueduct.

3.2.2. Eigenvalue analysis and mode shapes

Modal analysis was performed to determine the dy-
namic characteristics and seismic behavior of the struc-
ture. The modal analysis was conducted including 30
modes and the mass participation ratio in the 30t mode
was above 90% in the X and Y directions. The corre-
sponding periods and mass participation ratios obtained
with the modal analysis are summarized in Table 3 and
the first eight mode shapes of the structure are given in
Fig. 6. According to the findings, the first mode and sev-
enth mode were global modes. These global modes con-
stituted an effective mass ratio of more than 71% and
51% in the X and Y directions, respectively. Therefore, in
the pushover analysis, the global modes were taken into

account and the incremental static analyses in the X and
Y directions were performed according to the displace-
ment form in these modes.

3.2.3. Nonlinear static analysis (pushover analysis)

The seismic performance of the structure was inves-
tigated through pushover analysis conducted on the fi-
nite element model in the X and Y directions. The non-
linear static analysis was made using an incremental-it-
erative procedure and the analysis procedure adopted in
the FEMA 440 and EC-8. To fully define the behaviour in
the global modes, the deformation curves of these modes
were determined and pushover analysis was performed
using these curves (Fig. 7).
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Table 3. Frequencies and modal mass participation.

Mass Participation Ratios

Mode Shape Frequency (Hz) " v -
Mode 1 2.1878 0.549346E-06 0.509644 0.114848E-10
Mode 2 2.9761 0.124616E-04 0.853842E-03 0.944468E-09
Mode 3 4.3135 0.420495E-07 0.747278E-01 0.102603E-08
Mode 4 5.9585 0.997740E-04 0.803896E-03 0.177276E-07
Mode 5 7.8042 0.947385E-04 0.412953E-01 0.419455E-07
Mode 6 9.8483 0.154870E-01 0.545925E-03 0.619239E-05
Mode 7 10.015 0.713360 0.172893E-03 0.268338E-03
Mode 8 12.111 0.767665E-03 0.714442E-01 0.299998E-06

MODE-1 MODE-2

MODE-3 MODE-4

MODE-§ MODE-6

MODE-7 MODE-8

Fig. 6. The first eight mode shapes.
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Fig. 7. (continued)
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Based on FEMA 440, in the second phase, the capacity
of the structure was determined. The capacity (pusho-
ver) curves are plotted in terms of base shear and top
displacement. The pushover curve was converted into a
modal capacity spectrum by point-by-point conversion
of the capacity curve to modal spectral coordinates.
Pushover analyses were performed using normalized
displacement patterns. In the pushover analysis in the X
and Y directions, the equations of the normalized dis-
placement pattern were determined, and incremental
static analyses were performed by using these equa-
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tions. The pushover curves obtained from the pushover
analysisin the X and Y directions are presented in Fig. 8a
and Fig. 8b, respectively. Then, by using Egs. (5) and (6)
the pushover curves converted to modal capacity curves
(Fig. 8¢, 8d).
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Fig. 8. (a) Pushover curve in the X direction; (b) Pushover curve in the Y direction;
(c) Modal capacity curve in the X direction; (d) Modal capacity curve in the Y direction.
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3.2.4. Seismic demand

In the seismic demands, two sets of a three-level uni-
form hazard spectrum; namely, EQ-1, EQ-2, and EQ-3
were constructed using the Turkish Building Earthquake
Code-2018 (TBEC, 2018). EQ-1, EQ-2, and EQ-3 for both
specifications correspond to the earthquake ground mo-
tions with 50%, 10%, and 2% probability of exceedances.
EQ-1, EQ-2, and EQ-3 seismic hazard levels were deter-
mined using the 5% damped spectral response accelera-
tions at a short period (Ss) and at a period of one second
(S1) are determined for the reference soil type B. The 5%
damped spectral response accelerations for short peri-
ods (Ss) and at one-second (S1) for Class B Soil were de-
termined using the site coefficients Fq and F.. Ss and S1

~ — EQ-1(TBDG) | |
: g — —EQ-2(ITBDG) | |
16l --=EQ3(IBDG) | |
- - -EQ-1(TCSS)
v ——EQ-2(TCSS)
T A EQ-3 (TCSS)

Spectral Acceleration (g)

00 03 10 15 20 25 30

Period (sec)

were determined as 0.62, 1.19, 1.80 and 0.23, 0.58, 1.02
for EQ-1, EQ-2, and EQ-3 seismic hazard levels, respec-
tively, according to TBEC (2018). Fs and F, were taken to
be 1.0 for EQ-1, EQ-2, and EQ-3 seismic hazard levels, re-
spectively. Both specifications resulted in quite different
response spectra in terms of spectral accelerations. Fig.
9a shows the uniform hazard spectra corresponding to
these two sets of three-level uniform hazard spectrum.
For performance evaluation of the structure, EQ-2 ob-
tained from TBEC (2018) was used as seismic demand
due to it is having higher spectral acceleration values at
short period region. Then, the response spectrum curve
was converted to the demand spectrum by using Eq. (7).

Sai = WZSdl' [7)

S, =W Sy
1.0 Sai = ( Tf’/ 47, )Sm

0 5 10 15 20 25 30 35 40
Sd (cm)

Fig. 9. a) Uniform hazard spectra for the selected seismic hazard levels;
(b) Conversion of response spectrum to demand spectrum curve.

3.2.5. Performance evaluation

After the pushover curves were obtained, the coordi-
nate systems were changed to the modal spectrum
curves. Then, the modal spectrum curves and seismic de-
mand curves were combined in the same coordinate sys-
tems to determine performance points (target displace-
ments) that represent the seismic performance (Fig. 10).
Based on the nonlinear static analysis, the target dis-
placement was 10.02 cm in the X direction (in-plane), it
was 28.82 cm in the Y direction (out of plane). Top dis-
placements were calculated by using Eq. (8) after the
performance points were determined. Top displace-
ments in the X and Y directions are 18.77 mm and 41.58
mm, respectively.

u;(c11)\/)1 = q)lerxldip) (8)

After obtaining the lateral displacement, the drift ra-
tios were determined, and the performance of the struc-
ture was evaluated by using the acceptance criteria for
URM walls and piers in the current specifications and
codes (Table 4). The drift ratio in the X direction (in-
plane) was 0.06% while the drift ratio in the Y direction
(out-of-plane) was 0.145%.

According to the acceptance criteria, the responses of
the Y direction slightly exceeded the immediate occu-
pancy (10) performance level while the responses of the

X-direction remained below the immediate occupancy
(I0) performance level. Therefore, it can be said that the
performance of the Valens Aqueduct in Istanbul, Turkey
is quite good for considered seismic demand. Moreover,
as can be seen from Figs. 8a and 8b, it was not possible
to laterally push the aqueduct up to these levels of lateral
displacements in both directions. The main reason for
this was the brittle behavior of the structure. This brittle
nature of this masonry structure caused damage during
past earthquakes.
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Fig. 10. Performance evaluation.
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Table 4. Acceptance criteria for URM walls and piers.

