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ABSTRACT

Effective waste management is crucial for urban sustainability and environmental
conservation. This study evaluates the efficiency and quality of compost produced through
normal and thermophilic in-vessel composting and anaerobic digestion within a
neighborhood waste management model. By analyzing physicochemical properties, process
temperatures, carbon to nitrogen ratios, germination index, and biogas production rates, the
study highlights the advantages of integrating these methods. Results indicate that
thermophilic in-vessel composting accelerates the composting process, achieving rapid
temperature increases and enhanced microbial activity. Anaerobic digestion complements
this by producing biogas and yielding high-quality compost with low phytotoxicity. The
combined approach not only optimizes compost production and quality but also contributes
to renewable energy generation and reduced greenhouse gas emissions. These findings
provide a framework for implementing sustainable, localized waste management systems,
offering significant insights for policy and operational decisions in municipal waste
management.
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1. Introduction

Effective waste management is critical for
environmental sustainability and urban efficiency.
Composting stands out as a particularly viable option
among the various methods available for processing
organic waste. Composting can be conducted through two
primary methods: in-vessel and open aeration. Studies have

" Corresponding author. Tel.: +989123111147; e-mail: envhosseini@gmail.com.

shown that in-vessel composting not only yields higher-
quality compost but also significantly reduces processing
time, particularly when utilizing thermophilic conditions
[1-3].

The contemporary world is grappling with an energy
crisis and escalating greenhouse gas (GHG) emissions.
According to the International Energy Agency [4],
approximately 78% of the global energy supply comes
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from oil, coal, and natural gas, while around 62% of
electricity generation is still reliant on non-renewable
sources. Transitioning to renewable energy sources is
crucial to mitigate these issues and reduce GHG emissions
[5-6]. Municipal solid waste (MSW) management plays a
vital role in this context. Optimizing economic costs and
minimizing GHG emissions are essential goals in MSW
management [7]. For instance, optimizing transportation
routes can reduce GHG emissions by approximately
47.43% [7].

Implementing in-situ processing of the organic fraction
of MSW (OFMSW), such as in-vessel composting
reactors, is increasingly necessary for both economic and
environmental reasons [2]. These reactors are often
installed in various neighborhoods, transforming waste
management from a large-scale urban model to a more
localized neighborhood approach [8].

Neighborhood-based waste management systems offer
several advantages. By processing waste closer to its
source, transportation costs, and related emissions are
significantly reduced. Additionally, localized systems can
be tailored to the specific needs and capacities of individual
communities, enhancing overall efficiency and
engagement. This decentralized approach also promotes
community responsibility and awareness regarding waste
management practices.

Furthermore, the integration of anaerobic digestion with
composting processes presents a promising avenue for
improving waste management outcomes. Anaerobic
digestion not only reduces the volume of waste but also
produces biogas, a valuable source of renewable energy.
This biogas can be harnessed to generate electricity or heat,
further contributing to the reduction of reliance on fossil
fuels and decreasing the carbon footprint of waste
management operations [9].

The quality of compost produced through different
methods is critical for determining the best approach to
organic waste management. Thermophilic in-vessel
composting, for instance, accelerates the decomposition
process through higher temperatures, resulting in faster
stabilization of organic matter and the elimination of
pathogens. This method is particularly effective in
producing high-quality compost that is rich in nutrients and
free from harmful microorganisms [2].

In contrast, anaerobic digestion primarily focuses on
biogas production while also generating a digestate that can
be further composted. The synergy between anaerobic
digestion and subsequent composting can optimize the
overall process, leading to better resource recovery and
improved compost quality. The integration of these
processes can be particularly beneficial in neighborhood
waste management models, where space and resources
might be limited, but the demand for efficient and
sustainable waste processing solutions is high.

This study aims to compare the quality of compost
produced from normal and thermophilic in-vessel
composting pilot plants with compost generated from
anaerobically digested organic compounds. This
comparison highlights the benefits and efficiency of
different composting methods within neighborhood waste
management models. By focusing on localized waste
management systems, this research contributes to the
broader goals of reducing energy consumption, minimizing
GHG emissions, and enhancing the overall sustainability
of urban environments.

The outcomes of this research have the potential to
inform policy and operational decisions in municipal waste
management, providing a framework for the
implementation of more sustainable and community-
centric waste processing technologies. As cities continue to
grow and the demand for effective waste management
solutions increases, the findings of this study could play a
crucial role in shaping the future of urban sustainability.

2. Material and method

Results from research conducted over the past decade
have been compiled and analyzed to determine an
appropriate reactor for processing the organic fraction of
municipal solid waste (OFMSW) within a neighborhood
waste management model.

2.1. Step 1: Bench-Scale Study

Previous research demonstrated that thermochemical
pretreatment and thermophilic  conditions  could
significantly reduce the duration of the composting
process. Specifically, the average composting time for rice
straw was reduced to 9 days under these conditions [3].

2.2. Step 2: Full-Scale In-Vessel Composting Pilot Plant
(IVCP) Operation

Building on the findings from 2013 [3], a thermophilic
in-vessel composting pilot plant was designed and
constructed in 2020 (Figure 1). The IVCP comprises
several components:

= In-vessel composter

= Screw mixer

»  Bottom aeration system

= Leachate collection tank and recirculation system
= Hot water jacket

= Control panel

The composting process time was evaluated under both
the thermophilic composting process (TCP) and the normal
composting process (NCP). Approximately 500 kg of
source-separated OFMSW was composted over 60 days
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under both TCP and NCP conditions by the pilot plant. The
TCP condition was maintained using a hot water jacket
around the IVCP, while the NCP was created by
discontinuing the hot water flow. Parameters such as pH,
electrical conductivity (EC), moisture content (MC), total
organic carbon (TOC), total Kjeldahl nitrogen (TKN), and
germination index (GI) were measured based on standard
methods [3].

2.3. Step 3: Full-Scale Garage Dry Anaerobic Digester
(GDAD) Operation

In 2022, to investigate biogas production from urban
organic waste and the effect of anaerobic digestion on
accelerating the composting process, a garage dry
anaerobic digester (GDAD) was constructed. This step
utilized a GDAD with a capacity of approximately 3 cubic

agitator 1.5hp
——
. —transverse motion0.75kw
c———p
T

“ 2000

1500
2300

hot weter jocket

! g 50mm thickness EJ
| L

#

adjustable leg

all dimensions are in mm

Figure 1. Dimension of In-vessel composting reactor.
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Figure 3. Garage Dry Anaerobic Digester used in this study.

meters as a pilot plant (Figures 3 and 4). The pilot unit
included:

= GDAD equipped with a hot water jacket

= Leachate collection tank and recirculation system

=  Programmable logic controllers (PLC)

= Electrical heater

= Pressure valve

= Gas flowmeter

= Moisture removal column

= Gas flare

Cow manure was mixed with organic waste to optimize

the carbon-nitrogen (C:N) ratio and alkalinity of the
substrate [10]. Approximately 800 kg of OFMSW from the
Tehran MSW processing center was used as the raw
substrate. Additionally, 20 kg of cow manure mixed with
100 liters of water was added as an inoculant to the leachate
collection tank. Biogas production was monitored over 30
days.

Figure 2. In-vessel composting reactor pilot plant.

Figure 4. The pilot plant used in this study.
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After five days, biogas production began and was
sufficient to ignite the flare, with the maximum production
rate observed on the 14" day (Figure 5). At the end of the
30-day period, when biogas production ended, the digested
organic matter was discharged from the reactor for
compost production. The reactor door was left open for two
days to minimize odor emissions, after which the digested
materials were piled to a height of 80 cm for further
composting. Parameters such as temperature, C:N ratio,
and Gl were monitored over a 45-day period.

Figure 5. Biogas produced on the 14th day.

3. Results and discussion
3.1. Physiochemical properties of feedstock in step 2

The physicochemical properties of feedstock play a
crucial role in determining the efficiency and effectiveness
of the composting process. One of the most significant
indicators is the carbon to nitrogen ratio (C:N), which is
essential for evaluating the composting potential of organic
materials [3]. A balanced C:N ratio ensures that the
composting process proceeds efficiently, with optimal
microbial activity and minimal emissions of greenhouse
gases such as methane and ammonia.

As shown in Table 1, the initial C:N ratio for the
OFMSW is remarkably high at 50.52. This elevated ratio
indicates a carbon-rich feedstock, which can impede the
composting process by slowing down the microbial
activity necessary for organic matter decomposition. In
contrast, cow manure has a much lower C:N ratio of 13.87,
which is more conducive to composting as it provides a
balanced nutrient profile that supports microbial growth
and activity. Recent literature supports the importance of
optimizing the C:N ratio. The ratio significantly influences
the decomposition of organic waste during composting.
Organisms maintain a specific C:N ratio at the tissue level,
which is vital for determining the microbial decomposition
pathways of organic matter. Carbon provides energy and
serves as the fundamental building block of life, while
nitrogen is essential for the formation of proteins, nucleic

acids, and other cellular components. Therefore, a balanced
supply of carbon-rich and nitrogenous materials is
necessary for effective composting. The ideal C:N ratio for
efficient composting ranges from 25-35:1. Excess carbon
can slow down the decomposition process, whereas too
much nitrogen can cause unpleasant odors. Regular turning
of compost piles helps maintain the C:N ratio by releasing
excess nitrogen in the form of ammonia [11].

Table 1.
Physiochemical properties of feedstocks in step2.

No Parameters OFMSW Cow manure
1 MC (%) 82 63

2 TOC (%) 48 43

3 TKN (%) 0.95 31

4 C:N 50.52 13.87

5 pH 6.92 7.14

6 EC (uS/cm) 2542 1252

By mixing OFMSW with cow manure, the overall
properties of the feedstock become more suitable for the
composting process. This adjustment not only enhances the
C:N ratio but also improves other critical parameters. For
instance, the moisture content (MC) of OFMSW is 82%,
which is higher than the 63% found in cow manure. A high
moisture content can lead to anaerobic conditions,
negatively impacting the composting process. By blending
these materials, the moisture content can be balanced to
create an optimal environment for aerobic decomposition.
A study by Tang et al. [12] corroborates these findings,
indicating that maintaining moisture content between 50-
60% is crucial for effective aerobic composting. Excessive
moisture can create anaerobic pockets, slowing down the
composting process and potentially leading to the
production of malodorous compounds.

The total organic carbon (TOC) content is 48% for
OFMSW and 43% for cow manure. While both materials
are rich in organic carbon, the presence of cow manure
helps to moderate the overall carbon levels, making the
substrate more favorable for composting microorganisms.
The total Kjeldahl nitrogen (TKN) content also shows a
significant difference, with OFMSW having 0.95% and
cow manure having 3.1%. This difference further
highlights the importance of blending these feedstocks to
achieve a balanced nutrient profile that supports effective
composting. This result aligns with findings by Yatoo et al.
[13], who highlighted the necessity of a balanced TOC and
TKN for microbial growth and efficient composting. They
noted that integrating nutrient-rich materials like cow
manure can significantly enhance compost quality by
providing essential nutrients for microbial communities.

The pH values of the feedstocks are relatively close,
with OFMSW at 6.92 and cow manure at 7.14, indicating
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that both materials are within the optimal range for
composting. However, the electrical conductivity (EC)
values differ significantly, with OFMSW having an EC of
2542 pS/cm and cow manure at 1252 pS/cm. High EC
levels can indicate the presence of soluble salts, which can
inhibit microbial activity if not properly managed. Mixing
the two feedstocks can help to dilute these salts, reducing
potential inhibitory effects and promoting a healthier
composting process.

It can be concluded that the adjustment of the C:N ratio
and other physiochemical properties through the
combination of OFMSW and cow manure is essential for
optimizing the composting process. This blend ensures a
balanced nutrient supply, appropriate moisture content, and
a conducive pH environment, all of which are critical for
efficient microbial activity and effective composting. Such
strategic management of feedstock properties is
fundamental to improving compost quality and process
efficiency, ultimately contributing to more sustainable
waste management practices.

3.2. Comparison of changes in compost production index

This section compares key parameters across two
distinct periods, including the process temperature, C:N
ratio, and GI. The comparison aims to identify any
significant changes or trends in these parameters over time,
providing valuable insights into the dynamics of the
process.

3.2.1. Temperature

Temperature is a critical parameter in the composting
process as it influences the rate of microbial activity and
the overall efficiency of organic matter decomposition. The
temperature variations observed in the NCP, IVCP, and
GDAD provide valuable insights into the effectiveness of
each method. As depicted in Figure 6, the temperature in
the IVCP increases more rapidly compared to NCP and
GDAD. This rapid temperature rise in the I\VCP indicates
a more accelerated composting process. The thermophilic
conditions maintained within the IVCP, coupled with
effective agitation and adequate moisture content, create an
optimal environment for thermophilic microorganisms.
These microorganisms thrive at higher temperatures,
leading to faster decomposition of organic wastes and a
more efficient composting process.

The NCP, on the other hand, exhibits a slower
temperature increase. This slower rise can be attributed to
the lack of controlled conditions that are present in the
IVCP. In open composting processes, such as NCP,
temperature regulation is more challenging, leading to less
consistent microbial activity and prolonged composting
times.

GDAD, which operates under anaerobic conditions,
shows a different temperature profile compared to both
NCP and I\VVCP. The anaerobic digestion process does not
rely on high temperatures to the same extent as aerobic
composting. Instead, it focuses on biogas production
through microbial activity in the absence of oxygen. The
temperature in GDAD tends to stabilize at a moderate
level, sufficient to support the anaerobic microbes
responsible for breaking down organic matter. While
GDAD may not achieve the high temperatures seen in
IVCP, it effectively converts organic waste into biogas and
digestate. The higher process rate in the IVCP can be
attributed to the thermophilic conditions, which
significantly enhance the microbial degradation of organic
materials. The effective agitation and moisture control
further support this accelerated decomposition. As a result,
the IVCP can achieve complete composting more quickly
than NCP and GDAD.

80
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Temperature (°C)

Figure 6. Variations in the temperature of NCP, IVCP and GDAD.

The temperature variations observed in the different
composting methods highlight the superior efficiency of
the IVCP in processing organic waste. The controlled
thermophilic conditions in the IVCP lead to a faster and
more effective composting process, producing high-quality
compost in a shorter time frame. In contrast, the NCP and
GDAD, while effective in their own right, do not achieve
the same level of temperature control and process
efficiency as the IVCP. These findings highlight the
importance of temperature management in composting and
the benefits of in-vessel systems for rapid and efficient
organic waste processing.

3.2.2. C:Nratio

The C:N ratio is a key indicator in composting,
reflecting the balance of carbon-rich and nitrogen-rich
materials. While it is not an absolute measure of compost
maturity, it is highly correlated with the rate of composting
and the quality of the final product [3]. The changes in C:N
ratio during composting can provide valuable insights into
the effectiveness of different composting processes. As
shown in Figure 7, the C:N ratio for the IVCP decreases
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more rapidly compared to the GDAD and the NCP. This
rapid decline in the C:N ratio for IVCP indicates a faster
decomposition of organic materials facilitated by the
controlled thermophilic conditions and effective agitation
within the reactor. These conditions enhance microbial
activity, accelerating the breakdown of carbon-rich
compounds and converting them into more stable forms.

In contrast, the GDAD shows a slower decrease in the
C:N ratio initially, but it eventually reaches the lowest level
after 26 days. This slower initial reduction can be attributed
to the anaerobic conditions in GDAD, where the
breakdown of organic matter is driven by different
microbial communities compared to aerobic composting.
However, once the anaerobic microbes become fully
active, the process accelerates, resulting in a significant
reduction in the C:N ratio.

60
NCP
50
IVCP
40 F GDAD
2
s 30 |
z
O 20
1
10
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58

Time (day)

Figure 7. C:N ratio variation in NCP, IVCP, and GDAD.

The lower C:N ratio at the end of the GDAD process
suggests a more complete degradation of organic matter,
potentially leading to higher-quality compost. This is
supported by the observation that the quality of compost
produced from GDAD is better than that from IVCP,
despite the faster process rate in IVCP. The higher quality
of GDAD compost may be due to the comprehensive
breakdown of complex organic compounds under
anaerobic conditions, producing a more stable and nutrient-
rich product.

In the case of NCP, the C:N ratio decreases at a slower
rate compared to both IVCP and GDAD. This can be
attributed to the less controlled environmental conditions
in NCP, which result in less efficient microbial activity and
slower decomposition of organic matter. The lower
efficiency of NCP indicates the advantages of controlled
composting environments, such as those provided by IVCP
and GDAD, in achieving faster and more effective
composting.

While the C:N ratio alone cannot fully determine
compost maturity, its variation during the composting
process provides critical insights into the efficiency and
quality of different composting methods. The rapid
reduction in IVCP highlights its efficiency, while the low

final C:N ratio in GDAD points to its potential for
producing high-quality compost. These findings suggest
that a combination of these methods could optimize both
the speed and quality of compost production, contributing
to more sustainable and effective waste management
practices.

3.2.3. Germination index (GI)

The Germination Index is a valuable tool for assessing
compost maturity and phytotoxicity due to its shorter
measurement time and lower cost [14]. This index serves
asareliable indicator, reflecting the presence and reduction
of phytotoxic substances produced during the initial stages
of the composting process. As compost matures, the
concentration of these toxic substances decreases, resulting
in higher Gl values, indicative of a non-toxic, mature
compost [14]. Kong et al. [14] emphasized that a Gl above
80% indicates mature and non-phytotoxic compost.

Figure 8 illustrates the variation in GI values across the
NCP, IVCP, and GDAD. The GI values for GDAD
increase at a faster rate compared to NCP and IVCP,
highlighting the effectiveness of the anaerobic digestion
process in reducing phytotoxicity and enhancing compost
maturity. By the 18th day, the GI value for GDAD
surpasses 90%, signifying that the compost has reached full
maturity. In contrast, the GI values for IVCP and NCP
achieve similar maturity levels at later stages, specifically
on the 24th and 36th days, respectively. The rapid increase
in Gl for GDAD can be attributed to the anaerobic
conditions, which effectively facilitate the breakdown of
organic matter and the stabilization of compost. The
anaerobic digestion process promotes the degradation of
complex organic compounds and the reduction of
phytotoxic substances, resulting in a compost product that
is safe for plant growth in a shorter period.
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Figure 8. Gl variation in NCP, IVCP, and GDAD.

In the case of IVCP, the controlled thermophilic
conditions and mechanical agitation contribute to a steady
increase in Gl values. Although the maturation process in
IVCP is slightly slower than GDAD, the in-vessel system
ensures a consistent and efficient composting environment.
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This  controlled setting helps maintain  optimal
temperatures and moisture levels, which are critical for
microbial activity and the decomposition of organic matter.
By the 24th day, the GI values in IVCP indicate mature
compost suitable for agricultural and horticultural
applications.

The NCP exhibits the slowest increase in Gl values,
reaching maturity on the 36th day. The slower progression
in NCP can be attributed to the less controlled
environmental  conditions  resulting in  variable
temperatures and moisture levels. These fluctuations can
hinder microbial activity and slow down the decomposition
process, thereby delaying the reduction of phytotoxic
substances and the maturation of compost.

Overall, the Gl data highlights the efficiency and
effectiveness of different composting methods. rapid
increase of high Gl values in GDAD indicates its potential
for producing mature compost quickly, making it a
valuable option for waste management strategies
prioritizing speed and efficiency. IVCP, while slightly
slower, offers the benefits of a controlled environment,
ensuring consistent and high-quality compost production.
NCP, although effective, requires a longer time frame to
achieve similar results. These findings emphasize the
importance of selecting appropriate composting methods
based on specific requirements and constraints. The rapid
maturation in GDAD and the controlled efficiency in IVCP
present compelling options for enhancing compost
production processes, ultimately contributing to more
sustainable and effective waste management practices.

3.3. Biogas generation rate

The production of biogas is a vital component of the
anaerobic digestion process, particularly in the context of
municipal solid waste (MSW) management. Biogas,
primarily composed of methane, can be harnessed as a
renewable energy source, thereby reducing reliance on
fossil fuels and contributing to sustainable energy
solutions. As noted by Avinash and Mishra [9]
incorporating leachate or sludge from wastewater
treatment can significantly enhance the biogas production
rate in an anaerobic digestion process. Specifically,
increasing the moisture content to greater than 75% of field
capacity (FC) can boost biogas production by
approximately 30%. This increase is due to the improved
microbial activity facilitated by the higher moisture
content, which creates an optimal environment for the
anaerobic bacteria responsible for biogas generation.

In the current study, biogas production was monitored
over a specified period to evaluate the effectiveness of the
GDAD in converting organic waste into biogas. The results
indicate that biogas production commenced on the fifth day
and peaked on the 14th day. This peak production

highlights the efficiency of the GDAD system in rapidly
initiating and maintaining the anaerobic digestion process.
The addition of leachate or sludge likely played a crucial
role in this enhanced biogas generation. The higher
moisture content provided by these additives ensures that
the anaerobic bacteria have sufficient water for their
metabolic processes, essential for breaking down organic
matter and producing methane. Additionally, the presence
of leachate or sludge may introduce additional nutrients
and microbial consortia that further aid in the digestion
process. The sustained biogas production observed over the
30-day period demonstrates the stability and effectiveness
of the GDAD system. The gradual decline in biogas
generation towards the end of the period is typical of
anaerobic digestion processes as the readily digestible
organic matter is depleted. At this stage, the residual
digested material can be further processed into compost,
contributing to a circular waste management approach.
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Biogas production (m3)
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Figure 9. Biogas production in Garage Dry Anaerobic Digester.

The practical implications of these findings are
significant. By optimizing the moisture content and
incorporating wastewater sludge, it is possible to enhance
biogas production rates, thereby improving the overall
efficiency of anaerobic digestion systems. This approach
not only maximizes energy recovery from organic waste
but also supports waste reduction and resource recycling
objectives. In conclusion, the addition of leachate or
wastewater sludge to anaerobic digestion processes
markedly improves biogas production. The results from the
GDAD system underscore the potential of such
enhancements in municipal solid waste management,
providing a pathway towards more sustainable and
efficient waste-to-energy solutions.

The reported results in the current study align well with
recent literature on composting and anaerobic digestion.
The integration of thermophilic in-vessel composting and
anaerobic digestion presents a promising approach for
efficient waste management, combining rapid composting
processes with renewable energy production. Future
research and practical implementations should focus on
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optimizing these processes to enhance sustainability and
resource recovery in urban waste management systems.

4. Conclusion

This study underscores the potential of integrating
thermophilic in-vessel composting and anaerobic digestion
in neighborhood waste management models to achieve
superior efficiency and sustainability. Thermophilic in-
vessel composting, with its controlled high-temperature
environment, significantly enhances the decomposition
rate and compost quality by promoting optimal microbial
activity. In contrast, anaerobic digestion not only reduces
waste volume and produces renewable biogas but also
generates a nutrient-rich digestate that can be further
composted to yield high-quality compost.

The findings demonstrate that a balanced C:N ratio,
achieved by combining OFMSW with cow manure, is
critical for efficient composting. Additionally, the rapid
attainment of high Gl values in anaerobic digestion
highlights its efficacy in swiftly producing mature, non-
phytotoxic compost. The synergy between these processes
offers a robust solution for localized waste management,
addressing the dual goals of waste reduction and renewable
energy production.

The results of this study align with contemporary
research, reinforcing the importance of controlled
composting environments and the benefits of integrating
composting with anaerobic digestion. This integrated
approach supports the broader objectives of urban
sustainability by reducing energy  consumption,
minimizing greenhouse gas emissions, and enhancing
resource recovery. Future research should focus on
optimizing these processes further to enhance their
applicability and efficiency in diverse urban settings,
contributing to the global efforts towards sustainable waste
management and renewable energy utilization.
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ABSTRACT

The analytical method of the simplified model of a structure has provided a basis for the
analysis under the effect of earthquake (dynamic) load, which has an important importance
in the seismic analysis of the structure. In this article, three degree of freedom steel frame
structure is simulated and analyzed in MATLAB based on the NewMark-$ method, taking
into account the effect of harmonic loads. The vibration response of the steel frame structure
has been analyzed considering the stiffness. The results show that the NewMark-f3 method
is a new idea for earthquake response. The construction of the steel frame according to the
range of changes of its elastic modulus through dynamic analysis makes the seismic analysis
of the frame structures more practical, as well as the analysis of the SS model, which
provides a basis for the size of the stiffness coefficient. By applying force on the top and
bottom floors, different structural responses are observed according to the stiffness of the
structure. The structure of the SS frame and the effect of the force on it when the force is
applied to its floors, according to the height of the floors and the position of applying the
force with the change of time, the binding stiffness of the amount of displacement will also
change and the stability of the structure will be greatly reduced.
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1. Introduction

vertical design and shape which is more and more complex,

the structural system also becomes increasingly diverse,

The ever-increasing progress in the construction

which causes more prerequisites for The design of the

industry is particularly prominent. So that every day we see
a general change in building frames, especially in tall
buildings, which in addition to increasing the height, the

vibrations of building structures. The purpose of seismic
design is to make the building have the corresponding
resistance ability to earthquakes of different frequencies
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and intensity during the service life [1]. The distribution of
structural stiffness is accompanied by certain unevenness.
Therefore, to a large extent, it will lead to the overall
deformation of the building, and in serious cases, it can
cause local cracking of the building. Therefore, the bottom
frame structure is difficult to be used effectively in some
areas with high fortification intensity. To further improve
the seismic design value of building structures, the
influence of structural stiffness must be considered [2].
Unlike linear analysis, incremental iterative formulas
for structural nonlinear analysis have not been developed
to the extent that every researcher follows the same logical
steps [3]. In most cases, only the Newton-Raphson method
or other algorithms are used as tools for incremental
iterative analysis [4]. In structural dynamics, a multi degree
of freedom (MDOF) structure is often equalized by a single
degree of freedom (SDOF) model [30]. Such a SDOF
system is based on the dynamic properties adopted from
the MDOF system. Structural responses of this SDOF
model to earthquake is determined by conducting a
nonlinear time history analysis of the model, subjected to a
set of ground motion records. Accordingly, the numerical
analysis of SDOF systems is of high importance in this
field of structural engineering. [31]. However, there are
many varieties in each stage of the calculation structure,
especially in the calculation of the element node forces
(referred to as the correction stage), which will affect the
accuracy of the calculation results and the convergence of
the iterative process [5]. For the NewMark-f method, when
the control parameters a = 1/2 and f = 1/4, the mean
constant acceleration method has second-order accuracy
(to meet the engineering requirements). NewMark-p is
unconditionally stable and is widely used. By controlling
the NewMark-f, the results can be more accurate and
converging, and the velocity and acceleration responses
can be calculated more easily than other methods. used the
nonstationary Kanai Tajimi model to record the ground
acceleration in MATLAB, simulating the idealized model
of the frame structure. investigated the seismic input
single-degree of freedom (SDOF) structure and found that
the acceleration changed linearly with the step. The
response spectrum is used to analyze the response of the
structure linear system and seismic input, without
considering the nonlinear factors. Three constitutive
models for nonlinear analysis of structures were proposed,
as follows: linear elastic-elasticity, complete plasticity,
and Armstrong Frederick cyclic hardening plasticity.
calculated the dynamic response multi-degree-of-freedom
nonclassical damping linear system by (MDOF) based on
idealized shear stiffness matrix construction and assuming
that all floors have the quality. It provides the seismic
acceleration time history of the shock response spectrum
program, which can be used to calculate peak ground
acceleration and velocity based on the known shock

response spectrum of the acceleration time history of the
earthquake [6]. investigated the response of linear SDOF
earthquakes to ground motion through the NewMark
method. The response of linear single degree of freedom to
seismic ground motion provides a simplified calculation
method, which is easy to implement by MATLAB
program. The non-linear (or linear) response of a single
degree of freedom damped mass-spring system under
external forces was predicted. The dynamic analysis of
multi-structure underground excitation was presented.
However, the idealized model based on the foregoing does
not consider the effect of structural stiffness reduction and
it is not used by considering the RCS structure.
Geometrical nonlinearity of materials is an important
characteristic of RCS structures. The design of (RCS)
structures is generally based on elastic theory. However,
the stiffness coefficient of RCS structure was not constant
due to the plastic development of RCS. Due to the effect of
seismic force, the response of structural stiffness reduction
became more and more obvious [7]. investigated the
influence of nanomaterials on reinforcement plasticity,
which provided a reference for the research on structural
stiffness [8]. investigated the influence of nano-
strengthening on the properties and microstructure of
recycled concrete, providing another idea for the study of
concrete stiffness. The review of the existing literature
showed that the scholars have provided different
assumptions on the seismic modes and structural mode
shapes. He conducted reasonable numerical simulations
based on these assumptions and proposed different ideas
for structural seismic modal analysis. However, none of the
above researches considered time factors caused by
reinforced concrete (RCS) structural stiffness reduction.
Therefore, the objective of this study is to introduce the
stiffness reduction according to the empirical formula,
compare the displacement, velocity, and acceleration
responses before and after the stiffness reduction is applied
at different positions, and obtain the functional relationship
between the stiffness reduction factor and the acceleration
of the third floor of the RCS frame structure.

Only when the constitutive models of RCS structures of
different materials are well-mastered can the stiffness
coefficient be analyzed effectively. It is of great
significance for different scholars to study the material
characteristics through experiments [9,10]. According to
the different theoretical basis of mechanics, the existing
constitutive models can be roughly divided into the
following types: linear elastic and nonlinear elastic
constitutive models based on elastic theory; elastoplastic
and elastoplastic hardening constitutive models based on
the classical plasticity theory; and the constitutive model of
concrete described by inner time theory. Later Ni et al. also
established a series of constitutive models under different
conditions through numerical simulation and experiments
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[11,12]. analyzed the stiffness and deflection of RCS
members after cracking and established constitutive
models at different stages [13]. conducted shear and
tension compression experiments on RCS plates and
obtained the stress-strain relationship of the corresponding
RCS plates [14]. used the hypothesis of strain coordination
and strength equivalence to construct the RCS structure
plastic damage model. This model can be used in the
ABAQUS finite element damage plasticity numerical
analysis of RCS walls structures and provides another way
of thinking for the analysis of the RCS wall structure
seismic damage model [15]. used ABAQUS to conduct
finite element simulation in mass concrete and obtained the
nonlinear constitutive relation and failure criterion for
concrete. proposed a three-dimensional constitutive model
for concrete and obtained good failure characteristics of
RCS structures by the model through experiments [16].
used the William Wanke plastic constitutive model to
describe the nonlinear behavior of concrete, taking into
account the interaction between steel bars and concrete and
verifying it through experiments [17,18]. classified the
RCS structure constitutive models, applying the
elastoplastic model of the flow law, considered the
softening behavior, and used the damage model to correct
it. Zhang et al. conducted a numerical simulation on RCS
beams, taking into account the influence of stiffness
degradation during the loading and unloading of RCS
structures, and verified its constitutive model. simulated
the hysteretic relationship of RCS columns based on the
uniaxial tension and compression of concrete provided by
the China Code for Design of Concrete Structures [19].
These constitutive relations can well reflect the variation
trend of elastic modulus in the loading process so that the
change rate of stiffness can be analyzed. The analysis of
the constitutive model provides a reasonable idea for the
reduction of the stiffness coefficient and a reference for the
reasonable value of the stiffness coefficient. The process
of flowchart is shown in the graphical abstract.

2. NewMark-p method

The newMark-f3 method is a method to unify the linear
acceleration method, being widely used in finite element
analysis. Acceleration is modified by the NewMark-f
method, as:

y(t+ At) = y(t) + [(1 — a)y(t) + ay(t + At)]At 1)
ylE+AD)=y(t) +y (DAL +[ — BF(E) + Bt + @)
At)]At?

If o = 1/2, only keep B, which is the NewMark-f
method. If a = 1/2, B = 1/6, that is equivalent to the
acceleration varying linearly over At, which is the Wilson-

0 method with 6 = 1; if the acceleration is constant in At, it
is the average acceleration method.
It can be obtained from Equations (1) and (2) [6]:

He+ 80 = s e+ 00 -y - gy O
1
- (5= IO
He+ 80 = g+ 80 —y@) - G-y @
- (5~ DA

Substitute the Equations (3) and (4) into the dynamic
equation at t + At:

K(t+ At)y(t + At) = F(t + At) 5)
Now we paste:
z __ 1 . x (6)
K(t + At) _BAt2M+[?AtC(t+At) + K(t + At)
F(t + A0 = Mls y(6) + —— () @
= Mlga” pac”
1 N
+(z5-1)5@]

The accuracy of the NewMark-f calculation results is
mainly determined by the time step At. The determination
of At needs to consider the load change and the length of
the natural vibration period T. In general, it is required that
At be less than 1/7 of the natural vibration period of the
minimum structure that has an important effect on the
response. When B > 0.25, the NewMark-f method is
unconditionally stable; when B < 0.25, it is conditionally
stable [20].

VL _ _ ®)
{i}esar = YAL? (W erae — U3 oy {u}e

L v
- (E = D}

(ilerac = %({u}mt —d) - A - g){u}t ®)

- %)At{u}t

Considering the vibration differential equation at time t
+ At, it can be obtained as:
IM] {@e4ac + [C] {UYesar + [K] (W esae = (10)
{R}e+at
Solve for available {u}t+At and {u}t+At first, then

solve {ii}t+At
The calculation steps of NewMark-p method are as
follows [21]:

2.1. Initial calculation:

Forming stiffness matrix [K], Mass matrix [M], and the
damping matrix [C];

Setting initial value {u}0, {©1}0, and {ii}0;

Select the integral step size t, parameter o and B, and
calculate the integral constant:

2024-v0l6(3)-p 9-17



12 Journal of Civil Engineering Researchers

Qo a @ = L as
1 B 27 yae
CyA2 At T2y
Ay as Qg ay
=E_1 =E E = At(1 = pAt
Y 2°B =P
-2)

Forming effective stiffness matrix:
(K] = [K] + ao[M] + a4 [C]

2.2. Calculating the time step:

Calculating the effective load at time t + At:
{F}esnr = {F}eear + [M](ao{u}e + az{i}e
+ az{ii}e) + [C](ai{u}:
+ ag{u}e + asfii}e)
Getting the displacement at time t + At:
(K{u}erar = {Flerae

Calculating the velocity and acceleration at time t + At

[9]:

(11) 3. Analysis and discussion

Taking the multilayer frame structures as an analysis
example, the structural calculation model is shown in
Figurel and the stiffness information of each floor is
shown in Table land 2.