Primary Members

Secondary Members

1 0, 0,
Behavioral Mode (10) (%) (LS) (%) (CP) (%) (LS) (%) (CP) (%)
FEMA 356 Bed-Joint Sliding 0.1 0.4 0.6 0.8
&
FEMA 274 Rocking 0.1 0.3 heti/L 0.4 hesi/L 0.6 het/L 0.8 heti/L
ASCE 41 Rocking 0.1 0.3 hef/L 0.4 herr/L 0.6 hesi/L 0.8 heft/L
heft = Height to resultant of lateral force
L = Height of wall or pier
4. Conclusions Acknowledgements

Masonry aqueducts have been considered to be one of
the crucial components of water supply systems
throughout history. They are protected with convenient
restoration methods and suitable construction materi-
als. The ancient Valens aqueduct studied in this paper
was destroyed during past earthquakes and repaired
many times in the past. Aqueducts as part of their design
have extremely low out-of-plane stiffness compared to
the in-plane stiffness. In this study, a practical approach
was proposed to assess the structural performance of
long historical structures such as aqueducts. This study
mainly focused on the numerical modeling and seismic
performance of the Valens Aqueduct. A 3D solid numeri-
cal model of the structure was constructed and then, the
structure was evaluated by the linear and nonlinear
analyses. The main outcomes and recommendations ob-
tained from this study are summarized as follows:

e It is not possible to laterally push such brittle struc-
tures up to the target displacement when subject to
strong earthquake ground motion. The structural be-
havior is inherently brittle and the structure loses its
stability once it starts yielding.

e The past structural damage is consistent with the
nonlinear static (pushover) analyses results.

o Sinceaqueducts are long structures, simple numerical
models are needed to understand their structural be-
havior, because it is almost impossible to model the
whole structure. A simple model is proposed in this
study. The proposed model is based on isolating a
small segment of the structure by introducing linear
equivalent springs.

¢ Long historical masonry structures have a lack of duc-
tility, which is vital from surviving strong earthquake
ground motions. Retrofitting schemes for these types
of structures should focus on either providing addi-
tional lateral strength or ductility.

e Understanding the structural behavior of long histor-
ical structures is important in preventing further
(progressive) damage and improving their seismic
performance.
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ABSTRACT

ARTICLE INFO

One of the methods intensively employed in many practical projects to estimate the
immediate (elastic) settlement of shallow foundations is the Schmertmann-Hartman-
Brown method (1978). In the method, two approaches are given as a function of type
of the shallow foundation either a square/circular (axisymmetric condition) or a
strip (plain strain condition) foundation. Thus, two sets of equations are provided to
estimate the settlements for these types of shallow foundations. If a shallow founda-
tion has a shape of rectangular, some approximations are suggested in the technical
literature to estimate the elastic settlement of rectangular based shallow founda-
tions. These approximations are tedious and time consuming. In this study, the
Schmertmann - Hartman - Brown method (1978) is modified and only one set of
equations used for any type (square, circular, rectangular, and strip) of shallow foun-
dations is introduced. The modified method estimates the immediate settlement as
precise as the original form of the method that is more complicated. Also, some hy-
pothetical cases are considered to figure out the effect of width and length/width ra-
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tios of foundations on elastic settlement.

1. Introduction

Ithasbeen a very important issue to estimate the set-
tlement of foundations for civil engineers. Thus, many
researchers have studied the problem to get a reliable
solution of it. Terzaghi and Peck (1948) proposed an
empirical relationship between the settlement (Se) of a
prototype foundation measuring BxB in plan and the
settlement of a test plate. Bjerrum and Eggestad (1963)
provided the results of 14 sets of load settlement tests.
Bazaraa (1967) also provided several field tests results.
Both gave correlations of settlements between width
(size) of plate used in the tests and size of foundation
that would be designed. Jeyapalan and Boehm (1986)
and Papadopoulos (1992) summarized the case histo-
ries of 79 foundations. DeBeer and Martens (1957) and
DeBeer (1965) proposed another formula to estimate
the elastic settlement of a foundation. Burland and Bur-
bidge (1985) proposed a method for calculating the
elastic settlement of sandy soil using the field standard

penetration number Neo. The methods in estimation of
elastic settlements were summarized (Das et al. 2009)

The Schmertmann-Hartman-Brown method (1978) is
commonly used for the estimation of elastic (immediate)
settlement of shallow foundations. In the procedure on
the estimation of immediate settlement, two approaches
are used. One for axisymmetric (square and circular
foundations) cases, and the other is for plane strain
(strip foundations) condition as seen in Fig. 1. In case of
rectangular foundations, there is an approximation in
the method by using both axisymmetric and plane strain
conditions.

2. Schmertmann-Hartman-Brown Method (1978)

In this method, immediate (or elastic) settlement (Se)
of shallow foundations is calculated by Eq. (1) as seen
below.
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’ Azilzi
Se = 616263 (q -0 zD)Z?:l Eg (1)
where
€ =1-05 (-222) (2)

Correction for strain relief due to excavation,

C,=1+02 () (3)

t
0.1
Correction for creep,
C; =1.03-0.03 (£)>0.73 (4)

where q is the gross contact pressure of footing; o', is
the effective stress at the base level of footing before the
construction; Az; is the thickness of soil layer i; I; is the
strain influence factor of layer i; E; is the modulus of
elasticity of layer 7; B is the width of foundation; L is the
length of foundation.
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Fig. 1. Variation of stress influence factors for
square/circular based (axisymmetric) and strip (plain
strain) foundations (Schmertmann et al. 1978).

According to Fig. 1, the exact value of I,; at any depth
can be determined as follows; for square and circular
footings (L/B=1):

L=01+%(2,-02) (0sz<?) (5)

I,=06671,+(2-%)  (2<z<2B) (6)

For strip (continuous) footings L/B = 10:

I, =02+=(I;—02) (0<z<B) (7)

z

1,=03330,(4-%)  (B<z<4B) @)

For rectangular footings in which the length is greater
than ten times of the width, the plane strain approach is
used. In other words, the foundation is considered as a
strip foundation. For rectangular foundations in which
the length is less than or equal to ten times the width, a
linear interpolation between the axisymmetric and
plane strain cases is performed, dependent on the length
to width ratio. For the rectangular foundations (1 <
L/B <£10):

I, = Ly +0.111(L, - L)) (£-1) 9)

where I is the strain influence factor at the depth of z,,
(peak value); I is the strain influence factor for strip
footing that has a width of B; I.sis the strain influence fac-
tor for square footing that has a width of B, this value
must be at least zero or larger.

As itis seen above, the calculations of strain influence
factors are complicated and time consuming. To avoid
these problems, the method is modified and a new pro-
cedure much simpler than the original Schmertmann et
al. (1978) method is introduced in this paper.

3. Modification of the Schmertmann-Hartman-
Brown (1978) Method

In this paper, the Schmertmann-Hartman-Brown
(1978) method is modified by considering boundary
conditions of the square/circular (L/B = 1) and strip
(L/B > 10) foundations. Equations on the calculation of
strain influence factors for any type of shallow founda-
tion such as rectangular, square, circular, strip in Eq. (1)
have been re-driven. Thus, the following procedure has
been prepared to estimate immediate settlements of any
type of shallow foundations. In the modified method, the
assumed variation of the strain influence factor is seen
in Fig. 2. The user should not be worried about the prob-
lem whether it is an axisymmetric or plane strain prob-
lem. The data that are needed to be used in the modified
method are the size, depth of foundation, load (or bear-
ing pressure), unit weight of soil, number and thickness
of soil layers and their modulus of elasticity values under
the foundation within the depth of 2B or maximum 4B.
The author suggests to users that consider the layers
only within the depth of zmax that can be calculated by Eq.
(18) from the base of foundation as seen in Fig.2.

3.1. Calculation steps of the modified method for any
type of shallow foundations:

1. Calculate the followings:

a) Total bearing pressure (contact pressure):

_ P+Wf
=0 (10)
where P is the column load; Wy is the weight of footing;
A is the base area of footing (B-L).
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Fig. 2. Variation of the strain influence factor for any
type (square, circular, rectangular or strip) of shallow
foundations in the modified method.

b) Effective overburden pressure at the base level of
foundation before the construction of foundation:

o' = YDf —Up (11)

1.1

Cp

L
€, = 0.0555 B + 0.4445

c) Net bearing pressure

Qnet = 4 — OJZD [12)

where up is the pore water pressure at the base level of
footing; ¥ is the unit weight of soil above the base-level
of foundation; Dy is the depth of foundation from the
ground surface.

Up to this point, all the procedure and calculations are
same as the original method. After this point, the modifi-
cations would take place.

d) Depth of z, at which the peak of the strain influence
factor (Izp) occurs (see Fig. 2). Its value must be B/2 and
B for square/circular based footings and strip footings,
respectively. The following equation can be used for any
type of shallow foundations to get the depth at which
peak strain influence factor occurs.

z=(1-1)2+2  Z<z <8 (13)

As an alternative, Fig. 3 can be used to get z,value as
follows.

(14)

where C; is a coefficient that can be taken from Fig. 3.

Cp =10

9 10 11 13 15 17

L/B ratio

Fig. 3. Cp-coefficient as a function of L/B ratio.

Effective overburden pressure at the depth of z, at
which peak of strain influence factor takes place:

!

0p=0m+t2z,7 (15)

where y' is the submerged unit weight of soil if there is
ground water otherwise, bulk unit weight of soil.

e) The strain influence factor, I, (seen in Fig. 2 at the
base of any shape of a shallow foundation) can be calcu-
lated by Eq. (16). Its value must be between 0.1 and 0.2

(Fig. 4).

Lo=5t5(z)  (5s10)
(if £ > 10, take £ = 10) (16)

As an alternative, I,, can be taken from Fig. 4 as a
function of L/B ratio.

f) The peak value of strain influence factor same as
Schmertmann et al. (1978) method:

I, =05+0.1 /Z"—; (17)
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g) Depth z,,,, at which the strain influence factor would
be reduced to zero.

zmaX=§L+1—:B (2B < z,,,, < 4B)

max

(if oy > 4B, take z,,, = 4B) (18)

0.25
0.2

0.15

lzo

0.1

0.05

L
Iz = 0.0111 +0.0889

As an alternative, Fig. 5 can be used to get z,,,, value
by Eq. (19).

Zmax — B Cm [19)

where Cn is a coefficient that can be taken from Fig. 5.

I:g =0.2

9 10 11 13 15 17

L/B ratio

Fig. 4. Variation of 1, as a function of L/B ratio.
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X Cm = 0.2222(L/B) + 1.7778

1.5

Cm=4.0

9 10 11 13 15

L/B ratio

Fig. 5. Coefficient of Cmm as a function of L/B ratio.

h) Calculation of I,; values on U-line in Fig. 2 by Eq. (20).

Li=1,+ (ﬂ) z (0<z<z) (20)

Zp

i) Calculation of I,; values on L-line in Fig. 2 by Eq. (21).

Iy =1y — ( 2 )(Zi —2) (2 <2 < Zna) (21)

Zmax~—Zp

2. Modulus of elasticity is estimated by tip resistance, qc,
of Cone Penetration Test, CPT, if Es values are not known
Eq. (22).

E, =q.(2389+0111%) & <10) (22)

Terzaghi et al. (1996) suggests using the following
equation.

=~

B _ 1404 log 5] < 14 (23)

where Eg /5-1) = 3.5q. and q. is the cone resistance in
CPT (Cone Penetration Test).

Note: If the modulus of elasticity of soil layers are known,
no need the estimation by Egs. (22) or (23).

3. Elastic (immediate) settlement is calculated by Eq. (1),
the Schmertmann et al. (1978) method.
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4. Hypothetical Cases

Once modification of Schmertmann-Hartman-Brown
method was completed, the calculations of the elastic
(immediate) settlements became very simple with a sim-
ple computer code prepared. Then, the effect of L/B
(length/width ratio) and B (width) on elastic settlement
is investigated. For the hypothetical cases, the founda-
tion and soil profile seen in Fig. 6 are employed.

* q =100 kPa
E ; = 15000 kPa

Pl

Fig. 6. Soil profile and foundation in hypothetical cases.

GL

Ysat =19.5 kKN/m3
Y dry = 17.5 kN/m 3

The variation of settlements with L/B starting from 1 to
12(1,2,3,6,8,10,12) for B =1, 3, 5 meters have been esti-
mated by the code and plots are given in Fig. 7. As itis seen
in Fig. 7, when L/B is increased, settlement increases too
until L/B=10. Then, there is no change on the settlement.
Similarly, when B is increased, settlement increases too.

40.00
35.00
30.00
25.00
20.00
15.00

10.00

However, once the settlements are normalized as
(S./B), ithas been seen that when L/B increased (S, /B)
increases, and when B is increased, (S, /B) ratios are de-
creased as seen in Figs. 8 and 9.

5. Conclusions

From the investigation, following points have been
drawn.
e The Schmertmann-Hartman-Brown (1978) method is
modified, and a more convenient approach is pro-
posed, so that there would be no worries about the
foundation whether it is an axisymmetric problem or
a plain strain problem. Also, only two equations
would be employed to calculate the strain influence
values in place of five equations in the original
method.
The settlements increase from L/B =1 to 10, after that
(L/B > 10) no more settlement would occur.
It has been seen that the settlement/width ratio de-
creases while the width of footing is increased. In
other words, settlement increment is not linear This
result shows that angular distortion of footings with
larger width (B) would be less than the angular dis-
tortion of footings with smaller B.

B=5.0 meters

B=3.0 meters

B=1.0 meter

Settelement, Se *107(-3) [mm]

5.00

0.00

6

8
L/B ratio

10 12 14

Fig. 7. Settlement/Width ratio versus L/B ratios.
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Fig. 8. Settlement/Width ratio versus L/B ratios.
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Fig. 9. Settlement/Width ratio versus width (B) of foundation.

Acknowledgements

None declared.

Funding

The author received no financial support for the re-
search, authorship, and/or publication of this manu-
script.

Conflict of Interest

The author declared no potential conflicts of interest
with respect to the research, authorship, and/or publica-
tion of this manuscript.

REFERENCES

Bazaraa ARSS (1967). Use of the Standard Penetration Test for Esti-
mating Settlements of Shallow Foundations on Sand. Ph.D. Thesis,
University of Illinois, Champaign-Urbana, Illinois.

Bjerrum L, Eggestad A (1963). Interpretation of load test on sand. Eu-
ropean Conference on Soil Mechanics and Foundation Engineering,
Weisbaden, West Germany, 1, 199.

Burland JB, Burbidge MC (1985). Settlement of foundations on sand
and gravel. Institution of Civil Engineers, 78(1), 1325-1381.