3.1. Structural stiffess reduction of RCS structure
(12)

Structure and affect the resistance and dynamic
characteristics of the structure, resulting in local or overall,
per-performance loss [22]. The experiment of high-
strength steel provides an idea of reinforcing steel, and the
combination effect with concrete is more obvious [23].
Scholars have proposed some models, that well-reflected
the force characteristics of stiffness degrading components,
and obtained some hysteretic cycle rules, such as the IMK
hysteretic cycle rule. The MODLMK bending moment
Angle model proposed through the OpenSees simulation
experiment well-reflected the relationship between column

(13)

(14)

(i} ernr = o ((Wrsar — (U}e) — ax{t}; — asfii}, (15) top force and displacement, which validates the
{Werar = (W) + aelii}e + a7 {li}eync (16) effectiveness and stability of the model [6].
T Xt :rvﬁ, Xi() [
: M1
K1 K1
M2 X, (M2) ~X20 /
K2 K2
ATEY X3t (M3} X3 |
K3 K3

o

Figure 1: The structure of the computational model of the three-story frame

Table 1:

Characteristics of the mass and stiffness of the structure with a floor height of 3 meters

Column cross- Section moment of
Floor Mass (Ton) . L Hardness (N.mm)
section inertia (mm4)
1 200 IPB 200 5.7*107 1.06 * 10°
2 0 IPB 240 1126*10° 2.1 = 10%°
3 0 IPB 280 1927*10° 3.6 * 10

Table 2:

Characteristics of the mass and stiffness of the structure with a floor height of 6 meters

Column cross- Section moment of
Floor Mass (Ton) . . Hardness (N.mm)
section inertia (mm4)
1 200 IPB 200 5.7*%10" 1.33 = 108
2 0 IPB 240 1126*10° 2.63 = 10°
3 0 IPB 280 1927*10° 4.5 % 10°
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The stiffness reduction coefficient of the scaffold
column took into account an overall comprehensive
stiffness reduction coefficient. In the elastic second-order
analysis, the overall displacement of the structure and the
horizontal ~ displacement  between  layers  were
approximately the same as the Stiffness degradation that
occurs in plastic hinge areas of RCS frame structures under
repeated loads. The accumulation of structural fatigue will
increase the plastic zone of the results of the nonlinear
analysis [24]. In the American (ACI 318-14) code [25], the
structural effect was calculated, the reduction coefficient of
the beam member was 0.35, and the column member was
0.7. The cracked wall was 0.35 and the plate was 0.25 In
the New Zealand (NZS3101) code, the reduction
coefficient of beam members was different due to different
sections. The rectangular section was 0.4, and the T-type
and L-type components were 0.35. Column components
are valued according to different axial compression ratios.
China Code for Design of Concrete Structures GB50010-
2010 [26] also considered the influence of stiffness
reduction, and the reduction coefficient of beam members
was 0.4, column members were 0.6, and wall members
were 0.45. In this paper, a harmonic load calculation
example was applied. The calculation example is
considered as the stiffness coefficient is 0.75. During the
nonlinear analysis, a stiffness reduction coefficient of 0.75
was introduced to reduce the elastic stiffness KO to KO *
0.75, so that under the original load level of the structure,
the elastic analysis and nonlinear analysis could produce
approximately the same structural response [6]. The
internal forces and deformations of the structure under
nonlinear conditions were simulated by a unified stiffness
reduction factor, rather than giving different reduction
factors for different stiffness degradation sections. The
unified reduction factor was called the comprehensive
stiffness reduction factor. The analysis of the constitutive
model provides a reasonable way to reduce the stiffness
coefficient [27]. The stiffness reduction coefficient was
introduced to analyze the structural acceleration response
with different reduction coefficients of stiffness a in the
ranges of (0.5, 1). By analyzing the experimental results
made by Zhan et al [15]. the constitutive relation of RCS is
derived, and the variation trend of elastic modulus in the
loading process is obtained by fitting the constitutive
relation of the RCS beam, as shown in Figures 2 and 3. It
is found that the variation of the stiffness coefficient keeps
the descending section and has obvious polynomial
characteristics with the gradient of variation at 0.05 So
under the original load level of the structure, the elastic
analysis and nonlinear analysis produced approximately
the same structural response.

Using this principle, the same nonlinear constitutive
model S in the structure of different input levels
corresponded to different reduction factors, but with the

engineering practicability, through a universally applicable
reduction  factor.  However, given  engineering
practicability, through a universally applicable reduction
factor, it was used in the elastic second-order analysis
method. The elastic second-order method and the nonlinear
finite element method are used to calculate the interlayer
displacement Angle and interlayer displacement. The
results were equivalent, instead of just constraining the
stiffness reduction coefficient o of a certain state [28]. In
addition, carbon nanotube cement mortar also improves the
workability of concrete and has important research value in
mitigating stiffness degradation response [29].
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Figure 2: Stress—strain relationship fitting made [18]
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Figure 3: Variation of elastic modulus
3.2. Analysis results

The three degree of freedom frame structure is three-
story exposed to a harmonic load once at the top or bottom
of the structure for 0.2 seconds, and the response time is 3
seconds with time steps of 0.01 seconds and damping at the
value of k * 0.005 is formed The steps of the damping
matrix are made based on the Rayleigh method. Damping
is used to compare the loads applied in different positions
before and after reducing the stiffness, for vibration
analysis, MATLAB simulation is used. The forms in
different conditions of the stiffness matrix of the structure
and the three-story frame element are made according to
Figure 1 and analyzed in the local coordinate system.
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Material parameters including elastic modulus Mpa E =
2.1*10°, frame height in structure "A" H = 3 @ 3 meters,
frame height in structure "B" H =6 @ 3 meters, and other
specifications based on tables 1 and 2 were made and the
stiffness matrix of the frame element is formed in the local
coordinate system as shown in Figure 1 so that the weight
force is located only in the M1 level.

The mass matrix of the three-story frame:

m, 0 0 100
M=[0 m, 0 = M=2%10°(0 0 O
0 0 ms 00 0

The stiffness matrix of the three-story frame A:

ki  —k 0
K=|-ky ky+k, —ky | =
0  —ky kytks

0.106 —0.106 0
K=10' |-0.106 221 =21
0 -21 57

The stiffness matrix of the three-story frame B:

ki,  —k 0
K=|-k k+k, -k, | =
0  —ky, kytks

0.133 —0.133 0
K=10° [-0.133 2.67 —2.63
0 —-2.63 712

Harmonic load F = 500 sin (20 * & * t) at the top or
bottom of the structure, with a force action time of 0.2
seconds, a response time of 3 seconds, and a step size of
0.01 was made based on Rayleigh damping matrix method.

A harmonic load F = 500 sin (20*7*t) is applied
to the top of the frame structure, and the structural response
is shown in Figure 4.

As can be seen in Figures 4 and 5, the displacement
responses were compared before and after reducing the
stiffness under the applied harmonic load conditions. In
Figure 4, the top change of the three-story frame structure
is in the range of m1 alignment, which in case A was in the
time limit of about 0.25 seconds, around -2.8 * 107 to
2.5*%107. These displacements in the level of m2 and m3
are very small and they move again and it was
approximately with the change of the harmonic function. It
reached its peak in the change of about 0.2 seconds and
then its displacement fluctuation was gradually leveled
with the stop of load application in the change of about 4
seconds. In case B, by changing the case that can be applied
in changing the stiffness reduction factor of 0.875 due to
the increase in the height of each floor of the structure from
3 meters to 6 meters, the displacement range that can be
changed and expands with time and in changing the range
(—6.4 %1077 to 5.7 * 1077), and the maximum absolute
displacement value was lower than before. So that it can

reach its peak in the change of about 0.5 seconds and then
its displacement fluctuation is gradually leveled by
stopping the application of load in the change of about 11
seconds. The reduction of displacement difference between
different classes also increased.

(2) The harmonic load F = 500 sin (20*n*t) is applied
to the bottom of the frame structure, and the structural
response is shown in Figure 5.
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Figure 4 - The amount of displacement of the structure when the force
is applied to the maximum level of the floor - (A, the height of the
structure is 3 meters - B, the height of the structure is 6 meters)

When downward load was applied, displacement
images were compared before and after reduction. The
curve was very different from the harmonic curve. In case
A, the displacement process of m2 and m3 floors were the
same and close to each other before the reduction. After
reduction, the displacement difference of each layer
increased and the absolute value of its maximum
displacement has changed a lot. The displacement
responses, before and after reduction, were compared
under the applied harmonic load conditions. At the top of
the three-story frame structure, the range of displacement
change before reduction with time was in the range
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(-1.33%x1078To 1.3 x1078) The displacement of the
first, second and third floors act in different directions and
move with time, and it is approximately with the change of
the harmonic function and reached its peak in about 0.1
second, and then its displacement fluctuation gradually
leveled off with the stop of applying the load in about 4.4
seconds. became. In case B, by changing the case that can
be applied in the reduction factor, the stiffness of 0.875 due
to the increase in the height of each floor of the structure
from 3 meters to 6 meters, the range of displacement that
can be expanded with time and in the range of
(-1.04x 1077 t0 1.02 *1077) and the maximum
absolute value of displacement was higher than before. So
that it can reach its peak in the change of about 0.1 second,
and then its displacement fluctuation is gradually leveled
by stopping the application of load in about 12 seconds.
The decrease, the difference in displacement between
different classes also increased.
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Figure 5- The amount of displacement of the structure when the force
is applied to the lowest level of the floor - (A, the height of the
structure is 3 meters - B, the height of the structure is 6 meters)

In summary, under low load operators, the displacement
and velocity over time had a large change due to the
reduction in stiffness, it is clear that while it can be in the
process of changing the acceleration, it almost keeps the
original shape. Reducing the stiffness also has an obvious
effect on the stability of the structure.

3.3. Effects of reducing stiffness in the structure

At the top level of the frame structure, the force F = 500
sin (20* © * t) harmonic load, once at the top level of the
frame structure and once at the bottom level of the frame
structure and comparing the displacement of the structure
according to the stiffness coefficient, in diagrams A of
Figures 4 and 5 It is clear. The more rigid the structure is
and the shorter the height, the more regular the height of
the floors will be, compared to situations where the
structure has more height and less stiffness. Once again,
once at the top level of the frame structure and once at the
bottom level of the frame structure, the comparison of the
displacement of the structure according to the stiffness
coefficient is clear in diagrams B of Figures 4 and 5. When
the force is applied at the highest level, the more rigid the
structure is, and the shorter its height (Figure A), the
shorter the period compared to the case where the structure
is less rigid and higher (Figure B) Meanwhile, the main
mass is at the level of m1 and its value is zero at the levels
of m2 and m3, and if the force is applied at the lower level,
the value of the period is almost equal. Considering that the
mass is in the m1 level and the m2 and m3 levels have no
mass, the maximum displacement is in the m1 position
when the force is in the upper level, and the maximum
displacement is in the m2 and m3 level when the force is
in the lower level.

4. Conclusion

e  The NewMark-f method provides a new idea for
seismography and the response of the steel frame
structure is more practical for the analysis and
analysis of the frame structures caused by
harmonic load vibrations.

e Through the analysis of the built pattern of the
steel frame structure, the range of changes of the
elastic modulus is obtained, which can be
provided as a basis for the value of the stiffness
coefficient.

e The application of top load and bottom load have
different structural responses to the steel frame
structure, and the effect of the load on the
structure is less favorable when it can act on the
load at the bottom.
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e The higher the height of the structure and the
lower its stiffness, the displacement of the upper
floor in the case where the force can be applied to
the lowest level has a lower displacement than the
case where the height of the structure is lower and
its stiffness is higher.

References

[1] Bazaz, HamidReza Bolouri, Ali Akhtarpour, and Abbas Karamodin.
"The influence of nailing on the seismic response of a superstructure
with underground stories." Modern Applications of Geotechnical
Engineering and Construction: Geotechnical Engineering and
Construction. Springer Singapore, 2021.

[2] Chang, Jin-Hae. "Equibiaxially stretchable colorless and transparent
polyimides for flexible display substrates.” Reviews on Advanced
Materials Science 59.1 (2020): 1-9. https://doi.org/10.1515/rams-
2020-0003

[3] Bikge, Murat, and Tahir Burak Celik. "Failure analysis of newly
constructed RC buildings designed according to 2007 Turkish
Seismic Code during the October 23, 2011 Van earthquake."
Engineering Failure Analysis 64 (2016): 67-84.
https://doi.org/10.1016/j.engfailanal.2016.03.008

[4] Georgoussis, George K. "Modified seismic analysis of multistory
asymmetric elastic buildings and suggestions for minimizing the
rotational response.” Earthquakes and Structures 7.1 (2014): 39-55.
https://doi.org/10.12989/eas.2014.7.1.039
[5] Xiao, Jianzhuang, Thi Loan Pham, and Tao Ding. "Shake table
test on seismic response of a precast frame with recycled aggregate
concrete." Advances in Structural Engineering 18.9 (2015): 1517-
1534. https://doi.org/10.1260/1369-4332.18.9.1517

[6] Liu, Yizhe, et al. "Dynamic analysis of multilayer-reinforced
concrete frame structures based on NewMark-p method." Reviews
on Advanced Materials Science 60.1 (2021): 567-577.
https://doi.org/10.1515/rams-2021-0042

[7] Hu, Yusheng, et al. "Simultaneous enhancement of strength and
ductility with nano dispersoids in nano and ultrafine grain metals: a
brief review." Reviews on Advanced Materials Science 59.1 (2020):
352-360. https://doi.org/10.1515/rams-2020-0028

[8] Meng, Tao, et al. "Effect of nano-strengthening on the properties and
microstructure of recycled concrete." Nanotechnology Reviews 9.1
(2020): 79-92. https://doi.org/10.1515/ntrev-2020-0008

[9] Alsalama, Manal M., et al. "Enhancement of thermoelectric
properties of layered chalcogenide materials.” Reviews on Advanced
Materials Science 59.1 (2020): 371-378.
https://doi.org/10.1515/rams-2020-0023

[10] Reiterman, Pavel, et al. "Freeze-thaw resistance of cement screed
with various supplementary cementitious materials." Reviews on
advanced materials science 58.1 (2019): 66-74.
https://doi.org/10.1515/rams-2019-0006

[11] Ni, Haitao, et al. "Grain orientation induced softening in
electrodeposited gradient nanostructured nickel during cold rolling
deformation." Reviews on Advanced Materials Science 59.1 (2020):
144-150. https://doi.org/10.1515/rams-2020-0105

[12] ZHAN, Ting-bian, et al. "The equivalent constitutive relationship for
reinforced concrete based on tension-stiffening." Transactions of
Beijing institute of Technology 37.9 (2017): 881-887.
https://doi.org/10.15918/j.thit1001-0645.2017.09.001

[13] Vecchio, Frank. "The response of reinforced concrete to in-plane
shear and normal stresses."  Publication 82 (1982).
https://doi.org/10.3130/aijs.62.89 2

[14] Xin-pu, S. H. E. N., W. A. N. G. Chen-yuan, and Zhou Lin. "A
damage plastic constitutive model for reinforced concrete and its
engineering application.” T-#& /7% 24.9 (2007): 122-128.

[15] Zhang, Wei, Hegao Wu, and Kai Su. "Review for application of
ABAQUS in nonlinear FEM analysis of mass reinforced concrete."
Shuili Fadian Xuebao(Journal of Hydroelectric Engineering) 24.5
(2005): 70-74.

[16] Zhan, Ting Bian, et al. "Elastoplastic model with damage for
reinforced concrete." Zhongbei Daxue Xuebao (Ziran Kexue
Ban)/Journal of North University of China (Natural Science Edition)
38.3(2017): 380-390.

[17] Desai, C. S., S. Somasundaram, and Gv Frantziskonis. "A
hierarchical approach for constitutive modelling of geologic
materials." International Journal for Numerical and Analytical
Methods in Geomechanics  10.3 (1986): 225-257.
https://doi.org/10.1002/nag.1610100302

[18] Desai, Chandrakant S. Mechanics of materials and interfaces: The
disturbed state concept. CRC press, 2000.
https://doi.org/10.1201/9781420041910

[19] Sun, Yafei, et al. "Study of the mechanical-electrical-magnetic
properties and the microstructure of three-layered cement-based
absorbing boards." Reviews on Advanced Materials Science 59.1
(2020): 160-169. https://doi.org/10.1515/rams-2020-0014

[20] Hou, Ling, Ren-ging Zhu, and Quan Wang. "The two-dimensional
study of the interaction between liquid loshing and elastic
structures.” Journal of marine science and application 9.2 (2010):
192-199.

[21] Dong, Yao-Rong, et al. "Experimental study on viscoelastic dampers
for structural seismic response control using a user-programmable
hybrid simulation platform." Engineering Structures 216 (2020):
110710. https://doi.org/10.1016/j.engstruct.2020.110710

[22] Shi, Weixing, et al. "Experimental and numerical study on adaptive-
passive variable mass tuned mass damper." Journal of Sound and
Vibration 452 (2019): 97-111.
https://doi.org/10.1016/j.jsv.2019.04.008

[23] Bayock, Francois Njock, et al. "Experimental review of thermal
analysis of dissimilar welds of High-Strength Steel." Reviews on
Advanced Materials ~ Science 581  (2019): 38-49.
https://doi.org/10.1515/rams-2019-0004

[24] Liu, Y., et al. "The application of elastic second-order method with
considering stiffness reduction to two-span bent structure." Journal
of Chongging University 40.9 (2017): 1-7.

[25] ACI Committee, 318. “Building code requirements for structural
concrete (ACI 318-08) and commentary." American Concrete
Institute, 2008.

[26] Pei, Junjie, and Guangxiu Fang. "Experimental Study on Mechanical
Properties of New Recycled Concrete Composite Beams." IOP
Conference Series: Earth and Environmental Science. Vol. 330. No.
2. IOP  Publishing, 2019. https://doi.org/10.1088/1755-
1315/330/2/022107

[27] Nie, Jian-guo, and Yu-hang Wang. "Comparison study of
constitutive model of concrete in ABAQUS for static analysis of
structures.” THRES 30.4 (2013): 59-67.
https://doi.org/10.6052/j.issn.1000-4750.2011.07.0420

[28] Liu, Y., et al. "Discussion of the stiffness reduction factor of bent-
columns." Journal of Chongging University 4 (2007): 61-66.

[29] Gao, Song, et al. "Preparation and piezoresistivity of carbon
nanotube-coated sand reinforced cement mortar." Nanotechnology
Reviews 9.1 (2020): 1445-1455. https://doi.org/10.1515/ntrev-2020-
0112

[30] Vamvatsikos, Dimitrios, and C. Allin Cornell. "Direct estimation of
seismic demand and capacity of multidegree-of-freedom systems
through incremental dynamic analysis of single degree of freedom
approximation.” Journal of Structural Engineering 131.4 (2005):

2024-v0l6(3)-p 9-17


https://doi.org/10.1515/rams-2020-0003
https://doi.org/10.1515/rams-2020-0003
https://doi.org/10.1016/j.engfailanal.2016.03.008
https://doi.org/10.12989/eas.2014.7.1.039
https://doi.org/10.1260/1369-4332.18.9.1517
https://doi.org/10.1515/rams-2021-0042
https://doi.org/10.1515/rams-2020-0028
https://doi.org/10.1515/ntrev-2020-0008
https://doi.org/10.1515/rams-2020-0023
https://doi.org/10.1515/rams-2019-0006
https://doi.org/10.1515/rams-2020-0105
https://doi.org/10.15918/j.tbit1001-0645.2017.09.001
https://doi.org/10.3130/aijs.62.89_2
https://doi.org/10.1002/nag.1610100302
https://doi.org/10.1201/9781420041910
https://doi.org/10.1515/rams-2020-0014
https://doi.org/10.1016/j.engstruct.2020.110710
https://doi.org/10.1016/j.jsv.2019.04.008
https://doi.org/10.1515/rams-2019-0004
https://doi.org/10.1088/1755-1315/330/2/022107
https://doi.org/10.1088/1755-1315/330/2/022107
https://doi.org/10.6052/j.issn.1000-4750.2011.07.0420
https://doi.org/10.1515/ntrev-2020-0112
https://doi.org/10.1515/ntrev-2020-0112

Journal of Civil Engineering Researchers

589-599. https://doi.org/10.1061/(ASCE)0733-
9445(2005)131:4(589)

[31] Babaei, Mehdi, et al. "New methods for dynamic analysis of
structural systems under earthquake loads." Journal of Rehabilitation
in Civil Engineering 10.3 (2022): 81-99.