Das BM, Atalar C, Shin FC (2009). Developments in elastic settlement
estimation procedures for shallow foundations on granular soil.
2nd International Conference on New Developments in Soil Mechan-
ics and Geotechnical Engineering, Near East University, Nicosia,
North Cyprus, 9-41.

DeBeer EE (1965). Bearing capacity and settlement of shallow founda-
tions on sand. Symposium on Bearing Capacity Settlement of Foun-
dations, Duke University, Durham, NC, 15-33.

DeBeer E, Martens A (1957). Method of computation of an upper limit
for the influence of heterogeneity of sand layers in the settlement
of bridges. 4th International Conference on Soil Mechanics and Foun-
dation Engineering, London, 1, 275-281.

Jeyapalan JK, Boehm R (1986). Procedures for predicting settlements
in sands. In W.0. Martin (ed.), Settlements of Shallow Foundations
on Cohesionless Soils: Design and Performance, ASCE, Seattle, 1-22.

Papadopoulos BP (1992). Settlements of shallow foundations on cohe-
sionless soils. Journal of Geotechnical Engineering, ASCE, 118(3),
377-393.

Schmertmann JH, Hartman JP, Brown PR (1978). Improved strain in-
fluence factor diagrams. Journal of Geotechnical Engineering Divi-
sion, ASCE, 104(8), 1131-1135.

Terzaghi K, Peck RB (1948). Soil Mechanics in Engineering Practice. 1st
Edition, John Wiley and Sons, New York.

Terzaghi K, Peck RB, Mesri G (1996). Soil Mechanics in Engineering
Practice. 3rd Edition, John Wiley & Sons, New York.



CHALLENGE JOURNAL OF STRUCTURAL MECHANICS 8 (2) (2022) 63-77

Research Article

Evaluating effects of granulated glass on structural and seismic
behavior of tall RC structures using experimental tests and 3D
modeling

Memduh Karalar #* (), Murat Cavusli?

2 Department of Civil Engineering, Zonguldak Biilent Ecevit University, Incivez, 67100 Zonguldak, Turkey

ABSTRACT ARTICLE INFO

The use of waste materials for reinforcement of reinforced concrete (RC) structures
is of great importance for both environmental cleaning and recycling. In this study,
the effects of granulated glass released by factories on the structural behavior of RC
structures are examined in detail. Initially, 5 different concretes are produced using
5 different granulated glass percentages. Granulated glass is used instead of aggre-
gate. Different aggregate ratios of granulated glass are taken into account for each
sample. 5 different concrete samples are subjected to the slump test and the con-
sistency of the concrete samples is assessed in detail. Then, each concrete sample is
subjected to compressive strength tests. It is clearly seen from the compressive
strength tests that granulated glass increased the strength of the concrete noticeably.
Then, the 31-story reinforced concrete structure is modeled considering the most
critical granulated glass ratio. The 1995 Kobe earthquake is utilized for the seismic
analyses. Firstly, the RC structure is analyzed for the pure concrete and then, analyses
are performed for various granulated glass added cases. According to the analysis
results, granulated glass significantly increased the earthquake resistance of rein-
forced concrete structures. Furthermore, waste granulated glass caused enormous
reductions in the weight of the structure. In this study, itis concluded that granulated
glass material, which is found in nature as waste, can be used for the construction of
RC structures.
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1. Introduction studies have been carried out on the earthquake

strengthening of RC structures in the literature. Shen et

Ensuring the earthquake safety of tall reinforced con-
crete (RC) structures is very important for the safety of
the people living in these structures. In the past, many
methods have been used to strengthen RC structures and
one of these methods is to use additives in the concrete.
One of these additives is granulated glass and granulated
glass is released from factories as waste material to na-
ture. When the literature is examined, it is seen that
granulated glass is rarely not used for earthquake rein-
forcement of RC structures. For this reason, in this study,
the effects of granulated glass on the earthquake safety
of tall RC structures are investigated in detail. Many

al. (2021a) examined the seismic behavior of the RC
building joints using the basalt fiber-reinforced polymer
sheets. Firstly, five various column-beam joints were
prepared considering all original specimens. In the ex-
perimental loading process, the horizontal displace-
ments and loads applied on the test specimens were
monitored, and the cracks were signed at the surface in
each cycle. According to experimental tests, it was seen
that generally, the seismic behavior of beam-column
joints was increased by these five strengthening
schemes. For specimen SBC2, better performance of duc-
tility and energy dissipation capacity could be obtained
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by strengthening the interior beam-column joints with
the whole lengths of the beams and column in the prac-
tical RC frames. Shen et al. (2021b) assessed the flexure
and crack behavior of the RC buildings utilizing fabric re-
inforced Alkali-Activated Slag matrix. The crack patterns
and failure modes of the RC beams with and without
strengthening were evaluated in detail. According to ex-
perimental tests, the control specimen failed in a typical
flexural mode for a ductile concrete beam. Moreover,
cracks first appeared in the tensile zone at the mid-span
of the beams. The yielding of longitudinal reinforce-
ments subsequently occurred as the deflection in-
creased, followed by the crushing of concrete in the com-
pression zone. Tests showed that specimen B-0-S-A0
exhibits a slight improvement in loading capacity over
the control specimen at the yielding stage, followed by a
sudden drop in load due to the premature end-debond-
ing at the concrete-matrix interface. Nanda et al. (2020)
investigated the effects of metakaolin and Recron 3s fi-
ber on the structural behavior of concrete material. Me-
takaolin was used as a partial replacement for Portland
slag cement (PSC). Compressive strength was examined
for separate mixtures prepared from the different % re-
placement of metakaolin (5%, 10%, and 15%) and fly
ash (10%, 20%, and 30%) by weight of cement with a
constant 0.2% of Recron 3s fiber. Experimental tests
showed that blending of metakaolin, fly ash and Recron
3s fiber enhance the overall mechanical properties of
concrete. However, with only metakaolin replacement,
the best replacement was found to be 10% by weight of
cement and the enhancement of compressive strength,
split tensile strength and flexural strength was estimated
to be 10.25%, 9.46%, and 12.34% respectively at 28 days
curing. Wu et al. (2020) assessed the application of bac-
terial spores coated by a green inorganic cementitious
material for the self-healing of concrete cracks. Firstly,
the properties of the biocapsule were analyzed and the
effect of its dosage on cement mortar properties was
evaluated. Then, crack-healing efficiency and water per-
meability were evaluated to assess the effectiveness of
the biocapsule in crack self-healing. According to exper-
imental tests, the addition of biocapsules at a dosage of
5% of the cement mass led to full healing of 150-550 pm
width cracks. Furthermore, it was seen that when the bi-
ocapsule dosage was less than 5%, the strength of con-
crete specimens increased with an increase in dosage.
Tang et al. (2020) examined the seismic behavior of the
fly ash/slag-based geopolymeric recycled aggregate con-
crete under both quasi-static and dynamic loadings. The
experimental tests showed that the compressive proper-
ties of geopolymeric recycled aggregate concrete exhibit
a strong strain rate dependency. Besides, although the
recycled aggregate replacement decreases the quasi-
static compressive strength, it exhibits a slight effect on
the compressive strength at high strain rates. Then, em-
pirical dynamic increase factor formula for compressive
strength of geopolymeric recycled aggregate concrete
are proposed, in which the dynamic increase factor in-
creases approximately linearly with the strain rate in a
logarithmic manner. Ramdani et al. (2019) assessed the
structural properties of concrete material with waste
rubber aggregate, glass powder, and silica sand powder.