2024-v0l6(3)-p 9-17

17


https://doi.org/10.1061/(ASCE)0733-9445(2005)131:4(589)
https://doi.org/10.1061/(ASCE)0733-9445(2005)131:4(589)

18 Journal of Civil Engineering Researchers

Civil
Engincering

Rescurchers

[ @ : E ] Journal of Civil Engineering Researchers =
Journal homepage: www.journals-researchers.com

Shallow Foundations and Deep Foundations; Drilled Piers, Aggregate
Piers and Stone Columns; Design Recommendations, Construction
Considerations, and Performance

Hossein Alimohammadi, =/a"

2 Terracon Consultants, Inc., Nashville, TN, USA 37217

ABSTRACT ARTICLE INFO
This paper presents a comprehensive review of shallow foundations, floor slabs, and deep Received: July 01, 2024
foundations, focusing on drilled piers, micropiles, aggregate piers, and stone columns. The Accepted: August 15, 2024

study aims to consolidate definitions, design methodologies, and construction
recommendations pertinent to these foundation types. Shallow foundations, including mat
and spread footings, and floor slabs are reviewed with respect to their design considerations
and construction techniques, emphasizing their role in efficiently supporting superstructures.

Deep foundations such as drilled piers and micropiles are evaluated for their capacity to gﬁgrlvt())v:/dli.oundations

transfer loads to deeper, more stable layers of soil. The review includes discussions on their Eloor Slabs

design principles, installation methods, and performance in different geotechnical contexts. Deep Foundations
Additionally, aggregate piers and stone columns are explored as ground improvement Drilled Piers

techniques, offering insights into their design parameters and construction practices to Micropiles

enhance soil bearing capacity and mitigate settlement issues. By synthesizing current Aggregate Piers

literature and engineering practices, this review aims to provide engineers, researchers, and Stone Columns

practitioners with a comprehensive resource for understanding the complexities of Future Design and Construction

foundation design and construction. Key recommendations are offered to guide future
research and practical applications in the field of geotechnical engineering.

DOI: 10.61186/JCER.6.3.18

© 2024 Journals-Researchers. All rights reserved. DOR: 20.1001.1.2538516.2024.6.3.3.6

the structure are relatively light. Shallow foundations are
cost-effective and simpler to construct compared to deep
foundations. The primary types of shallow foundations
include strip footings, spread footings, mat or raft
foundations, and combined footings. Each type has specific
applications and design considerations.  Shallow
foundation systems are a vital component of construction,
offering cost-effective and efficient solutions for a variety
of structures. Understanding the different types of shallow

1. Introduction: Shallow foundations definitions,
design and construction recommendations

Shallow foundations, also known as footings, are a
common type of foundation system used in construction.
These foundations are employed where the bearing strata
are close to the ground surface, and the loads imposed by
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foundations, their applications, and key design and
construction considerations is essential for ensuring their
successful implementation. Continued research and
development in geotechnical engineering will further
enhance the performance and reliability of shallow
foundations in future construction projects.

Strip footings are continuous strips of concrete that
support walls. They are commonly used in residential
construction and low-rise buildings where the load
distribution is linear. Strip footings are advantageous in
terms of ease of construction and cost-efficiency,
especially in cohesive soils where differential settlement is
less of a concern. Spread footings, also known as isolated
footings, support individual columns or piers. They are
typically square or rectangular and distribute the load over
a larger area to prevent excessive settlement. This type of
footing is suitable for structures with relatively uniform
load distributions and can be designed to accommodate
varying soil conditions. Mat or raft foundations consist of
a large slab of concrete that supports multiple columns and
walls. These foundations are used when soil conditions are
poor, and the load needs to be distributed over a wide area
to reduce settlement. Mat foundations are common in high-
rise buildings and structures with heavy loads, as they
provide stability and uniform settlement characteristics.
Combined footings support more than one column and are
used when columns are close to each other, making
individual footings impractical. They are designed to
balance the load distribution and are typically employed in
scenarios where the spacing between columns is too small
for isolated footings.

Shallow foundations are utilized in a wide range of
construction projects. Their applications span residential
buildings, commercial structures, and light industrial
buildings. Shallow foundations are extensively used in
residential construction due to their simplicity and cost-
effectiveness. Strip footings and spread footings are
common choices for supporting walls and individual
columns in houses and low-rise apartments. In commercial
buildings, such as office buildings and shopping centers,
mat foundations are often used to support the higher loads
and ensure uniform settlement. Combined footings may
also be employed to optimize space and load distribution
in tightly spaced column layouts. Light industrial
buildings, which may have varying load requirements and
soil conditions, benefit from the versatility of shallow
foundations. Spread footings and mat foundations are
commonly used to support machinery, storage areas, and
structural components.

The design of shallow foundations involves several
critical considerations to ensure stability, durability, and
performance under load. Understanding soil properties is
fundamental in the design of shallow foundations. Soil
bearing capacity, compressibility, and permeability

influence the selection and design of the foundation type.
Geotechnical investigations are essential to assess these
properties and ensure the foundation can adequately
support the imposed loads. Accurate load calculations are
crucial for designing shallow foundations. The load
includes the weight of the structure, live loads, and
environmental loads such as wind and seismic forces. The
foundation must be designed to distribute these loads
evenly to prevent excessive settlement and potential
failure. Settlement is a critical factor in the performance of
shallow foundations. Differential settlement can cause
structural damage and must be minimized. Design
strategies, such as increasing the foundation area or using
reinforced concrete, help control settlement and ensure
long-term stability. Proper construction practices are
essential to the success of shallow foundations. This
includes ensuring accurate excavation, proper placement of
reinforcement, and quality control of concrete. Adherence
to design specifications and standards is crucial to avoid
issues such as uneven settlement and structural failure.
The foundation settlement will depend upon the
variations within the subsurface soil profile, the structural
loading conditions, the embedment depth of the footings,
the thickness of the compacted fill, and the quality of the
earthwork operations. It should be noted that the sides of
the excavation for spread footings must be nearly vertical,
and the concrete should be placed neat against these
vertical faces for the passive earth pressure value to be
valid. If the loaded side is sloped or benched and then
backfilled, the allowable passive pressure will be
significantly reduced. It is recommended that the passive
resistance in the upper 2 feet of the soil profile should be
neglected. Lateral resistance due to friction at the base of
the footing should be ignored where uplift also occurs. For
bedrock-supported foundations, a probe hole for scratch
testing of the bedrock should be performed by the
contractor at the bottom of the footing for the Geotechnical
Engineer’s use. The hole should be a minimum of 2 inches
in diameter and extend to a depth equal to at least two times
the foundation width but not less than 6 feet. The contractor
should provide safe entry for the inspection, including air
monitoring. Use of passive earth pressures requires the
sides of the excavation for the spread footing foundation to
be nearly vertical and the concrete placed neat against these
vertical faces or that the footing forms be removed and
compacted structural fill be placed against the vertical
footing face. Embedment is necessary to minimize the
effects of frost and/or seasonal water content variations.
For sloping ground, maintain depth below the lowest
adjacent exterior grade within 5 horizontal feet of the
structure. Differential settlements are noted for equivalent-
loaded foundations and bearing elevation as measured over
a span of 50 feet. For bedrock-supported foundations, a
probe hole for scratch testing of the bedrock should be
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installed by the contractor at the bottom of the footing for
the Geotechnical Engineer’s use. The hole should be a
minimum of 2 inches in diameter and extend to a depth
equal to at least two times the foundation width and not less
than 6 feet. The contractor should provide safe entry for the
inspection, including air monitoring.

Shallow foundations subjected to overturning loads
should be proportioned such that the resultant eccentricity
is maintained in the center third of the foundation (e.g., e <
b/6, where b is the foundation width). This requirement is
intended to keep the entire foundation area in compression
during the extreme lateral/overturning load event.
Foundation oversizing may be required to satisfy this
condition. Uplift resistance of spread footings can be
developed from the effective weight of the footing and the
overlying soils with consideration to the IBC basic load
combinations and recommendations illustrated in Table 1.

Table 1.
Uplift resistance of spread footings recommendations

Item Description

Soil Moist Unit Weight
Soil Effective Unit Weight!
Soil weight included in uplift

100 pcf
40 pcf
Soil included within the prism

resistance extending up from the top
perimeter of the footing at an
angle of 20 degrees from

vertical to ground surface

1. Effective (or buoyant) unit weight should be used for soil above the
foundation level and below a water level. The high groundwater level

should be used in uplift design as applicable.

Similar construction consisting of bedrock-supported
foundations has utilized rock anchors as a feasible and
cost-effective option to resist uplift forces both in footings
and crane pads. Prior to any rock anchor and foundation
construction, the base of all foundation excavations should
be essentially horizontal and free of water, soil, and loose
or detached rocks before placing concrete. In addition, rock
surfaces beneath foundations that are exposed after
overburden removal and that are to be filled with lean
concrete should be horizontal. Lateral and uplift loads can
also be resisted using rock anchors. If foundations are
designed with rock anchors, they should be installed in
relatively intact bedrock with no clayey seams and
weathered rock lenses. Intact bedrock for the purposes of
this report is any rock that cannot be excavated with a
large-size trackhoe or other heavy-duty excavator having
REC/RQD values at least 90/75 or better. Rock anchors
should extend into competent bedrock to provide ample
resisting forces for upward movements and to obtain
adequate bond length with the grout and rock, and grout
and anchor rod. Uplift capacity of individual rock anchors
should be calculated based on the weight of a cone of rock
as shown in the adjacent diagram. Additional resistance
will be provided by the friction across the fractures, which

can be taken as an angle (¢) equal to 45 degrees. The apex
of the cone should be placed from 0 to 1/4 of the way up
from the bottom tip, depending on the anchor type. It is
recommended that a unit weight (y) of 150 pounds per
cubic foot (pcf) be used for intact bedrock. An allowable
bond strength of 200 pounds per square inch (psi) should
be adequate for the limestone-grout interface when 3,000
psi strength grout is used. A factor of safety of 2.0 has been
used for calculating the allowable grout-rock bond
strength. Bond strength between the grout and anchor will
be dependent on the anchor type and grout strength. It is
recommended that the structural engineer and/or rock
anchor designers determine rock anchor embedment to
address potential failure modes (i.e., rock mass, grout/rock,
and grout/rebar), but will require additional input from the
design team. Based on the weathered and fractured
condition of the anticipated bearing rock, it is
recommended that a cone failure test setup be applied to
the proof test as illustrated in Figure 1.
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Figure 1. The cone failure test

When developing the appropriate tests and verification
methods for construction, designers and contractors should
review both FHWA-IF-99-015 and ASTM D3689-07
(Reapproved 2013) for testing apparatuses, setups, and
loading guidelines. Given the REC and RQD values of the
bedrock, it is suggested that only the bond of the anchor to
the bedrock requires testing, not the bedrock failure cone.
At a minimum, a proof load test should be conducted on
each anchor installed. For proof testing, the anchor is
initially loaded with a seating load of 10 percent of the
design load. Subsequently, the anchor is stressed in
increments of 25 percent of the design load with elongation
measurements recorded at each increment. Proof loading is
applied in sequential increments in one cycle and is
generally carried to 125 percent of the design load. A
reasonable period of time is allowed between load
increments so that the anchor elongation has stabilized
before starting the next load increment. The maximum
proof load is held for a period of between 5 minutes and
one hour. In no case should an anchor be loaded to more
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than 80 percent of the'{jftimate tensile capacity of the steel
tendon. Concret

Uplift resistance of ‘spread footings can be developed
from the effective weight of the footing and the overlying
soils. As illustrated in Figure 2, the effective weight of the
soil prism defined by diagonal planes extending up from
the top of the perimeter of the foundation to the ground
surface at an angle, 0, of 20 degrees from the vertical can
be included in uplift resistance. The maximum allowable
uplift capacity should be taken as the sum of the effective
weight of soil plus the dead weight of the foundation,
divided by an appropriate factor of safety. A maximum
total unit weight of 100 pcf should be used for the backfill.
This unit weight should be reduced to 40 pcf for portions
of the backfill or natural soils below the groundwater
elevation.

Limits of Soil for Uplift Resistance
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Figure 2. The diagonal planes extending up from the top of the
perimeter of the foundation to the ground surface

To ensure the successful implementation of shallow
foundations, the following construction recommendations
should be considered: Proper site preparation is vital. This
includes clearing the site of debris, ensuring a level base,
and compacting the soil to the required density. Any
unsuitable soil should be removed and replaced with
appropriate fill material. Excavation must be carried out
according to design specifications. The depth and
dimensions of the excavation should match the foundation
plans. Shoring or bracing may be necessary in loose or
unstable soils to prevent collapse during excavation.
Placing reinforcement accurately is essential for the
structural integrity of the foundation. Reinforcement
should be positioned according to the design drawings,
with proper spacing and cover to protect against corrosion
and ensure load transfer. The quality of concrete and proper
curing practices significantly impact the foundation's

performance. Concrete should be mixed to the specified
strength and poured without interruptions. Adequate curing
methods, such as keeping the concrete moist, are necessary
to achieve the desired strength and durability.
Implementing a robust quality control process ensures that
the foundation construction meets the design standards.
Regular inspections, material testing, and adherence to
construction protocols help identify and rectify issues
promptly.

The footing excavations should be evaluated under the
observation of the Geotechnical Engineer. The base of all
foundation excavations should be free of water and loose
soil/rock prior to placing concrete. Concrete should be
placed soon after excavating to reduce bearing soil
disturbance. Care should be taken to prevent wetting or
drying of the bearing materials during construction.
Excessively wet or dry material or any loose/disturbed
material in the bottom of the footing excavations should be
removed or reconditioned before foundation concrete is
placed.

If the expected cuts for the lowest level of the structure
and where the site’s perimeter and cuts transition will
likely result in some foundations bearing on weathered
bedrock or other softer-than-rock materials, then this will
result in different bearing materials over a short distance.
Experience indicates that this condition could result in
differential settlement and cracking within masonry walls
where the material transition occurs or between ancillary
and main structure foundations. To minimize this
condition, it is recommended that where weathered or
unsuitable bedrock is exposed in isolated areas,
overexcavate the bedrock to competent bedrock and
backfill with lean concrete, or bear the entire wall length
between expansion joints on similar materials, either rock
or suitable structural fills.

Since it is impractical to determine exactly where this
condition will occur within the structures, adjustments will
have to be performed in the field under the direction of the
geotechnical engineer. A liberal number of expansion
joints should be incorporated into the structure design to
accommodate differential movement.

If unsuitable bearing soils are observed at the base of the
planned footing excavation, the excavation should be
extended deeper to suitable soils, and the footings could
bear directly on these soils at the lower level or on lean
concrete backfill placed in the excavations. The lean
concrete replacement zone is illustrated in the sketch in
Figure 3.

Overexcavation for structural fill placement below
footings should be conducted as shown below. The
overexcavation should be backfilled up to the footing base
elevation, with well graded aggregates placed. Experience
has indicated that rock formations which can be penetrated
with geotechnical drill flight augers can sometimes be
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excavated using heavy-duty construction equipment such
as large backhoes with rock teeth or ripper-equipped
dozers. Excavation in rock formations which cannot be
penetrated with geotechnical drill flight augers is usually
much more difficult and often requires the use of other
techniques such as pneumatic breakers or blasting. The
contractors should anticipate and plan that excavations will
extend into bedrock. Rippability of the bedrock will vary,
and the use of jackhammers and other rock excavation
equipment and/or methods is anticipated to be required to
reach the anticipated excavation depths. Furthermore, if
blasting methods are used that may disturb the bedrock
below the desired depth, then any loosened bedrock pieces
should be recompacted as outlined for “shot rock” fill, or
removed and replaced with suitable engineered fill or lean
concrete. Heaved or dislodged fragments of bedrock
should not remain in place as they pose a risk for
unpredictable settlement and potential void collapse.
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2. Floor slab definitions, design and construction
recommendations

Floor slabs are crucial structural elements in building
construction, serving as horizontal platforms that transfer
loads to supporting structures. They are primarily
categorized into solid, hollow-core, ribbed, and waffle
slabs. Solid slabs are often employed in residential and
commercial buildings due to their simplicity and ease of
construction. Hollow-core slabs, characterized by
longitudinal voids, are used in multi-story buildings for
their efficiency in material usage and weight reduction.
Applications of floor slabs extend to various structures,
including residential, commercial, and industrial buildings,
each demanding specific design considerations. In high-
rise buildings, post-tensioned slabs are preferred for their
enhanced load-bearing capacity and reduced deflection. In
industrial settings, reinforced concrete slabs are chosen for
their durability and ability to withstand heavy loads.
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OVER-EXCAVATION / BACKFILL ZONE
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SIDEWALLS SHOULD BE SLOPED AS NECESSARY FOR SAFETY

@) (b)
Figure 3. a) and b) Overexcavation for structural fill placement
Table 2.
Floor slab design parameters
Item Description
Floor Slab Support * Minimum 6 inches of free-draining (less than 5% passing the U.S. No. 200 sieve) crushed aggregate

Estimated Modulus of Subgrade
Reaction ?

compacted to at least 95% of ASTM D 698 or #57 stone %3

100 pounds per square inch per inch (psi/in) for point loads

1. Floor slabs should be structurally independent of building footings or walls to reduce the possibility of floor slab cracking caused by

differential movements between the slab and foundation.

2. Modulus of subgrade reaction is an estimated value based upon our experience with the subgrade condition, and the floor slab support
as noted in this table. It is provided for point loads. For large area loads the modulus of subgrade reaction would be lower.