Various rubber aggregate ratios (10%, 20%, 40%, and
60%) were utilized to replace crushed sand in concrete
mixes. Moreover, glass powder and natural sand powder
were considered to replace 15% of the cement weight.
Nine different forms of concrete with separate wastes
and with the combination of them were designed and
prepared. The experimental results showed that the
strength increased with the incorporation of glass pow-
der and rubber aggregates, especially with 10% and
20% Rubber aggregate contents. Glineyisi et al. (2019)
investigated the fresh and rheological properties of glass
fiber reinforced self-compacting concrete with nano-sil-
ica and fly ash blended. Fifteen mixtures of self-compact-
ing concrete fortified by glass fibres with dissimilar
quantities of pozzolanic replacement cement were pre-
pared in a constant water-binder ratio of 0.35 and a total
binder content of 550 kg/m3. The results showed that
self-compacting concrete with replacement of 2% and
4% NS and maximum amount of GF achieved the lower
rate of workability enhancement. Zhang et al. (2019)
evaluated the mechanical behavior of seawater sea-sand
recycled coarse aggregate concrete columns under axial
compressive loading. The experimental results showed
that the seawater-sea-sand-based concrete column be-
haves similarly to conventional natural aggregate con-
crete when the shell content in sea-sand equals 2.31%.
Xie et al. (2018) examined the effects of the addition of
silica fume and rubber particles on the compressive be-
havior of recycled aggregate concrete with steel fibres.
The silica fume and rubber contents were the main test
parameters. [t was seen that rubberized steel-fiber recy-
cled aggregate concrete with 100% recycled coarse ag-
gregate, 10% silica fume, and 5% rubber is a more envi-
ronmentally friendly alternative to normal concrete for
use in the compression member of concrete structures.
Dash and Patro (2018) assessed the effects of water-
cooled ferrochrome slag as fine aggregate on the proper-
ties of concrete. Compressive strength tests, splitting
tensile strength tests, flexural strength, and modulus of
elasticity tests were conducted on various concrete sam-
ples containing 0-50% of the water-cooled ferrochrome
slag on replacement of equal weight of natural sand. The
experimental test results showed that there is a little de-
crease in strength properties of concrete due to the in-
clusion of the water-cooled ferrochrome slag but can be
used up to 30% with minor scarification of strength.
Thorneycroft et al. (2018) evaluated the performance of
structural concrete with recycled plastic waste as a par-
tial replacement for sand. The results indicated that re-
placing 10% sand by volume with recycled plastic is a vi-
able proposition that has the potential to save 820 mil-
lion tonnes of sand every year. Mohajerani et al. (2017)
assessed the practical recycling applications of crushed
waste glass in construction materials. According to a re-
view study, it was seen that crushed waste glass has po-
tential use as an aggregate in construction materials.
Then, there are many studies about the strengthening of
reinforced concrete buildings using waste materials
(such as waste granulated glass, industrial lathe wastes)
in the literature such as Tamburini et al. (2017), Lynn et
al. (2015), Refai et al. (2015), Younis and Pilakoutas
(2013), Boukendakdji et al. (2009), Frazio et al. (2019),
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El-Sayed (2019), El-Sayed (2021), El-Sayed and Shaheen
(2020), El-Sayed et al. (2019a), El-Sayed et al. (2019b).
As seen from these studies, the effects of waste granu-
lated glass material on the seismic behavior and
strengthening behavior of reinforced concrete struc-
tures have not been examined in the past. Thus, this
study is of great importance to fill this gap in the litera-
ture. In this study, firstly, 5 different ratios of the granu-
lated glass material are used instead of aggregate in con-
crete material. Concrete samples prepared in the labora-
tory are subjected to compressive strength tests and the
effects of granulated glass utilized in concrete on con-
crete strength are determined. After the most critical
granulated glass ratio is determined, this granulated
glass ratio is considered for the concrete material of a
31-story RC structure. Then, reinforced concrete struc-
ture with a pure concrete structure and reinforced con-
crete structure with granulated glass are subjected to
earthquake analyses and according to the earthquake
analysis results, the effects of granulated glass on the
earthquake behavior of reinforced concrete buildings
are determined in detail. Experimental and numerical
results show whether the granulated glass material left
to nature as waste can be used in RC structures.

2. Material and Method

In this study, the effects of granulated glass released
as waste material by factories on the seismic behavior of
reinforced concrete structures are revealed. When the
literature is examined, it is seen that there are very few
researchers studying the effects of granulated glass on
the earthquake behavior of reinforced concrete struc-
tures, and this study aimed to eliminate these deficien-
cies in the literature. In this study, firstly, concrete sam-
ples with 5 different additives are prepared. Granulated
glass is used instead of aggregate in concrete samples.
After the pure concrete is prepared, concretes with
granulated glass are formed by using 5%, 10%, 15%,
and 25% rates instead of the aggregate in the concrete.
3 different samples are prepared for each concrete with
additives and slump tests are carried out to obtain the
consistency of these concretes. Slump tests are per-
formed following the standards and very large con-
sistency differences are observed between the additive
concrete and pure concrete. Then, these additive con-
crete samples are kept in water for 7 days, 14 days, and
28 days. Concrete specimens that reached sufficient
hardness are subjected to compressive strength tests.
During the compressive strength tests, the dimensions
of the samples, the test starting speed, and the correc-
tion rate are defined to the device. After the pressure
tests are performed, the time-dependent strength
graphs of each glass powder added to the concrete are
acquired. According to the test results, very large
strength differences are observed between the additive
concretes and pure concrete. Then, a 31-story rein-
forced concrete structure is modeled by considering
the most critical granulated glass ratio. Modeling is per-
formed using SAP2000 software and the finite element
method is utilized in the seismic analysis. All the load-

bearing elements of the building (beam, column, and
floor) are created by considering the original project of
the building. A fix boundary condition is defined at the
base of the structure. In earthquake analysis, the 1995
Kobe earthquake is used. Furthermore, X, Y, and Z com-
ponents of each earthquake are taken into account for
earthquake analyses. The nonlinear situation is consid-
ered in the dynamic analyses. The structure is first an-
alyzed for the case modeled with pure concrete. Then,
the structure modeled with granulated glass added
concrete is subjected to earthquake analyses. Accord-
ing to the analysis results, it is concluded that the use of
granulated glass has positive effects both on the earth-
quake behavior of reinforced concrete structures and
on recycling.

3. Mechanical Properties of Waste Granulated Glass

In developing industrial facilities, a very high increase
is seen in industrial wastes due to effects such as the in-
crease in population (Uzun et al. 2018). The storage, dis-
posal, or reuse of these wastes has become an important
research topic. Waste glass, like other industrial wastes,
is difficult to dissolve and has high recycling costs. On the
other hand, the fact that it is rich in silica and that there
is a lot of waste around the world makes the waste glass
more important. Glass production takes place by cooling
high-temperature calcium carbonate, soda ash, and mol-
ten silica while solidification takes place without crystal-
lization (Uzun et al. 2018). Worldwide waste is esti-
mated to be 200 million tons in 2004, of which 7% con-
sists of glass products. In 2013, 11.54 million tons of
waste glass were generated in the USA alone, and only
27.3% of it was recycled. It is widely used in the rein-
forcement of many composites such as glass, fiber, and
aggregate (Uzun et al. 2018). Many studies have been
conducted on the use of glass waste in different ways,
such as aggregate in concrete, as a filler, as an alkali-ac-
tivated binder, and as an additive to cement. Thanks to
the pozzolanic feature of waste glass, it allows use in con-
crete. Some trials have been made as concrete aggregate,
but the cracks on the concrete surface have created neg-
ativity (Uzun et al. 2018). More positive results were ob-
tained in the studies carried out to use the granulated
glass as an additive to the cement by grinding it under
0.005 mm size. Many studies have been carried out to in-
crease strength and durability, especially as a result of
using it as an additive to cement. The purpose of using
waste granulated glass as an additive to cement is to ben-
efit from the silica it contains. Granulated glass provides
additional advantages thanks to its pozzolanic feature
(Uzun et al. 2018). Granulated glass reacts with port-
landite (Ca(OH)2) formed during cement hydration of
amorphous silica (Si02) in the granulated glass to form
calcium silica hydrate (C-S-H) structures. The reactions
of the waste granulated glass used are given below
(Uzun et al. 2018).

Si0,(s)+Ca, +(aq)+20H —(aq)=

n1€a0.5i0,.n2H,0(s) (1)
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Fig. 1. View of granulated glass (Uzun et al. 2018).

4. Preparation of Concrete Samples

In this study, the effects of granulated glass, which is
found as waste in nature, on the earthquake behavior of
reinforced concrete structures are investigated in detail.
For this reason, first of all, waste granulated glass added
concrete cube samples are created in the laboratory. In
the laboratory, 5 various cube concrete samples are cre-
ated in detail. Firstly, pure concrete cube samples are
generated. To create pure concrete, 10.7 kg cement, 32.2
kg aggregate, 5.2 kg water are used. Then, granulated
glass added concretes are produced and 10.7 kg cement,
30.6 kg aggregate, 5.2 kg water, and 1.6 kg granulated
glass are utilized to form M1 added to concrete. Further-
more, 10.7 kg cement, 29.02 kg aggregate, 5.2 kg water,
and 3.2 kg granulated glass are considered to create M2
added concrete. Then, 10.7 kg cement, 27.4 kg aggregate,
5.2 kg water, and 4.8 kg granulated glass are used to pro-
duce M3 added concrete. Finally, 10.7 kg cement, 25.7 kg
aggregate, 5.2 kg water, and 6.4 kg granulated glass are
taken into account for M4 added to concrete. The mate-
rials used in 5 different concrete samples produced in
the laboratory are summarized in detail in Table 1. A to-
tal of 3 different samples are prepared for each additive
concrete (Fig. 2). Fig. 2 shows the view of placing con-
crete samples with and without additives in the molds.
In Fig. 3, the view of the preparation of concrete samples
and the mixing of materials in the mixer is shown. A spe-
cial mixer is used in the laboratory to prepare concrete
samples. After preparing 3 different pure concrete, 3 dif-
ferent M1 samples, 3 different M2 samples, 3 different M3
samples, and 3 different M4 samples, the concrete sam-
ples are subjected to slump tests. In addition, 3 samples
are prepared for each concrete with additives to obtain 7-
day, 14-day, and 28-day strengths. The appearance of the
slump tests is shown in Fig. 4. According to Fig. 4, slump
tests are performed using 2 different methods (Figs. 4a
and 4b). Fig. 4c shows how the consistency amounts are
measured for concrete samples. In Table 2, 7-day slump
test results are presented in detail. According to Table 2,
the slump test result obtained for pure concrete is 20

mm. Besides, the amount of slump obtained for M1 con-
crete is 115 mm. For M2 and M3 concrete samples, 45
mm and 18 mm slump amounts are observed, respec-
tively. Finally, 80 mm slump is acquired for M4 concrete.
Moreover, 7-day, 14-day, and 28-day slump test results
are shown in Fig. 5 comparatively. According to Fig. 5, it is
concluded that the slump obtained for the 7-day concrete
samples is greater than the 14-day and 28-day samples. In
addition, the lowest slump is obtained for M3 concrete
samples for 7-day, 14-day, and 28-day concrete samples.
The highest slump is observed for M1 concrete samples.
After the prepared concretes are placed in cube samples
and subjected to slump tests, the samples are kept in wa-
ter for 7 days, 14 days, and 28 days (Fig. 6). For this pro-
cess, a special water pool is used and the water temper-
ature is defined to the device to provide more realistic
results. Fig. 7 shows the view of the device used to pres-
sure test concrete samples. Both cube and cylindrical
concrete samples can be used in the device used for pres-
sure tests. Furthermore, the dimensions of the samples,
correction coefficients, and test speed can be defined in
the device during the test. After the testis performed us-
ing the device, the results can be printed from the device
both with the help of USB and in writing (Fig. 8).

Fig. 2. Preparing concrete molds in the laboratory.
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Table 1. Material weights of concrete samples.

Situation Material Weight (kg)
Cement 10.731
Aggregate 32.235
Pure Concrete
Water 5.250
Ground Glass 0
Cement 10.731
Aggregate 30.618
M1 gereg:
Water 5.250
Ground Glass 1.617
Cement 10.731
Aggregate 29.022
M2 gereg:
Water 5.250
Ground Glass 3.234
Cement 10.731
Aggregate 27.405
M3
Water 5.250
Ground Glass 4.830
Cement 10.731
Aggregate 25.788
M4
Water 5.250
Ground Glass 6.447

Fig. 4. Views of various slump tests.
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Table 2. Slump test results of concrete samples.

Mix Ground Glass (%) Slump Value (mm)
Pure Concrete 0 20
M1 5 115
M2 10 45
M3 15 18
M4 20 80
120
£ 100
£
< 80
2
8 60
Q.
£ 40
3
Y 20
7 Days 14 Days 28 Days
M Pure Concrete EM1 u M2 M3 u M4

Fig. 5. Detailed slump test results.

Fig. 6. Keeping the concrete samples in the water pool. Fig. 7. General view of the prepared concrete samples.

e~

Fig. 8. Using the compressive strength device.
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Fig. 9. View of concrete samples during compressive strength test:
a) Pure concrete; b) M1 sample; ¢) M2 sample; d) M3 sample; ) M4 sample.

Fig. 10. View of all concrete samples subjected to com-
pressive strength test (for 7 days).