3. Free-draining granular material should have less than 5% fines (material passing the No. 200 sieve). Other design considerations
such as cold temperatures and condensation development could warrant more extensive design provisions.
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Design recommendations emphasize the importance of
load calculations, material selection, and adherence to
building codes. Modern design approaches incorporate
finite element analysis (FEA) to accurately predict slab
behavior under various loading conditions. Construction
recommendations stress proper curing, reinforcement
placement, and quality control to ensure structural integrity
and longevity. Design parameters for floor slabs are
provided in Table 2. Specific attention should be given to
positive drainage away from the structures and the positive
drainage of the aggregate base beneath the floor slab.

Advancements in construction technologies, such as
precast and prefabricated slabs, have streamlined the
construction process, reducing time and labor costs.
Sustainable practices, including the use of recycled
materials and energy-efficient designs, are increasingly
integrated into floor slab construction, aligning with global
trends toward environmentally responsible building
practices.

The use of a vapor retarder should be considered
beneath concrete slabs on grade covered with wood, tile,
carpet, or other moisture-sensitive or impervious
coverings, or when the slab will support equipment
sensitive to moisture. When conditions warrant the use of
a vapor retarder, the slab designer should refer to ACI 302
and/or ACI 360 for procedures and cautions regarding the
use and placement of a vapor retarder.

Saw-cut control joints should be placed in the slab to
help control the location and extent of cracking. For
additional recommendations, refer to the ACI Design
Manual. Joints or cracks should be sealed with a
waterproof, non-extruding compressible compound
specifically recommended for heavy-duty concrete
pavement and wet environments.

Where floor slabs are tied to perimeter walls or turn-
down slabs to meet structural or other construction
objectives, our experience indicates differential movement
between the walls and slabs will likely be observed in
adjacent slab expansion joints or floor slab cracks beyond
the length of the structural dowels. The Structural Engineer
should account for potential differential settlement through
the use of sufficient control joints, appropriate reinforcing,
or other means. In addition to the mitigation measures, the
floor slab can be stiffened by adding steel reinforcement,
grade beams, and/or post-tensioned elements.

Regarding floor slab construction considerations,
finished subgrade within and for at least 10 feet beyond the
floor slabs should be protected from traffic, rutting, or
other disturbances and maintained in a relatively moist
condition until floor slabs are constructed. If the subgrade
becomes damaged or desiccated before the construction of
floor slabs, the affected material should be removed, and
structural fill should be added to replace the resulting
excavation. Final conditioning of the finished subgrade

should be performed immediately before the placement of
the floor slab support course.

The Geotechnical Engineer should approve the
condition of the floor slab subgrades immediately before
the placement of the floor slab support course, reinforcing
steel, and concrete. Attention should be paid to high-traffic
areas that were rutted and disturbed earlier, and to areas
where backfilled trenches are located.

Before the construction of grade-supported slabs,
varying levels of remediation may be required to
reestablish stable subgrades within slab areas due to
construction traffic, rainfall, disturbance, desiccation, etc.
As a minimum, confirm that interior trench backfill placed
beneath slabs is compacted in accordance with
recommendations outlined in this report. All floor slab
subgrade areas should be moisture-conditioned and
properly compacted to the recommendations in this report
immediately before the placement of the stone base and
concrete.

3. Deep foundation including drilled piers and
micropiles, aggregate piers and stone columns
definitions, design and construction recommendations

Deep foundation systems are integral components in
constructing structures where surface soils cannot support
the load. This review covers three primary types of deep
foundations: drilled piers and micropiles, aggregate piers,
and stone columns. These systems offer various
applications, advantages, and construction methods
tailored to specific geotechnical conditions.

As an alternative to a shallow foundation support
system, buildings should be supported on a deep
foundation system (drilled piers or micropiles) extending
to intact bedrock. When the building location is finalized
and footing locations are precisely staked in the field by the
surveyor, considerations should be given to perform air
track probings at each footing location before construction.
This will confirm the depth to intact bedrock, finalize pier
or pile locations and depths, and ensure all piers or piles
are embedded within intact bedrock below any voids
and/or thick clayey seams encountered in borings.
Additional borings are recommended to confirm boring
data and the preliminary foundation recommendations
outlined herein when the building location, structural
loadings, and grading configuration are available.

The allowable skin friction and passive resistances have
a factor of safety of about 2. To mobilize the rock strength
parameters, the piers or piles should be socketed at least 3
feet into intact bedrock below any voids or thick clayey
seams. Furthermore, it is assumed that the rock socket is
developed using coring rather than blasting techniques.
The upper 2 feet of clay should be ignored due to the
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potential effects of frost action and construction
disturbance. To avoid a reduction in lateral and uplift
resistance caused by variable subsurface conditions, it is
recommended that drawings instruct the contractor to
notify the engineer if subsurface conditions significantly
different from those encountered in our borings are
disclosed during drilled pier installation. Under these
circumstances, it may be necessary to adjust the overall
length of the piers. To facilitate pier length adjustments that
may be necessary because of variable soil and rock
conditions, it is recommended that a Geotech engineer
representative observe the drilled pier excavations.

A drilled pier foundation should be designed with a
minimum shaft diameter of 30 inches to facilitate cleanout,
inspection, and possible dewatering of the pier excavation.
Temporary casing will be required during the pier
excavation to control possible groundwater seepage and
support the sides of the excavation in weak soil or
weathered rock zones. Care should be taken so that the
sides and bottom of the excavations are not disturbed
during construction. The bottom of the shaft should be free
of soil or loose rocks before reinforcing steel and concrete
placement.

A concrete slump of at least 6 inches is recommended
to facilitate temporary casing removal. It should be
possible to remove the casing from a pier excavation
during concrete placement provided that the concrete
inside the casing is maintained at a sufficient level to resist
any earth and hydrostatic pressures outside the casing
during the entire casing removal procedure. It is strongly
recommended that the contract for pier excavations or
micropile drilling be based on a total linear footage of soil
and rock excavation calculated using probable bearing
levels. Add or deduct unit prices for pier excavations or
micropile drilling should be applied to greater or lesser
amounts of total drilling per pier or pile rather than
calculated on an individual pier or pile basis.

When shafts are used in groups, the lateral capacities of
the shafts in the second, third, and subsequent rows of the
group should be reduced compared to the capacity of a
single, independent shaft. Guidance for applying p-
multiplier factors to the p values in the p-y curves for each
row of pier foundations within a pier group is illustrated in
figure 4.

Where the Front row will be Pm is 0.8; Second row; Pm
is 0.4, Third and subsequent row and Pm is 0.3. For a single
row of shafts supporting a laterally loaded grade beam,
group action for lateral resistance of shafts should be
considered when spacing is less than three shaft diameters
(measured center-to-center). However, spacing closer than
3D (where D is the diameter of the shaft) is not
recommended, due to the potential for the installation of a
new shaft disturbing an adjacent installed shaft, likely
resulting in axial capacity reduction.

O O O O
Lateral
Load ] O O O
U [ O O
Third & Second  Front
subsequent Row Row
Rows

Figure 4. shafts used in groups

Where the Front row will be Pm is 0.8; Second row; Pm
is 0.4, Third and subsequent row and Pm is 0.3. For a single
row of shafts supporting a laterally loaded grade beam,
group action for lateral resistance of shafts should be
considered when spacing is less than three shaft diameters
(measured center-to-center). However, spacing closer than
3D (where D is the diameter of the shaft) is not
recommended, due to the potential for the installation of a
new shaft disturbing an adjacent installed shaft, likely
resulting in axial capacity reduction.

Regarding drilled shaft construction considerations, to
prevent the collapse of the sidewalls and/or to control
groundwater seepage, the use of temporary steel casing
and/or slurry drilling procedures may be required for
constructing the drilled shaft foundations. The drilled shaft
installation process should be performed under the
direction of the Geotechnical Engineer. The Geotechnical
Engineer should document the shaft installation process,
including  soil/rock and groundwater conditions
encountered, consistency with expected conditions, and
details of the installed shaft. A concrete slump of at least 6
inches is recommended to facilitate temporary casing
removal. It should be possible to remove the casing from a
pier excavation during concrete placement provided that
the concrete inside the casing is maintained at a sufficient
level to resist any earth and hydrostatic pressures outside
the casing during the entire casing removal procedure. Care
should be taken not to disturb the sides and bottom of the
excavation during construction. The bottom of the shaft
excavation should be free of loose material before concrete
placement. Concrete should be placed as soon as possible
after the foundation excavation is completed to reduce
potential disturbance of the bearing surface.

Aggregate piers, also known as vibro stone columns or
vibro-replacement, are used to improve the load-bearing
capacity of weak soils. They are particularly effective in
granular soils and have been widely used in constructing
embankments, industrial structures, and residential
buildings (Mitchell & Huber, 2014). The design of
aggregate piers involves determining the optimal spacing,
diameter, and depth of the piers to achieve the desired soil
improvement. The installation process increases the
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density and strength of the surrounding soil, leading to
improved load distribution and reduced settlement
(Greenwood, 2004). Design methodologies often rely on
empirical data and field testing to validate assumptions.
Construction of aggregate piers involves drilling a hole into
the ground, followed by the introduction of aggregate
material. The aggregate is then compacted using a
vibrating probe, which helps to densify the soil and form a
stiff column. This process may be repeated in lifts to ensure
thorough compaction and soil improvement (Kempfert &
Gebreselassie, 2006).

Based on our evaluation of the soil conditions
encountered at the site and our experience on other similar
projects, it is believed that aggregate piers (stone columns)
offer an economical alternative to undercut/replacement
and deep foundation options. To provide initial guidance,
it is recommended that the structural engineer consult with
one or more specialty contractors for further details.
Additional information can be found in the U.S.
Department of Transportation Federal Highway
Administration, Publication No. FHWA-SA-98-086,
Demonstration Project 116. General comments concerning
this approach are provided in the subsequent paragraphs.

Aggregate piers are constructed by drilling a hole,
removing a volume of soil, and then building a bottom bulb
of clean, well-graded crushed aggregate while vertically
pre-stressing and pre-straining subsoils underlying the
bottom bulb. The aggregate pier shaft is built on top of the
bottom bulb, using open-graded base course stone placed
in thin lifts. The rammed aggregate pier elements are a
proprietary subgrade reinforcing system and should be
designed and constructed by an installer licensed by the
ground improvement foundation company. The design
parameters should be verified by a full-scale modulus test
(similar to a pile load test) performed in the field. The
Geotechnical Consultant should be retained to monitor the
modulus test and subsequent production rammed aggregate
pier installations.

The installer should provide detailed design calculations
sealed by a professional engineer licensed in the State of
Tennessee. The design calculations should demonstrate
that the ground improvement method is estimated to
control long-term settlements to less than 1-inch total and
Y-inch differential, or a more stringent requirement if
determined by the structural engineer. After the
implementation of the above-mentioned ground
improvement program and planned grading as discussed
herein, the proposed building could be designed to rest on
shallow footings overlying stone column modified
subgrade. Shallow footings may be preliminarily designed
for an allowable bearing pressure of 5,000 psf. This value
should be confirmed by the stone column
contractor/designer. The stone column specialty contractor
should coordinate ground modification work including

spacing of stone columns with the structural engineer to
achieve the required bearing pressure and facilitate the
spacing of control joints in the structure. Considering the
apparent karst activity at the site, considerations should be
given to the use of cement-treated aggregate for stone
column construction to minimize surface water migration
into the ground and mitigate karst risk.

The proposed building columns and walls could be
designed to rest on shallow foundations after subgrade
remediation via stone columns as discussed herein. Based
on our evaluation of the soil conditions encountered and
our experience with other similar projects, it is believed
that stone columns offer an economical alternative to deep
foundations. Ground improvement options may include
aggregate piers using vibro-replacement techniques or
rammed aggregate piers extending to suitable natural
subgrade. It is recommended that this report and the
appendices be provided to the ground improvement
contractors/designers for pricing and subsequent design.

Stone columns are similar to aggregate piers but are
typically used in cohesive soils to reduce settlement and
increase load-bearing capacity. They are effective in
improving ground conditions for a variety of structures,
including roadways, railways, and industrial facilities
(Baumann & Bauer, 1974). The design of stone columns
involves assessing soil conditions and load requirements to
determine the appropriate column spacing, diameter, and
depth. Stone columns increase the shear strength of the soil
and accelerate consolidation by providing drainage paths
for pore water (Priebe, 1995). Design approaches often
incorporate both analytical methods and field testing to
ensure accuracy.

Stone columns are constructed using a vibratory probe
to displace soil and introduce coarse aggregate material.
The probe compacts the aggregate as it is inserted, forming
a column that enhances the strength and stiffness of the
surrounding soil. This method is particularly effective in
reducing liquefaction potential in seismic regions
(Barksdale & Bachus, 1983). When selecting and
designing deep foundation systems, engineers must
consider a variety of factors, including soil conditions, load
requirements, environmental impact, and cost. Proper site
investigation and soil testing are crucial for determining the
most suitable foundation type and design parameters.
Advanced modeling techniques and field testing can
enhance the reliability and performance of these systems
(Das, 2010). Quality control during construction is vital for
the successful implementation of deep foundations. This
includes monitoring drilling and installation processes,
ensuring the correct placement of materials, and
conducting  post-construction  testing to  verify
performance. Techniques such as load testing, cross-hole
sonic logging, and pile integrity testing are commonly used
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to assess the quality of installed foundations (FHWA,
2006).

Conventional stone columns are constructed using a
vibro-replacement or vibro-displacement method. A
similar approach, consisting of rammed aggregate piers or
Geopier® elements, involves removing a volume of soil
and then building a bottom bulb of clean stone or
aggregate. The Geopier shaft is built on top of the bottom
bulb, using well-graded highway base course stone placed
in thin lifts (12-inches compacted thickness). The lifts are
compacted by a repeated ramming action that also stresses
the soil laterally. Our preliminary design consideration
indicates the rammed aggregate pier elements will be
capable of supporting a net allowable bearing pressure of
5,000 psf. The recommended allowable bearing pressure is
the pressure in excess of the minimum surrounding
overburden pressure at the footing base elevation. This
bearing pressure should be considered preliminary and
should be confirmed by a stone column specialty
contractor. An allowable passive resistance of 750 psf will
be appropriate below the upper 2 feet of the soil profile.
Passive resistance in the upper 2 feet of the soil profile
should be neglected.

Current design methods are relatively empirical and
based on field evaluations of a select number of projects.
The foundation systems are proprietary and would be
designed and installed by a specialty contractor. The
installer should provide detailed design calculations sealed
by a professional engineer licensed in the State of
Tennessee. It is also recommended that specialty
contractors should be contacted and given an opportunity
to perform settlement analyses and confirm that
settlements will be within the client’s tolerable limits. The
design calculations should demonstrate that stone column
soil reinforcement will control long-term settlements to
desired tolerable levels. The geotechnical engineer should
be retained to monitor the field instrumentation and a
contractor-executed load test program to evaluate the
performance of the stone column design.

Drilled piers, also known as drilled shafts or caissons,
are cylindrical foundation elements that transfer building
loads to deeper, more stable soil or rock layers. They are
typically used in large-scale infrastructure projects such as
bridges, high-rise buildings, and industrial facilities where
high load-bearing capacity and stability are required
(Brown et al., 2010). The design of drilled piers involves
careful consideration of soil properties, load requirements,
and environmental factors. Key design parameters include
the diameter and depth of the pier, the type of reinforcing
steel used, and the concrete mix. Load-bearing capacity is
typically determined through a combination of soil testing
and empirical formulas (O’Neill & Reese, 1999).
Construction of drilled piers involves drilling a cylindrical
hole into the ground, placing a steel reinforcement cage,

and then filling the hole with concrete. The use of
temporary casing or drilling fluid may be necessary to
support the excavation and prevent collapse in unstable
soils (Reese & Van Impe, 2001). Quality control is critical
during construction to ensure the integrity and performance
of the piers.

Recent advancements in deep foundation technology
include the use of high-performance materials, automated
installation techniques, and improved monitoring systems.
Innovations such as self-compacting concrete, real-time
monitoring of installation parameters, and the integration
of geotechnical data into building information modeling
(BIM) are enhancing the efficiency and reliability of deep
foundation systems (Ng et al., 2018).

4. Conclusions

In conclusion, this review paper has comprehensively
explored various types of foundations crucial to civil
engineering practice: shallow foundations, floor slabs, and
deep foundations such as drilled piers, micropiles,
aggregate piers, and stone columns. By examining
definitions, design methodologies, and construction
recommendations for each type, this study has highlighted
their respective advantages, challenges, and suitable
applications in diverse geotechnical contexts. Shallow
foundations, including isolated footings and raft
foundations, remain fundamental for structures where soil
bearing capacity is sufficient near the surface. They offer
cost-effective solutions for buildings and structures with
moderate loads. Floor slabs, essential for residential and
industrial constructions, require careful consideration of
load distribution and material properties to ensure long-
term performance and durability. Conversely, deep
foundations like drilled piers, micropiles, aggregate piers,
and stone columns are indispensable for transferring heavy
structural loads to deeper, more competent soil or rock
layers. Their design intricacies involve geotechnical
analysis, structural compatibility, and construction
techniques tailored to specific ground conditions. By
synthesizing current knowledge and practices, this review
contributes valuable insights into the complex interplay
between foundation types, design principles, and
construction methodologies. It underscores the importance
of informed decision-making in selecting and
implementing appropriate foundation systems to ensure the
safety, stability, and longevity of civil engineering projects
in varying environmental and geological settings. Future
research should continue to refine and innovate these
foundational technologies in response to evolving
engineering challenges and sustainability imperatives.
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ABSTRACT

In a construction project, various project management activities assist in achieving project
goals in planning, procurement, implementation, and control. In the construction sector, the
Ministry of Public Works and Public Housing (PUPR) has mandated that at least 30-85% of
products used should be domestic, as measured by the Domestic Component Level (TKDN),
and the maximum value for the Company Benefit Weight (BMP) should be 15%. When
combined, the TKDN and BMP values should be at least 40%. This regulation aims to reduce
product imports and boost the purchase of domestic products, which can significantly
improve the national economy if consistently implemented. This study employs a
quantitative analysis method using data such as material specifications, material/tool prices,
worker wages, Work Unit Price Analysis (AHSP), and Cost Budget Plans (RAB). The
calculation shows that the total value for the project is 81.85%, comprising 73.381% for
TKDN and 8.43% for BMP. Therefore, it can be confirmed that the construction project of
ITS Tower 2 Building in Surabaya complies with the Presidential Regulation of the Republic
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1. Introduction

A construction project involves undertaking tasks to
transform an initial concept into a tangible structure or
infrastructure. To achieve the project's objectives, various
resources are utilized, including labor, construction
machinery, both permanent and temporary materials,
supplies and facilities, financial resources, technology or
methods, and time [1]. The phases of a construction project
encompass planning, procurement, execution, and

monitoring, which together form an interconnected
framework known as project management [2]. The
presence of project management in construction projects
aids in accurately and efficiently determining project costs,
quality, and execution time [3]. Moreover, in the book
"Construction Project Management," Clough et al. state
that construction management goes beyond merely
overseeing the construction and managing a company; it
involves coordinating all the components within it [4].

In project management, particularly in Indonesia,
specific elements serve as a guideline for incorporating

" Corresponding author. Tel.: +628123260260; e-mail: putra_indp.ts@upnjatim.ac.id.

2024-v016(3)-p 29-39


file:///E:/Journals-Researchers/Vol%206/NO.%201/www.journals-researchers.com
https://orcid.org/0009-0005-2099-9346
https://orcid.org/0000-0002-5759-049X

30 Journal of Civil Engineering Researchers

domestic products into construction projects, including
both goods and services [5]. Utilizing domestic products is
anticipated to decrease the need for importing goods or
services, as the current use of local products in the
construction industry remains quite limited [6]. The current
situation shows that many foreign products and
investments entering developing countries are subject to a
policy known as Local Content Requirements (LCR),
which is designed to safeguard the domestic industry [7].
In Indonesia, the policy can be assessed in terms of value
by determining the Domestic Component Level (TKDN),
as outlined in Presidential Regulation Number 12 of 2021
concerning Government Procurement of Goods/Services
article 66, clause 2 specifies that the requirement to use
domestic products applies to goods and services where the
TKDN value, combined with the minimum Company
Benefit Weight (BMP), must be at least 40% [8]. Among
the two assessment indicators, each has a specified
minimum value. For the TKDN value, it must adhere to the
decision outlined in Ministry of Public Works and Public
Housing Regulation No. 602/KPTS/M/2023, which sets
the minimum TKDN value for construction services in the
Cipta Karya sector at 30-85% [9]. For the BMP value, the
guidelines outlined in the Regulation of the Minister of
Industry of the Republic of Indonesia Number 30/M-
IND/PER/6/2006 specify that the maximum allowable
Company Benefit Weight (BMP) is 15%. This BMP value
is based on four indicators, including aspects such as
business empowerment [10].

To support the calculation of TKDN values, it is
essential to use secondary data, such as technical
specifications, to minimize unnecessary waste and avoid
rework caused by material standard failures and irregular
work. This helps prevent confusion between contract
creators, unit prices of materials, and wages. The Work
Unit Price Analysis (AHSP) is employed to accurately
forecast construction costs by summing the unit prices of
materials, tools, and labor. Additionally, The Cost Budget
Plan (RAB) serves as a guideline for financial planning and
management, aiding in decision-making, performance
monitoring, and work schedule oversight [11-13].

Therefore, to enhance the use of domestic products in
Indonesia, it is hoped that this will foster national pride,
enable the production of goods with quality on par with
international standards, and achieve competitive pricing
compared to foreign products [14]. In this endeavor, it is
anticipated that The government will take a primary role in
advancing and disseminating information about the use of
Domestic Products (PDN) [15]

2. Research Objectives

To determine the TKDN value and assess the BMP
value for the Tower 2 Building Construction project at
Institut Teknologi Sepuluh Nopember Surabaya, the focus
will be on the main building structure work, ranging from
the foundation to the roof floor, excluding architectural
work and Mechanical, Electrical, and Plumbing (MEP)
systems

3. Data Analysis

The data analysis section outlines the steps the author
will undertake in this study after acquiring both primary
and secondary data from the implementing contractor, PT.
Wijaya Karya (Persero) Tbhk. The following describes the
process for analyzing the data:

a. ldentify the Domestic Component Level (TKDN)

Value on each Component

Identify the TKDN value for each component, including

materials, work tools, and labor for specific tasks. To

determine these values, consult the official website
provided by the Ministry of Industry of the Republic of

Indonesia at https://tkdn.kemenperin.go.id/. If certain

items are not listed on the site, assume their TKDN

value is 0%. Additionally, analyze the Work Unit Price

(HSP) to assess its impact on TKDN costs.

b. Analyzing the Price of Work Units (HSP) as a

Determinant of TKDN Costs
Work Unit Price Analysis (HSP) is needed in the data
calculation process; to find out the unit price of each job
based on TKDN, the first step is to determine the
amount of price of materials, tools, and labor obtained
from the multiplication between the unit price and the
coefficient. The second step, after the price amount is
obtained, then enter the TKDN value of each item from
material components, tools, and labor. For the final step,

Additionally, multiply the price of each item by its

TKDN value to determine the unit price of the work

according to TKDN standards. After that, the sum of

each price according to the contract and the amount of
price based on the TKDN value is carried out.

c. Recapitulation of TKDN Values in Structural Work

The process of recapitulating the TKDN value in

structural work requires Cost Budget Plan (RAB) data

as a reference for work sub-items in determining the
amount of price according to the contract and the
amount of price based on the TKDN value and the
number of TKDN value weights. The sub-items of
structural work to be reviewed consist of:

e  Earthworks

e Foundation work

e 1stto 11th floor work
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¢ Roofing floor work
e  Staircase structure work from the 1st floor to
the roof floor
d. Identification of the Value of Company Benefit
Weights (BMP) in Construction Services
Under the Minister of Industry of the Republic of
Indonesia Number 16 of 2011, Company Benefit
Weight (BMP) is awarded to companies based on
several criteria. This involves providing support to
micro and small businesses, including small
cooperatives, through partnerships, as well as
emphasizing occupational health & safety and
environmental management certificates; promoting
environmental sustainability; and providing after-sales
service facilities.
e. Calculation of the Company's Benefit Weight
Value (BMP)
The calculation of the BMP value also adheres to the
Regulation issued by the Minister of Industry of the
Republic of Indonesia Number 16 of 2011. BMP is
computed by multiplying the accumulated weight of the
determining factors by the maximum weight, with the
total value not exceeding 15%.
f.  Results of Combining TKDN Values with BMP

In the final step, the TKDN and BMP values will be
combined to determine the extent to which domestic
products are utilized in construction services

4. Result and Discussion

4.1. Determination of the Domestic Component Level
(TKDN) Value

Under Government Regulation of the Republic of
Indonesia No. 29 of 2018, Article 61 Paragraphs 1 and 2,
domestic products (DN) must have a minimum TKDN
value of 25%. To calculate the Domestic Component Level
(TKDN), it is essential to consider project resources,
including materials, tools, and labor.

a. Calculation of Domestic Component Level (TKDN)

of Materials

To calculate the TKDN value for materials, the initial
step is to identify the materials used in the structural work
of the ITS Tower 2 Construction project in Surabaya, based
on the project's technical specifications. These
specifications also provide information about the brands
used, which helps determine the TKDN value listed on the
official website of the Ministry of Industry of the Republic
of Indonesia, https://tkdn.kemenperin.go.id/ .

Table 1.
Calculation Example of Domestic Component Level (TKDN) of Materials
Materials Brand TKDN (%)
Meranti Formwork Wood local 100,00%
Dolken Wood, 8-10 cm local 100,00%
12 mm thick plywood (Phenolic Film) Source of Graha Sejahtera 82,53%
Semen PC 40 Kg Semen Gresik 84,41%
Spun pile with a diameter of 60 cm and K-600 grade Wika Beton 71,47%
Spun pile with a diameter of 30 cm and K-600 grade Wika Beton 71,47%
Sand Tide Local 100,00%
Ready Mix Concrete K-400 Merak Jaya 94,20%
Ready Mix Concrete K-350 94,20%
Table 2.
Calculation Example of Domestic Component Level (TKDN) of Work Tools
Work Tools Made (LN/DN) Owned (LN/DN) TKDN (%) Unit
Rent a stress pile tool LN DN 75% H
3-ton forklift rental - min. 8 hours LN DN 75% H
Crane rental 30 tons - min. 8 hours LN DN 75% H
Hydraulic piling rental - min. 8 hours (including mob/de) LN DN 75% H
Concrete pump rental - min. 3 hours LN DN 75% H
Welding equipment rental LN DN 75% H
Compressor rental LN DN 75% H
Welding set rental (min. 5 hours, etc.) LN DN 75% H
Cost a dump truck 5-ton LN DN 75% D
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An example of this calculation is illustrated in Table 1.
Table 1 shows that the materials used have a variable
TKDN value, including a spun pile with a diameter of 60
cm K-600 with the brand Wijaya Karya Beton, which has
a TKDN value of 71.47%. Meanwhile, meranti formwork
wood has a TKDN value of 100% because the material
comes from nature.
b. Calculation of Domestic Component Level (TKDN)
of Work Tools
The calculation of the TKDN value for work tools is
explained through various categories as detailed in the
Regulation issued by the Minister of Industry of the
Republic of Indonesia Number 16 of 2011. Specifically:
e Tools manufactured in Indonesia (DN) and owned
by DN companies are valued at 100% TKDN.
e Tools produced in Indonesia (DN) but owned by
foreign (LN) companies are assigned a TKDN
value of 75%.
e For tools made in Indonesia (DN) and owned by
joint ventures between foreign (LN) and domestic
(DN) companies, the TKDN value is 75% plus
(25% multiplied by the percentage of DN
ownership).
e Tools made abroad (LN) and owned by domestic
(DN) companies have a TKDN value of 75%.
e Tools manufactured abroad (LN) and owned by
foreign (LN) companies are valued at 0% TKDN.
Table 4.

Table 2 shows that nearly all the tools used in the work
are imported but owned by domestic companies, giving
them a TKDN value of 75 percent. However, some tools
are manufactured domestically and held by domestic
companies, resulting in a TKDN value of 100%.

c. Calculation of Domestic Component Level (TKDN)

of Labor

When calculating the TKDN value for labor, it is
evaluated according to their nationalities. In line with the
Regulation issued by the Minister of Industry of the
Republic of Indonesia Number 16 of 2011, Indonesian
workers are assigned a TKDN value of 100%, while
foreign workers are given a value of 0%. An example of
this calculation is provided in Table 3.

Table 3.
Calculation Example of Domestic Component Level (TKDN) of
Labor

Labor Citizenship (WNI/WNA)  TKDN (%)
Mandor WNI 100%
Head masonry WNI 100%
Blacksmith's head WNI 100%
Blacksmith's head WNI 100%
Chief painter WNI 100%
Head Carpenter WNI 100%

Calculation of Work Unit Price Analysis (AHSP) Based on Domestic Component Level (TKDN) Value

Total KDN Price

Description Cow. Sat. Unit Price Total Price (IDR) TKDN Value (%) (IDR)
a b c d e=bxd f g=exf
1m3 Concrete Work K - 175 (Ready Mix)
Tenaga:
Mandor 0,1000 Day Rp 100.000 Rp  10.000 100,00% Rp  10.000
Head Masonry 0,0250 Oh Rp  90.000 Rp 2.250 100,00% Rp 2.250
Masonry 0,2500 Oh Rp  82.000 Rp  20.500 100,00% Rp  20.500
Unskilled Worker / 1,0000  Oh Rp 72500 Rp  72.500 100,00% Rp  72.500
Laborer
Sum: Rp 105.250 Number of KDN: Rp 105.250
Material:
?fgdy Mix Concrete K- 10200 m3 Rp  580.000 Rp 591.600 94,20% Rp 557.287
Sum: Rp 591.600 Number of KDN: Rp 557.287
Equipment:
Rental of concrete pump— 1505 poyr  Rp 1.685.000 Rp 202200 75,00% Rp 151.650
minimum 3 hours
Sum: Rp 202.200 Number of KDN: Rp 151.650
Total Price: Rp 899.050 KDN Price: Rp 814.187
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Calculation Example of The Cost Budget Plan (RAB) Based on The Value of TKDN

. Unit Price Total Price KDN Unit Total KDN Price
No. Work Items Unit Volume (IDR) (IDR) Price (IDR) (IDR)
a b c d e f=dxe g h=dxg
11.3. 1st FLOOR
1 Concrete Plate Ground Floor,
fc' =24.90 Mpa, thl=15 cm
Working Floor Rebate
f'=14.53 Mpa, thl=5 cm m3 60,654 Rp 899.050 Rp54.531.203 Rp 814187 Rp 49.383.914
Ready Mix Concrete fc' =
24.90 Mpa, K-300 m3 200,22 Rp 970450 Rp 194.303.499 Rp 881446 Rp176.483.118
Ready Mix Concrete fc' =
33.20 Mpa, K-400 m3 181,96 Rp 1.016.350 Rp 184.937.841 Rp 924.684 Rp 168.258.007
Reinforcement Kg 28684 Rp 12.958 Rp 371.697.531 Rp 6.148 Rp 176.345.650
2 Concrete Plate Ground floor,
fc' = 24.90 Mpa, thl=20 cm
Working Floor Rebate
f'=14.53 Mpa, thl=5 cm m3 16,398 Rp 899.050 Rp 14.742397 Rp 814.187 Rp 13.350.838
Ready Mix Concrete fc' =
24,90 Mpa, K-300 m3 5277 Rp 970450 Rp 51.210.647 Rp 881446 Rp 46.513.905
Ready Mix Concrete fc' =
33.20 Mpa, K-400 m3 65591 Rp 1.016.350 Rp 66.663.413 Rp 924.684 Rp 60.650.935
Reinforcement Kg 6409,3 Rp 12958 Rp 83.052.694 Rp 6.148 Rp 39.402.956
3 Concrete Plate Ramp Ground
floor, fc' = 24.90 Mpa, tbl=10
cm
Brick collage pair m2 11,16 Rp 117661 Rp 1313091 Rp 117661 Rp 1.313.091
Sand m3 43952 Rp 263.182 Rp 1.156.738 Rp 240432 Rp 1.056.747
Ready Mix Concrete fc' =
24.90 Mpa, K-300 m3 - Rp 970450 Rp - Rp 881446 Rp -
Ready Mix Concrete fc' =
33.20 Mpa, K-400 m3 8,7904 Rp 1.016.350 Rp 8934123 Rp 924.684 Rp 8.128.340
Reinforcement Kg 12829 Rp 12958 Rp 16.624.141 Rp 6.148 Rp 7.887.044
Bekisting plat m2 87,904 Rp 455.022 Rp 39.998.254 Rp 438.699 Rp 38.563.367
3 Concrete Elevator Wall, fc' =
33.20 Mpa, thl=15 cm
Ready Mix Concrete fc' =
33.20 Mpa, K-400 m3 16,472 Rp 1.016.350 Rp 16.740.809 Rp 924.684 Rp 15.230.929
Reinforcement Kg 40575 Rp 12958 Rp 52577455 Rp 6.148 Rp 24.944.490
Formwork dining m2 219,62 Rp 716.656 Rp 157.391.991 Rp 637.307 Rp 139.965.330

Continued on the next page
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Calculation Example of The Cost Budget Plan (RAB) Based on The Value of TKDN

No. Work Items Unit Volume U?:BF;;CE To(tflé);r)ice plfitc)?(%]pi:) et (ll( SR':I) ATt
4 Reinforced Concrete Wall
(Shearwall), fc' = 33.20 Mpa,
tbl=25 cm
?Ff;"’;%y&"p';( i‘fzggﬂe fe'= m3 49345 Rp 1016350 Rp 50.151.791 Rp 924.684 Rp 45.628.522
Reinforcement Kg 73876 Rp 12958 Rp 95.729.875 Rp 6.148 Rp 45.417.431
Formwork dining m2 39476 Rp 716.656 Rp 282.907.123 Rp 637.307 Rp251.583.251
5 Concrete Columns
- K1 90x150 cm
5;2%3"\';";;‘ i(fzngte fe'= m3 12909 Rp 1016350 Rp 131197572 Rp 924.684 Rp 119.364.658
Reinforcement Kg 33020 Rp 12,958 Rp 427.873.602 Rp 6.148 Rp 202.997.443
Column formwork m2 458,98 Rp 553.723 Rp 254145415 Rp 537.399 Rp 246.653.393
- K2 80x110 cm
5392%3’,\';";;‘ i(fzggete fe'= m3 36062 Rp 1016350 Rp 36652020 Rp 924.684 Rp 33.346.317
Reinforcement Kg 11892 Rp 12.958 Rp 154.093.764 Rp 6.148 Rp 73.107.198
Column formwork m2 155,72 Rp 553.723 Rp 86.227.909 Rp 537.399 Rp 83.685.973
- K3 70x90 cm
Ready Mix Concrete with a
compressive strength of 33.20 m3 43,029 Rp 1.016.350 Rp 43.732524 Rp 924.684 Rp 39.788.219
MPa, K-400
Reinforcement Kg 99705 Rp 12958 Rp 129.199.866 Rp 6.148 Rp 61.296.706
Column formwork m2 21856 Rp 553.723 Rp 121.021.626 Rp 537.399 Rp 117.453.997
- K4 40x50 cm
Ready Mix Concrete with a
compressive strength of 33.20 m3 25,184 Rp 1.016.350 Rp 25.595.758 Rp 924.684 Rp 23.287.237
MPa, K-400
Reinforcement Kg 71999 Rp 12958 Rp 93.297.180 Rp 6.148 Rp 44.263.280
Column formwork m2 226,66 Rp 553.723 Rp 125504565 Rp 537.399 Rp 121.804.782
- K5 50x50 cm
Ready Mix Concrete with a
compressive strength of 33.20 m3 85375 Rp 1.016.350 Rp 8.677.088 Rp 924.684 Rp 7.894.488
MPa, K-400
Reinforcement Kg 29915 Rp 12958 Rp 38.764.213 Rp 6.148 Rp 18.391.030
Column formwork m2 68,3 Rp 553.723 Rp 37.819.258 Rp 537.399 Rp 36.704.374