Fig. 9 shows the appearance of 5 different mixed con-
crete samples subjected to pressure tests. During the ex-
periments, protective clothing was worn to protect hu-
man safety. According to the results of the pressure test,
it is seen that the granulated glass additive changes the
strength of the concrete. Fig. 9a shows the view of the
pressure test for pure concrete. According to Fig. 9a, sig-
nificant cracks and damages occurred in the pure con-
crete during the test. Fig. 9b shows the view of the pres-
sure test performed for the M1 sample. According to Fig.
9b, it is seen that the cracks occurring in 5% granulated
glass added concrete is more than in pure concrete. In
addition, the concrete test results acquired for the M2
sample are shown in Fig. 9c. When Figs. 9b and 9c are
compared with each other, it is openly seen that the
cracks that took place in the concrete sample are less for

M2 concrete. In Figs. 9d and 9e, the compression test re-
sults obtained for the M3 and M4 samples are shown and
it is observed that the concrete cracks obtained for the
M3 and M4 samples are more than the M2 sample. In Fig.
10, the appearance of the 7-day concrete samples sub-
jected to the compressive strength test is shown. When
Fig. 10 is examined in detalil, it is clear that the largest
cracks occurred for pure concrete. Furthermore, it is ob-
served that the smallest concrete cracks are gained for
the M2 sample. In Table 3, the test results of concrete
samples subjected to the compressive strength test are
shown in detail. When Table 3 is assessed, the maximum
carrying load value obtained for 3 different pure con-
crete samples is 428 kN. The smallest carrying load value
is 369 kN. Moreover, Table 3 shows the compressive
strength test results acquired for the M1 sample and the
largest carrying load value obtained for 3 different M1
samples is 478 kN. The compressive test results ob-
tained for the M2 sample are shown. The smallest and
largest carrying load values acquired for 3 different M2
samples are 486 kN and 513 kN, respectively. As the
compressive test results for M3 and M4 samples are
evaluated, it is understood that the maximum carrying
load value obtained for the M4 sample is much smaller
than that of the M3 sample. When the 7-day concrete
samples are compared with each other, it is concluded
that the concrete sample with the highest strength is the
M3 sample. In addition, it is observed that the concrete
sample with the smallest strength is the M4 sample. It is
clear from these results that 15% granulated glass added
concrete is more durable than pure concrete, and as 5%,
10%, 15%, and 20% granulated glass added rates are
compared, it is concluded that the most critical additive
rate increasing the strength of pure concrete is 15%
granulated glass additive ratio.
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Table 3. Compressive strength results for 5 various concrete samples.

7 Days (kN) Average 14 Days (kN) Average 28 Days (kN) Average

Sample 1 418 429 612

Pure Concrete Sample 2 402 395 434 424 543 579
Sample 3 367 411 582
Sample 1 482 581 782

M1 Concrete Sample 2 457 454 517 529 771 758
Sample 3 423 491 723
Sample 1 515 747 903

M2 Concrete Sample 2 484 492 732 723 884 879
Sample 3 478 691 852
Sample 1 431 877 1172

M3 Concrete Sample 2 401 400 851 857 1052 1050
Sample 3 368 843 926
Sample 1 285 593 645

M4 Concrete Sample 2 278 278 576 583 616 628
Sample 3 271 581 623

5. Three-Dimensional Finite Element Modeling of
Tall RC Building

This study, it is aimed to examine the seismic damage
performance of tall RC buildings considering the effects
of granulated glass. For this purpose, a 31-story RC
building is selected for 3D modeling and SAP2000 soft-
ware based on the finite element method is utilized dur-
ing modeling of this RC structure. Since detailed damage
analysis of structures can be made with this program, the
SAP2000 program is used in the study. This RC structure
has a total of 4 flats on one floor. While modeling this RC
structure, 6 different columns are defined to the soft-
ware, and the sizes of these columns are defined as
30x50 cm, 40x75 cm, 25x40 cm, 35x60 cm, 30x40 cm,
40x40 cm, respectively. Moreover, there is a circular col-
umn in the structure and its diameter is defined as 65 cm.
Then, the sizes of beams used in the three-dimensional
model are defined as 25x35 cm, 30x60 cm, and 30x50
cm, respectively. The class of concrete columns and
beams is defined as C25 and this value is gotten from the
original structure project. In the RC structure, there is 1
shear wall and its thickness is 25 cm. Besides, the thick-
nesses of the floor covering are 25 cm and 20 c¢m for all
floors. The height of each floor is 3 m and there are a total
of 31 floors in the structure. In this study, the seismic be-
havior of the structural elements of the building is inves-
tigated and the foundation section is not modeled and
fixed elements are defined on the base of the structure.
Firstly, structural components are created according to
the original structure project. While modeling structural
components, the mass source is defined to software us-
ing dead and live loads. Furthermore, rigid diaphragms
are created in the structure considering the constraint z-
axis. Then, nonlinear time history analyses are per-
formed according to the direct integration solution type.
For this purpose, the Hilber-Hughes-Taylor method is

taken into account in the 3D analyses and its gamma and
beta value is selected as 0.5 and 0.25, respectively. 3D
model of the structure is shown in Fig. 11.

6. Three-Dimensional Finite Element Analysis
Results

In this study, the effects of granulated glass material,
which is waste in nature, on the earthquake behavior of
tall reinforced concrete buildings are discussed. After a
total of 5 different concretes (pure concrete, M1, M2, M3,
and M4 concretes) are prepared, the strengths of these
concretes are determined. Considering these strength
results, a 31-story high reinforced concrete structure is
modeled as three-dimensional. The SAP2000 program-
based finite-element method is used to model the build-
ing. After the structure is modeled, 5 different earth-
quake analyzes are performed using the 1995 Kobe
earthquake. The magnitude of the 1995 Kobe earth-
quake is 6.9 Mw. Also, the distance of the earthquake is
0.6 km, the A, value is 0.82g, the 1, value is 81.0 cm/s,
and the T, value is 0.9 s. Earthquake accelerations, direc-
tions, analysis type, time interval are defined to the pro-
gram and earthquake analysis is started. Firstly, the
modal analyzes of the structure are made and the results
presented in Fig. 12 are obtained. According to Fig. 12, it
is openly seen that the modal analyzes of the building are
performed for 5 different concrete types. According to
Fig. 123, if pure concrete is used for the carrier elements
of the structure, the natural frequency value of the struc-
ture becomes 0.285 Hz. As Fig. 12b is examined in detail,
it is seen that the natural frequency value of the struc-
ture is 0.332 Hz. When this value is compared with the
result obtained for the pure concrete structure, it is con-
cluded that the M1 concrete significantly increases the
natural frequency value of the structure. In Fig. 12c, the
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modal behavior of the structure analyzed using M2 added
concrete is presented. According to Fig. 12c, the natural
frequency value acquired for the structure analyzed using
M2 concrete is 0.427 Hz. As the M1 concrete with struc-
ture is compared with the M2 concrete with structure, it
is understood that the M2 concrete (10% granulated
glass) affects the modal behavior of the structure more. In
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Fig. 12d, the modal behavior of the structure analyzed
with M3 concrete is presented. According to Fig. 12d, the
natural frequency value gained in the structure analyzed
using concrete with M3 additives is 0.591 Hz. Finally,
when Fig. 12e is assessed in detail, it is seen that the natu-
ral frequency value that took place in the structure ana-
lyzed using concrete with M4 additives is 0.302 Hz.
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Fig. 11. Views of 3D model of the RC structure.