K6 70x40 cm

Continued on the next page.
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?:Ifufe‘\tion Example of The Cost Budget Plan (RAB) Based on The Value of TKDN
No. Work Items Unit Volume U?:BF;;CE To(tflé);r)ice plfitc)?(%]pi:) et (ll( SR':I) ATt
Ready Mix Concrete with a
compressive strength of 33.20 m3 15299 Rp 1.016.350 Rp 15.549.342 Rp 924.684 Rp 14.146.922
MPa, K-400
Reinforcement Kg 6870,2 Rp 12.958 Rp 89.024.556 Rp 6.148 Rp 42.236.205
Column formwork m2 120,21 Rp 553723 Rp 66.561.894 Rp 537.399 Rp 64.599.698
6 Concrete Blocks
- Balok Separator 20x30 cm
Ready Mix Concrete with a
compressive strength of 24.90 m3 1,44 Rp 970450 Rp 1397448 Rp 881446 Rp 1.269.282
MPa, K-300
Ready Mix Concrete with a
compressive strength of 33.20 m3 2,28 Rp 1.016.350 Rp  2317.278 Rp 924.684 Rp 2.108.279
MPa, K-400
Reinforcement Kg 41361 Rp 12958 Rp  5.359.679 Rp 6.148 Rp 2.542.810
Beam formwork m2 11,4 Rp 575723 Rp 6.563.238 Rp 559.399 Rp 6.377.152
7 Steel Column
WF Frame 300.150.6,5.9 Kg 13787 Rp  30.851 Rp 42532749 Rp 14602 Rp 20.130.750
Iron Meni Painting m2 45,12 Rp 34431 Rp 1553513 Rp 25398 Rp 1.145.952
Full Plate, tbl=16mm Kg 71691 Rp 29.461 Rp 2.112.079 Rp 15.175 Rp 1.087.932
Plat Rip/stiffener, tbl=10mm Kg 11443 Rp 29.461 Rp 3371203 Rp 20238 Rp 2.315.788
Eﬁzct:’zoagnr;awre @16, bh 32 Rp 69890 Rp 2236480 Rp 46435 Rp 1485917
8 Steel Beam
WEF Frame 250.125.6.9 Kg 480,73 Rp 30.851 Rp 14.830.828 Rp 14,602 Rp 7.019.431
Iron Meni Painting m2 12,19 Rp 34431 Rp 419.710 Rp 25.398 Rp 309.600
Connector Plate, tblI=10mm Kg 9,81 Rp 29.461 Rp 289.012 Rp 20238 Rp 198.532
Full Plate, tblI=16mm Kg 5,65 Rp 29.461 Rp 166455 Rp 15175 Rp 85.741
Plat Rip/stiffener, tbl=10mm Kg 18,84 Rp 29.461 Rp 555.045 Rp 20.238 Rp 381.279
Eﬁzct:’zoamawre @16, Pes 18 Rp 69890 Rp 1258020 Rp 46435 Rp 835828
Mur Builds @14 Pcs 24 Rp 17.710 Rp 425.040 Rp 11465 Rp 275.171
9 fpcr,a:‘ﬂc_g';:/:;’?” 10x10 ¢m, m1 215 Rp 75268 Rp 16182586 Rp 51707 Rp 11.117.080
10 Eﬂe;n 10x15 cm, fc'=14.53 m1 3381 Rp 94319 Rp 3188920 Rp 69.845 Rp 2361447
11 Concrete Table Plate 10cm
thick

Continued on the next page.
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Calculation Example of The Cost Budget Plan (RAB) Based on The Value of TKDN

. Unit Price Total Price KDN Unit Total KDN Price
No. Work Items Unit Volume (IDR) (IDR) Price (IDR) (IDR)
Ready Mix Concrete fc' = Rp
14.53 Mpa, K-175 m3 0,17 899.050 Rp 152.839 Rp 814187 Rp 138.412
Reinforcement Kg 17,78 RP Rp 230396 Rp 6148 Rp  109.307
12.958
Plate formwork Rp
m2 1,7 455,022 Rp 773537 Rp 438699 Rp 745.788
Total Fee: Rp3.735.518.823  KDN Fee: Rp2.723.171.265

Table 3 shows that the workers in the ITS Tower 2
Building Construction project in Surabaya have a TKDN
value of 100% because they have a workforce that is
entirely Indonesian citizens or from within the country.

4.2. Analysis of Work Unit Pricing (AHSP) Based on the
Domestic Component Level (TKDN) Value

In calculating the Work Unit Price Analysis (AHSP),
It's important to take into account elements like materials,
labor, and work tools. These components have unit prices
determined by documents from the implementing
contractor and are associated with the TKDN values
outlined in the previous section. An example of this
calculation is shown in Table 4.

4.3. Calculation of The Cost Budget Plan (RAB) Based on
The Value of TKDN

The RAB calculation is conducted following the AHSP
calculation. This process involves multiplying the unit
price of each task by its corresponding volume. An
example of the RAB calculation is provided in Table 5.

4.4. Calculation of the Cost Budget Plan (RAB)
According to TKDN Values

The recapitulation is derived from summing the costs of
each task related to the main building structure work, as
detailed in Table 6.

gﬁ!ﬁlgﬁon of The Cost Budget Plan (RAB) Based on The Value of TKDN

NO WORK ITEMS TOTAL FEE (IDR) TOTAL KDN FEE (IDR) TKDN VALUE (%)
a b d e=dlc
1 Earthworks Rp  239.546.767 Rp  237.140.317 98,995%
2 Foundation Work Rp 11.487.408.097 Rp 7.617.294.802 66,310%
3 Ground Floor Rp 3.735.518.823 Rp 2.723.171.265 72,899%
4 Second Floor Rp 4.377.157.389 Rp 3.243.016.213 74,090%
5 Third Floor Rp 3.524.576.254 Rp 2.613.958.969 74,164%
6 Fourth Floor Rp 3.309.922.404 Rp 2.445.818.446 73,894%
7 Fifth Floor Rp 2.848.307.620 Rp 2.165.497.377 76,028%
8 Sixth Floor Rp 2.857.104.151 Rp 2.171.370.045 75,999%
9 Seventh Floor Rp 2.857.104.151 Rp 2.175.728.136 76,152%
10 Eighth Floor Rp 2.857.104.151 Rp 2.175.728.136 76,152%
11 Ninth Floor Rp 2.652.074.662 Rp 1.989.398.726 75,013%
12 Tenth Floor Rp 2.699.124.290 Rp 2.026.258.456 75,071%

Continued on the next page.
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Table 6.
Calculation of The Cost Budget Plan (RAB) Based on The Value of TKDN
NO WORK ITEMS TOTAL FEE (IDR) TOTAL KDN FEE (IDR)  TKDN VALUE (%)
13 Eleventh Floor Rp 3.223.131.244 Rp 2.431.229.001 75,431%
14 Roofing Floor Rp 4.344.676.876 Rp 3.422.288.158 78,770%
15  Str. Work. Stairs 1 To 2nd Floor Rp  140.051.114 Rp  90.672.113 64,742%
16 Str. Work. Stairs 2nd To 3rd Floor Rp 78.634.821 Rp 58.401.696 74,270%
17 ﬁ:go\:"ork' Stairs From 3rd To 4th Rp  63.198.654 Rp  46.937.514 74,270%
18 ﬁ}go\:vork' Stairs 4th Floor To Fifth Rp  61.363.362 Rp  45.696.530 74,469%
19 ggi:’svork' Sth Floor To 6th Floor Rp  61.363.362 Rp  45.696.530 74,469%
20 ﬁ}go\:vork' Stairs 6th Floor To 7th Rp  61.363.362 Rp  45.696.530 74,469%
21 ggi:’svork' 7th Floor To Eighth Floor Rp  61.363.362 Rp  45.696.530 74,469%
pp  Str-Work. Stairs From 8th Floor To Rp  61.363.362 Rp  45.696.530 74,469%
9th Floor
23 i}go\:vork' Stairs 9th Floor To 10th Rp  61.363.362 Rp  45.696.530 74,469%
24 ﬁ:go‘:vork' Stairs 10th Floor To 11th Rp  61.363.362 Rp  45.696.530 74,469%
25  Str. Work. Stairs To Roof 11 Rp  100.303.926 Rp 75.638.651 75,409%
TOTAL Rp 51.824.488.927 Rp 38.029.423.731 73,381%
Table 7.
Recapitulation of the Company's Benefit Weight VValue (BMP)
No. Types of Activities Weight BMP Value (%)
1 Empower_ment of Small Businesses including Small Cooperatives through 28.09% 4,21%
Partnerships
2 Certificate Ownership
- Occupational Health and Safety (SMK3/OHSAS 18000) 6%
3%
- Environmental Management (ISO 14000) 14%
3 Community Development 8,13% 1,22%
4. After-sales Service Facilities 0% 0%
TOTAL 56,22% 8,43%
The results of the calculation from Table 6 that the Surabaya has a total construction cost of IDR
structural work of the main building of Tower 2 ITS 51,824,488,927 with a total cost based on the TKDN value
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of IDR 38,029,423,731. Meanwhile, for the total
construction cost and total cost based on the TKDN value,
the percentage of TKDN value for the structure of the ITS
Tower 2 Building Surabaya was 73.381%. The percentage
of TKDN value is obtained from the following calculation:

% TKDN = (KDN Cost/Total Cost) x 100%
= (IDR 38,029,423,731 / IDR
51,824,488,927) x 100%

=73,381%

4.5. Summary of the Company's Benefit Weight (BMP)
Value

The outcomes of the company's contributions to
Environmental Responsibility and Social Responsibility
(CSR), based on data collected from interviews with
relevant parties, are displayed in Table 7.

From the results of the recapitulation of the BMP value
in Table 7, it can be concluded that the total weight
obtained from the four factors is 56.22% and the total
percentage of BMP value is 8.43% from the following
calculations:

Total BMP value (%) = 56.22% x 15% = 8.43%

4.6. Results of the Percentage of TKDN Value and BMP
Value in the ITS Tower 2 Building Construction Project
Surabaya

In line with Presidential Regulation Number 12 of 2021
concerning Government Procurement of Goods/Services,
Article 66, Clause 2 stipulates that the requirement to use
domestic products includes goods and services with a
Domestic Component Level (TKDN) value combined with
a minimum Company Benefit Weight (BMP) value of
40%. For the main building structure of the ITS Tower 2
Construction project in Surabaya, the TKDN value is
73.381% and the BMP value is 8.43%. Thus, the total
value, combining TKDN and BMP, is 81.85%. This result
indicates that the structural work for the main building of
the ITS Surabaya Tower 2 meets the established
requirements.

5. Conclusions

Based on the research conducted on the ITS Surabaya
Tower 2 Building Construction project, the following
conclusions can be drawn:

a. The TKDN value for the main building structure
work in the ITS Surabaya Tower 2 project is
73.381%.

b.  The BMP value for the implementing contractor
in this project is 8.43%.

c. Combining the TKDN value of 73.381% with the
BMP value of 8.43% results in a total value of
81.85%.
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ABSTRACT

This study explored the subsurface dynamics related to pile driving for the foundation of the
E2 Bridge in Manta, Ecuador, using advanced geotechnical modeling. The objective was to
evaluate the impact of various driving techniques on the mechanical properties of the soil,
focusing on the stress distribution and the resulting deformations. The methodology included
simulation analysis to compare different driving techniques and adjust them according to the
specific soil characteristics at the construction site. The results revealed that by adapting the
driving techniques to the local soil conditions, a 25% improvement in subsoil stability was
achieved. The conclusions highlight the importance of customizing civil engineering
practices according to the geotechnical specificities of each project. The adaptation of
driving techniques is proposed as a practical and feasible measure to optimize construction
processes, ensuring a more efficient and safer building. Furthermore, the study offers
fundamental perspectives for the standardization of driving techniques in different
geological contexts, contributing significantly to the improvement of foundation
methodologies used in civil engineering.
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of research within civil engineering. This study highlights
the need to consider soil- structure interaction (SSI) and
erosion effects on pile foundations, building on previous
research such as Kazakov et al. [1]. Specifically, this work

1. Introduction

The evaluation of the structural integrity of bridges
under the influence of seismic loads constitutes a vital field
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focuses on Bridge E2 in Manta, Ecuador, a case where
erosion and SSI have significantly compromised its
structural integrity, highlighting the need for improved
construction methods. This approach not only seeks to
improve the seismic resilience of existing structures, but
also to guide the design of new infrastructure adapted to
local geotechnical complexities [2-4].

Recent studies, such as Naik and Hegde 5], have shown
that significant erosion around piles can drastically alter the
stiffness and strength of foundations, directly impacting
structural stability during seismic events. In addition,
variability in soil mechanical properties, such as density
and shear strength, is crucial in the dynamics of SSI under
seismic loads, which can lead to unpredictable structural
response, as indicated by Gharad and Sonparote [6].
Mowafy et al. [7] identified the depth of erosion as a
critical factor in the behavior of pile foundations under
seismic conditions. In this context, the application of
advanced distributed plasticity models in piles, as
suggested by Malek et al. [8], is presented as a promising
approach to achieve more accurate predictions of the
seismic response of structures affected by erosion.

The present research extends previous studies on the
effect of SSI on the seismic behavior of bridges with pile
foundations, such as that of Liang et al. [9], by adopting
advanced computational methods to address the complex
soil-structure interaction dynamics, referencing Cao et al.
(2021) [10]. Proper seismic risk assessment and
implementation of mitigation strategies for bridges
exposed to severe erosion and seismicity conditions require
a comprehensive approach, as highlighted by Mohanty et
al. [11], which considers both the current condition of the
foundation and the soil characteristics themselves.

Figure 1. Port of Manta - Colisa Project.

The analytical approach of this study, which benefits
from recent advances in seismic analysis of bridges,
incorporates  performance-based  assessments  that
comprehensively consider both scour risk and SSI, as
detailed in Zhang et al. [12]. In addition, the importance of
implementing design and rehabilitation strategies aimed at
increasing the seismic resilience of bridges whose
foundations have been affected by erosive processes is
emphasized, as suggested by He et al. [13]. The central
purpose of this research is to develop an analytical and
design framework that improves the understanding and
management of seismic risks in erosion-affected bridges by
providing design and rehabilitation strategies that
strengthen seismic resilience in challenging geotechnical
contexts.

2. Materials and Methods

2.1. Background

The Manta-Manaos Multipurpose Project is of great
relevance for national development. Its execution involved
strategic planning by the government, supported by studies
of the Ministry of Transportation and Public Works
(MTOP). Among these studies, the Manta-San Placido-
Quevedo Highway in its preliminary phase and the access
to the Port of Manta in its final phase stand out, as shown
in Figure 1.

The earthquake of April 16, with a magnitude of 7.8 on
the Richter scale, led the government to prioritize works in
the affected areas, including the expansion of the Manta-
Colisa Road. This effort seeks to reactivate the province of
Manabi, improving connectivity through the port of Manta,
where works are also being developed to optimize its
services.
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Figure 2. Dimensions of the mini-pile

The project includes the widening of the road from the
port of Manta to Colisa (Jaramijo) to 6 lanes and the
construction of 9 road interchanges (bridges). These
improvements are crucial for the economic development
and post-earthquake recovery of the region, facilitating
transportation and trade.

2.2. Equipment Design

The design of the scale model of the equipment was
based on the collection of information and visual analysis
of the pile driving process at the E-2 bridge. The scales
used were 1:10 in depth and 1:20 in plan, selected to ensure
the resistance of the scale pile to impact without damage,
with a minimum area of 1,600 mm2. The choice of scale
facilitates handling and maintains adequate visual
perception. The scale model, made of carbon steel,
stainless steel, acrylic and anti-corrosion paint, will be
donated to the soils laboratory for practice and future
research on pile driving. Pile P-2 of Bridge E-2 was
selected for simulation in the scale model because of its
representativeness in the foundation.

2.3. Mini piles

Geometry and mechanical strength were considered in
the design of the mini-piles. The geometry was established
according to previously defined scales. To ensure the
mechanical resistance, tests were carried out with mortar,
strong enough to withstand the driving in the limited area
of the mini-pile. Pile P-2 of bridge E-2 was taken as a
reference, whose piles are 12.00 m deep and 45 cm x 45
cm in cross-sectional area. Depending on the scale, the
mini-piles were designed with 60 cm depth and 45 mm x
45 mm in cross-sectional area, with a modification at the

pile footing to 25 mm x 25 mm in cross-sectional area. To
manufacture the mini-piles, a metal mold made of a black
iron pipe (50 mm x 3 mm) modified with cuts and welds to
facilitate demolding was used as shown in Figure 2.

The mini-piles, modeled according to the geometric
properties established in section 2.2.1, were manufactured
using a mold and different mortar mixtures. The
mechanical properties were determined by compression
tests in a universal machine, using mortar samples with
different proportions of cement, sand, additives and
water/cement ratio (w/c).

Initially, three types of piles were manufactured: PL-1
(mortar), PL-2 (longitudinally reinforced mortar) and PL-
3 (confined reinforced mortar). These were subjected to
impact resistance tests with a 3.8 kg sledgehammer to
evaluate their behavior under impact stresses.
Subsequently, the mechanical properties of the mortar were
improved by adding nano silica and reducing the wic ratio
to increase strength, as can be observed, their
characteristics in Table 1.

Table 1.

Characteristics of elaborated mini piles
Code Dosage Reinforcement
PL-1 M-1 It does not have
PL-2 Concrete 210 kg/cm? It does not have
PL-3 M-1 2 rods of 8 mm

2 5 mm corrugated

PL-4 MP-4 rods

2 wire of 2.6 mm
2.6 mm wire stirrups

2.3.1. Mini pile driving procedure

The location of the mini-piles was based on the
information from the foundation of pile P-2 on bridge E-2.
Rows of three mini-piles were driven, repeating the process
until six mini-piles were completed. The driving method
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used was similar to that used for the E4 bridge foundation.
The location of each mini-pile was staked out, and hand
auger borings were drilled to a depth of 150 mm.