When the modal analysis results are compared with
each other, it is openly observed that the natural fre-
quency value that occurred in the structure analyzed
with pure concrete is less than the others. This result
shows that the natural period value acquired in the
structure analyzed with pure concrete is higher than in
the structures with granulated glass additives. Besides,
the largest natural frequency value obtained for the
granulated glass added structures are obtained for the
structure with M3 concrete. It is clear from this result
that M3 concrete has the effect of increasing the modal
behavior of reinforced concrete structures more posi-
tively when compared to other additive concretes. In Fig.
13, the seismic displacement values of 5 different struc-
tures obtained as a result of seismic analyzes are pre-
sented in detail. In Fig. 133, the earthquake analysis re-
sults of the structure analyzed with pure concrete are
presented. According to Fig. 133, itis understood that se-
rious displacements occurred in the structure as a result
of the earthquake. It is seen that the greatest horizontal
displacement value in the building is 46 cm, and it is un-
derstood that this displacement took place at the top
floor of the building. In Fig. 13b, the seismic analysis re-
sults acquired utilizing M1 concrete are shown. Accord-
ing to Fig. 13b, the largest horizontal displacements in
the building occurred at the top floor of the building, and
the largest horizontal displacement value gained in the
building is 32 cm. Moreover, serious deformations oc-
curred on the lower floors of the building. However, as
Figs. 13a and 13b are compared with each other, it is

seen thatif M1 concrete is used in the building, the struc-
ture will deform less during an earthquake. This result
shows that granulated glass additive affects the earth-
quake behavior of tall reinforced concrete buildings pos-
itively. Fig. 13c shows the seismic displacement behavior
of the structure analyzed using M2 concrete. According
to Fig. 13c, the largest horizontal displacement value
that occurred in the building during an earthquake is 28
cm. This value took place on the top floor of the building
and less seismic deformation is observed when com-
pared to the pure concrete structure. In the structure an-
alyzed using M3 concrete, 15 cm maximum horizontal
displacement is observed and this maximum displace-
ment occurred in the middle floors of the building (Fig.
13d). When Fig. 13e is evaluated, it is seen that the max-
imum horizontal displacement value obtained in the re-
inforced concrete building, which is analyzed consider-
ing the M4 concrete, is 38 cm. When the seismic analysis
results obtained for 5 different structures are compared
with each other, it is understood that the structure with
the lowest displacement value is the structure using M3
concrete. In addition, the structure in which the maxi-
mum seismic deformations are obtained is the structure
analyzed with pure concrete. It is clear from this result
that 15% granulated glass additive affects the seismic
behavior of reinforced concrete structures positively. In
Figs. 14-18, the seismic M3 behavior of 5 different struc-
tures is presented. The seismic M3 values of the struc-
ture analyzed using pure concrete are shown in Fig. 14.
According to Fig. 14, maximum M3 values are obtained
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in the beams on the 4t floor of the building during the
earthquake. The maximum M3 values occurred in the
beams on the fourth floor of the building are 209 kNm,
238 kNm, and 221 kNm, respectively. In addition, seri-
ous M3 values are observed in the beams on other floors.
In Fig. 15, the analysis results obtained using M1 con-
crete are presented. According to Fig. 15, maximum M3
values are observed in the beams on the eighth floor of
the building and maximum M3 values of 182 kNm, 197
kNm, and 163 kNm are acquired in the beams on the
eighth floor of the building, respectively. On the lower
floors of the building, M3 values similar to the eighth
floor are observed. In Fig. 16, the earthquake behavior
of the structure analyzed using M2 concrete is pre-
sented. According to Fig. 16, maximum M3 values are
observed in the beams on the seventeenth floor of the
building. The maximum M3 values observed in the
beams on the seventeenth floor of the building are 94
kNm, 83 kNm, and 75 kNm, respectively. In Fig. 17, the
earthquake behavior of the structure analyzed using M3
concrete is shown in detail. According to Fig. 17, maxi-
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mum M3 values are obtained in the beams on the four-
teenth floor of the building and the largest M3 values
that took place on the fourteenth floor of the building are
26 kNm, 32 kNm, and 42 kNm, respectively. In Fig. 18,
the seismic behavior of the structure analyzed using M4
concrete is presented and the largest M3 values that oc-
curred in the building are observed on the second floor
of the building. The maximum M3 values obtained in
the beams on the second floor of the building are 195
kNm, 203 kNm, and 211 kNm, respectively. Besides, se-
rious M3 values are observed on the upper floors of the
building. As the seismic analyzes of 5 different struc-
tures are evaluated, fewer M3 values are obtained in the
beams of the ana-lyzed structure using M3 additive con-
crete compared to other structures. Besides, when 5 dif-
ferent structures are compared, it is understood that the
M3 values in the structure using pure concrete are much
higher than the other structures. In the structures ana-
lyzed with pure concrete and M4 concrete, M3 values

close to each other are observed. Summary of results is
shown in Table 4.
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Fig. 16. Seismic principal stress results for M2 concrete.
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Fig. 18. Seismic principal stress results for M4 concrete.

Table 4. Summary of analysis results.

Natural Frequency (Hz) Max Displacement (cm) Max Principal Stress (kNm) Weight of Structure (t)
Pure Concrete 0.285 46 238 7267
M1 Concrete 0.332 32 197 7159
M2 Concrete 0.427 28 94 7064
M3 Concrete 0.591 15 42 6912
M4 Concrete 0.302 38 211 6833
7. Conclusions According to the results of the experimental and seismic

analysis, the following important results are obtained.
In this study, the effects of the waste granulated glass e Asaresult of the experimental tests, it is seen that the

material on the earthquake behavior of reinforced con- granulated glass material used in concrete instead of
crete structures and whether this waste material can be aggregate for 15% rate increases the strength of the
used in concrete materials of reinforced concrete struc- concrete. This result means that the granulated glass
tures are revealed. Firstly, 7-day, 14-day, and 28-day material, which is waste in nature, is recycled in the
concrete samples are prepared. Pure concrete, M1 sam- construction industry. The use of granulated glass
ple, M2 sample, M3 sample, and 3 cube concrete samples material in reinforced concrete structures is of great
each from M4 samples are prepared, and these concrete importance for both our nature and our health.

samples are subjected to a compressive strength test. Af- e When the slump tests of pure concrete, 5%, 10%, 15%,
ter the most critical granulated glass ratio is determined, and 20% granulated glass added to the concrete are
a 31-story reinforced concrete structure is modeled as compared with each other, it is seen that the highest
three-dimensional with the help of SAP2000 software. amount of slump occurred as a result of the experiment
The most critical granulated glass ratio obtained is de- is observed for 5% granulated glass added to concrete.
fined to the concrete material of the building. Then, the Besides, the smallestamount of slump was obtained for
structure is subjected to earthquake analyses both as the 15% granulated glass added to concrete. From this re-
most critical granulated glass ratio and pure concrete. sult, it is understood that 15% granulated glass addi-

1995 Kobe earthquake is used in earthquake analyses. tive increases the consistency of pure concrete.
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¢ In this study, it is concluded that as the waste granu-
lated glass material is used in reinforced concrete
structures, both our nature will be protected and the
total weight of reinforced concrete structures will de-
crease. Because granulated glass material is used in-
stead of aggregate material in concrete and aggregate
material is much heavier than granulated glass mate-
rial. For this reason, it has been concluded that the use
of waste granulated glass material in reinforced con-
crete structures causes serious reductions in building
weight.

e When pure concrete, 5%, 10%, 15%, and 20% granu-
lated glass added concretes are taken into account, it
is openly seen that the highest damages occurred in
the tall reinforced concrete structure, which was sub-
jected to earthquake analysis, are obtained for pure
concrete. The smallest moments and displacements
observed in the carrier elements of the structure are
acquired for 15% granulated glass added to concrete.
It is clear from this result that the use of 15% granu-
lated glass in tall reinforced concrete structures pro-
vides positive effects in terms of earthquake re-
sistance and earthquake damage of these structures.
For this reason, in this study, itis revealed that the use
of granulated glass material instead of aggregate ma-
terial in reinforced concrete structures for 15% rate
has positive effects on the earthquake behavior of re-
inforced concrete structures.
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