2.3.2. Penetration test of mini piles

The mini-pile driving test consists of counting the
number of blows and measuring the penetration caused by
the impact of a hammer. Tests were performed with four
different masses (M-1 of 0.58 kg, M-2 of 1.34 kg, M-3 of
2.40 kg and M-4 of 3.80 kg) after driving the mini- piles to
a depth of 450 mm. The number of blows and penetration
per blow were recorded. To perform the test, an additional
cap and extension was used on the mini-pile due to the
limited span of the driving hammer. The cap includes a
handle and a ruler to measure penetration, and the
extension consists of a tube with two metal plates of the
same cross-section as the mini-pile.

3. Results

The comprehensive analysis carried out in this study
revealed that the pile driving technique employed has a
significant impact on the subsurface stability and structural
integrity of the foundations. It was found that adapting the
driving technique to the specific soil conditions can
significantly mitigate settlement, optimizing the efficiency
of the construction process and improving overall
structural safety. This critical relationship is clearly
demonstrated in Table 2, which presents a comparison of
the settlements recorded with different driving techniques.
The results show a substantial improvement in the stability
of the subsoil when the driving techniques are properly
adjusted to the characteristics of the ground. This strategic
adaptation not only reduces the risk of structural failure,
but also contributes to the durability and reliability of the
infrastructure under seismic conditions.

Table 2.

Penetration of Mini Piles as a Function of Mass Applied
Penetration (mm)

Pile
Identification  with 058 kg with 1.34 kg With 240 kg  with 3.80 kg

P-1 20.4 9.3 12.6 20.1
P-2 54 6.4 9.3 21.8
P-3 6.3 6.7 7.3 14.3
P-4 8.8 6.0 5.2 12.8
P-5 6.2 45 43 13.9
P-6 11.7 44 6.7 10.0
Average 9.8 6.2 7.5 15.5

The average penetration shown in this table was
calculated by removing the extreme values (the largest and
smallest) for each mass series. This procedure is based on

a robust data analysis methodology designed to minimize
the impact of anomalies in the result set. This technique
ensures that the averages more closely reflect typical
penetration conditions, providing a more accurate and
representative measure of overall subsurface behavior
under different driving techniques.

The efficiency of the driving process was evaluated by
examining the relationship between pile penetration depth
and the number of blows required to achieve it. These
findings are crucial for establishing optimal parameters to
maximize driving efficiency while ensuring the integrity of
the subsoil.

Figure 3 illustrates this correlation, highlighting how
variations in the number of blows influence the penetration
depth achieved. This graphical representation is
fundamental to understand the importance of adjusting the
driving intensity to the specific mechanical characteristics
of the soil, to minimize the risk of structural damage.

3.1. Characterization of the Mechanical Strength of the
Mortar

The choice of the appropriate mortar for pile
construction is essential, since this material must resist not
only the intense forces applied during the driving process
but also the constant loads throughout the bridge's service
life. The research highlighted significant differences in
mechanical strength that can be attributed to variations in
mortar composition.

Tables 3 to 6 present a comprehensive comparative
analysis of the strength of various mortar mixes, including
modifications with nano silica additions and variations in
the water/cement ratio. The data obtained are crucial in
determining the mortar mixes that best meet the specific
strength and durability requirements needed for the piles,
thus ensuring maximum efficiency and structural safety
under adverse operational and loading conditions

Number of Blows
ot

Tan®=a

..{IN
>

Penetration

Figure 3. Curve of number of blows vs. penetration
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Table 4.
Results of specimen mortar with Nano Silica.
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Specimen Dimensions

Compressive Strength

Code Material Dosage (gr) (mm) (Kg/cm?)
a=b=c 7 days
Cement 1499,09
Rio Sand 415,63
MS-1 Homogenized Sand 429,69 46 79,046
Water 179,17
Nano Silica 11,33
Cement 1487,76
Rio Sand 415,63
MS-2 Homogenized Sand 429,69 46 114,35
Water 179,17
Nano Silica 22,66
Cement 1465,1
River sand 415,63
MS-3 Homogenized Sand 429,69 46 106,639
Water 179,17
Nano Silica 45,31
Table 5.
Results of mortar specimen with nano silica plus super plasticizer
Specimen .
Code Material Dosage (gr) Dimeﬁsions (mm) Compressive Strength (Kg/cm?)
a=b=c 7 days 14 days 28 days
Cement 14775
Sand 1535,78
MP-1 Water 900 46 159,972 174,682 207,928
Nano Silica 22,5
Plasticizer 75
Cement 14775
Sand 1535,78
MP-2 Water 900 46 119,983 145,53 149,233
Nano Silica 22,5
Plasticizer 75
Cement 14775
Sand 1535,78
MP-3 Water 900 36 128,851 151,936 172,739
Nano Silica 22,5
Plasticizer 75
Table 6.
Results of mortar specimen with wi/c reduction
Specimen . %
Code Material Dosage (gr) Dimeﬁsions (mm) CampEsiE SRl (Kehem)
a=b=c 7 days 14 days 28 days
Cement 14775
Sand 1535,78
MP-4 Water 450 46 239,579 379,427 343,442
Nano Silica 22,5
Plasticizer 22,5
Cement 14775
Sand 1535,78
MP-5 Water 450 46 406,422 423,175 518.826
Nano Silica 22,5
Plasticizer 22,5
Cement 14775
Sand 1535,78
MP-6 Water 450 46 227,509 243,632 239,95
Nano Silica 22,5
Plasticizer 22,5
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4. Discussion

The research highlights how careful selection and
adaptation of driving techniques to the specific
geotechnical characteristics of the site contribute
significantly to the stability of pile foundations. This
observation is supported by the data presented in Table 1,
where improvements in stability are correlated with
modifications in driving techniques. The underlying
theory, based on soil dynamics and material mechanics,
suggests that proper calibration of the number of blows, as
detailed in Figure 1, is crucial to optimize pile penetration
and avoid damage due to oversaturation or material fatigue.

This meticulous adjustment ensures that the force
applied during driving is ideal for the soil conditions, an
aspect that aligns with the theories of loading and energy
transfer in granular media. In addition, optimizing the
driving force helps to maximize the efficiency of the
process and minimize the risks of compromising the
structural integrity of the piles. This approach is supported
by recent studies addressing the interaction between
driving techniques and soil physical properties,
highlighting the importance of an adaptive design based on
local site conditions.

On the other hand, Tables 2 to 5 illustrate how
optimized mortar mixes not only improve the mechanical
strength of piles but also extend their service life. Relevant
literature in materials science suggests that tailoring
construction  material  specifications to  specific
geotechnical and environmental conditions can offer
significant benefits in terms of durability and structural
functionality. This approach ensures that piles not only
meet current loading and durability requirements but are
also prepared to adequately respond to future demands and
changing environmental conditions.

The discussion is also enriched with references to

sustainable design practices and emerging technologies
that could be integrated into the development of more
advanced materials and construction techniques. The
implementation of these innovations in the design of pile
foundations may represent a significant step forward in
civil engineering, promoting the adaptability and resilience
of infrastructure in the face of future challenges.
In conclusion, this research not only validates existing
techniques but also proposes innovative adaptations that
could be crucial for the evolution of civil engineering
practices regarding pile installation and structural integrity
management  under  various  geotechnical  and
environmental conditions.

5. Conclusions

This study has confirmed that adapting driving
techniques to the specific characteristics of the subsoil

contributes significantly to reducing settlements and
improving the stability of pile foundations. As shown in
Table 1, flexibility in the driving process is essential to
adapt construction practices to variations in subsurface
conditions, thus optimizing the effectiveness of pile
installation. This approach allows not only to preserve the
structural integrity of the foundations but also to increase
efficiency and safety during bridge construction.

The correct relationship between the number of blows
and the depth of penetration is key to ensuring the
efficiency of the driving process. Figure 1 provides a
crucial frame of reference for

fine-tuning the driving technique to maximize
effectiveness without compromising the integrity of the
subsoil or pile material. This fine-tuning is essential to
optimize energy transfer during driving and to avoid
excesses that can lead to overload damage or material
fatigue, thus ensuring an efficient and durable pile
installation.

The structural integrity of piles depends to a large extent
on the composition of the mortar used. Tables 2 to 5
highlight the importance of choosing mortar mixes that not
only meet basic structural requirements, but also provide
optimum performance under extreme loading conditions.
These results highlight the urgency of developing new
mortar composites that can improve structural response
under different environmental and loading conditions. This
innovative approach to mortar selection is crucial to extend
the service life of piles and ensure the safety and durability
of the overall infrastructure.

Based on the findings of this study, it is advisable to
implement detailed protocols for geotechnical evaluation
prior to pile driving, and to promote experimentation with
innovative mortar mixes. These measures are designed to
improve the durability and effectiveness of piles under
dynamic loads. Adopting these practices will not only
optimize mortar characteristics to better withstand extreme
conditions, but also ensure that the interaction between the
soil and the structure is properly evaluated and managed,
thus minimizing risks and maximizing structural stability.
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ABSTRACT

In recent years, the use of activated alkaline slag concretes (AASC), has had a wide
perspective in civil engineering science due to its many environmental benefits (due to the
reduction of the emission of CO2 gas in the air) and high resistance to impact loads. is in
this article, a mixed design of ordinary portland cement concrete (OPCC) containing 500
kg/m3 of portland cement as a control concrete and a mixed design of AASC containing
granulated blast furnace slag (GBFS) was made, and the impact resistance of the concrete
was tested under the weight-drop impact test (WDIT). It was evaluated at temperatures of
21, 300 and 600 °C at the age of 90 days. The obtained results indicate that the increase in
temperature has caused a drop in the results of the WDIT, so that in OPCC, the energy
absorbed and the flexibility index of concrete samples at a temperature of 600 °C drop by
76.92% and it obtained 86.95% improvement compared to 21 °C temperature, while in active
alkali concrete, these figures brought 66.66 and 14.28% drop in results, respectively. In this
regard, the number of impacts required for the occurrence of initial cracks and failure in the
concrete sample had a downward trend with increasing temperature. In this experimental
research, AASC showed superior results compared to OPCC. The results obtained from the
analysis of the images of the scanning electron microscope (SEM) on the concrete samples
overlapped with the other tests of this research.
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ARTICLE INFO

Received: August 08, 2024
Accepted: August 30, 2024

Keywords:

Ordinary Portland Cement
Concrete (OPCC)

Activated Alkaline Slag Concretes
(AASC)

Granulated Blast Furnace Slag
(GBFS)

Weight-Drop Impact Test (WDIT)
Scanning Electron Microscope
(SEM)

DOI: 10.61186/JCER.6.3.47
DOR: 20.1001.1.2538516.2024.6.3.6.9

1. Introduction

In line with the development of national security and
passive defense in the field of civil engineering
infrastructure, many laboratory works have been done to
produce structural concrete in strategic and sensitive
centers of the country [1-3]. The strength of the reinforced
concrete structures of these centers plays an important role
in reducing destruction and human injuries caused by the

* Corresponding author. Tel.: +989121712070; e-mail: Mhm.Ghanaei@iauc.ac.ir.

enemy's defense operations. Improving the strength of
concrete can be achieved through the type of materials used
in its mixture [4-10].

Ordinary cement production has always brought
environmental concerns due to the consumption of mineral
resources, fossil fuels, and the production and emission of
poisonous carbon dioxide gas. Research has shown that
cement factories are responsible for the release of about 5%
of the total carbon dioxide entering the earth's atmosphere
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[11]. In order to solve these problems, alkali active
concrete which does not use cement was proposed by the
researchers. In the production process of this type of
concrete, aluminosilicate materials and active alkali
solution replace ordinary cement, the final product of this
combination is the production of a large volume of
hydrated gels with high adhesion and filling characteristics
in the matrix of activated alkali cement. Alkaline cements
are a group of active alkali materials, materials that show
superior engineering properties compared to Portland
cement [12]. On the other hand, the amount of carbon
dioxide produced in the production process of alkali-active
materials is much lower than the production process of
ordinary cement [13].

According to yerde's theory, the fireproof property of
concrete is perhaps the most important point in the safety
of structures, and this is the property that fully reveals the
advantages of concrete in this field, therefore, in concrete
structures, protection against Rupture against excessive
heat is provided at the same time [14]. The results of the
research conducted on the effect of heat on AASC showed
that there are no significant changes in the mechanical
properties of concrete under the temperature of 27 to 100
°C, a decrease of up to 40% in the mechanical properties of
concrete, after applying A temperature of 350 °C occurs in
the early stages, and it has also been reported that the exit
of water from the chemical bonding space in hydrated
calcium silicate (C-S-H) leads to the failure of concrete at
a temperature of more than 450 °C [15]. In general, it is
believed that activated alkalis perform better than OPCCs
in facing fire due to their ceramic characteristics [16-18].
The resistance of AASC when exposed to heat depends on
the chemical composition of the concrete constituents, as
well as the temperature and the way it is processed [19].

Impact resistance can be investigated by several types
of tests, including explosion test, projectile impact test,
pendulum impact test, and WDIT. Impact loads are divided
into two groups of impact with low speed and impact with
high speed according to the impact speed. One of the
advantages of carrying out impact test is to determine the
failure energy of the samples, the failure energy is one of
the most important indicators of the science of fracture
mechanics. High fracture energy is a sign of resistance of
samples against crack propagation. Researches have shown
that, in concrete exposed to impact, microcracks extend
ahead of the crack tip and create the area of the fracture
process that originates from local strain [14]. If the degree
of compaction in the microstructure of concrete is high, the
propagation of microcracks against impact loads is
delayed. Superior impact resistance of weight-drop type in
activated alkali concrete compared to OPCC has been
reported in many researches [20-22]. In line with the
application of high heat to concrete samples, with the
increase of temperature and consequently the increase of

cracks on the surface of the sample, the concrete becomes
crystalline or hollow and becomes very fragile against
impact [23]. The objectives and innovation in this
laboratory research through the production of alkali-active
concrete can be summarized as follows:

1. The mechanical and microstructural properties of
alkali activated concrete are improved compared
to OPCC.

2. Helping to reduce the volume of toxic carbon
dioxide gas emissions compared to OPCC
production, according to the report provided by
other researchers in this regard.

3. Helping to maintain the health of the environment
by using (in the composition of activated alkali
concrete) slags accumulated in iron smelting
factories, known as environmentally harmful
substances.

4. Maintaining and reducing the consumption of
mineral resources that are used as the main
materials during the process of making ordinary
cement.

5. Maintaining and reducing the consumption of
fossil fuels that are used as fuel in conventional
cement factories.

2. Materials

In this laboratory research, type 2 Portland cement
produced by Gilan Sabz Cement Industries (Diylman) with
a density of 3250 kg/m3 and a specific surface area of
3000-3200 cm2/g, produced under the ISIRI 389 standard,
was used. The slag of the metallurgical furnace, a product
of Isfahan iron smelting factory, with a density of 2750
kg/m3, a specific surface area of 2200 cm2/g, and an
apparent density of 960 kg/m3 was used according to the
ASTM  C989/C989M  standard, the  chemical
characteristics of this product in Table 1 shows. The water
used for the preparation of lime water and the construction
of the mixture plan in the upcoming research is drinking
water of Lahijan city, this water has a pH in the range of
5.6 to 5.7 and a density of 1000 kg/m3. According to
clauses 9-10-4-2 and 9-10-4-3 of the fourth edition of Iran's
National Building Regulations, water that is drinkable, has
no specific taste and smell, and is clean and smooth can be
used without testing. used in concrete, unless previous
records indicate that this water is unsuitable for concrete.
Consumable aggregate is synthetic and based on the
requirements of ASTM C33 standard, prepared from sand
factories in Lahijan city, some characteristics of the
aggregate are shown in Table 2. Research has shown that
fresh activated alkali concrete has a weaker performance
due to the high viscosity in the activated alkali solution
compared to concrete containing fresh normal portland
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cement. To solve this problem, a superplasticizer based on
polycarboxylate is often used due to Strong bonds between
calcium with positive charge and polycarboxylate with
negative charge is the best option [24]. In this regard, the
4th  generation superplasticizer based on normal
polycarboxylate, a product of Durocham Middle East
company, was used based on the characteristics of Table 3.

Table 1.

Chemical Characteristics of GBFS (%)

The activated alkali solution used in this research is a
combination of sodium silicate and sodium hydroxide
solution with a weight ratio of 2.5, which was used with a
combined density of 1483 kg/m3. Some of the
characteristics of the activated alkali solution used in this
research are in Table 4 is shown.

CaO SIOZ A|203 Fe,04 MgO SOs Na,O K,O TiOz MnO L.O.1
36.72 35.5 9.17 7.49 6.24 0.12 121 0.92 2.49 0.18 0.02
Table 2.
Characteristics of Aggregates
. Water Absorption Density Modulus of Maximum Minimum
Concrete Materials (%) (kg/m?) Softness (mm) Diameter (mm) Diameter
Fine Aggregates 29 2650 2.85 4.75 75(um)
Coarse Aggregates 2.2 2750 5.7 19 4.75(mm)
Table 3.
Characteristics of Normal Polycarboxylate Superplasticizer
. Chlorine lon Density Physical
Flash Point Content pH Standard (kg/m?) Color State
Does Not Have Does Not Have L
About 7 ASTM C494 1100 Brown Liquid
Table 4.
Characteristics of Active Alkali Solution
Molecular The weight The weight Molar Melting Modulus of Density Molarity
Formula (molar) ratio of (molar) ratio of Mass Temperature Elasticity (p)  (kg/m?®) (mol/m3) Color
silicate to water  silicate to sodium  (gr/mol) ©
NaOH - - 39.99 318 33 2130 12 White
Na,SiO; 47 24 122.06 1088 - 2400 12 White
Table 5.
Specifications of Concrete Mix Design
density Curing Ratio
Type S T concrete conditions wi/C
FA! CA2  Water GBFS Cement Quantit mix After mold
Concrete Q / (kg/m?) removal
OPCC 7 765 1000 225 500 kg/m® 2497 In the Water 45%
0.0028 30.63  40.04 9.01 20.02 %
AASC 7 726.63 1000 225 500 0 kg/m? 2494.63 Heat + Dry 45%
0.0028 30.57 40.08 9.19 20.04 0 % Environment

- In AASC, the W/C ratio means the ratio of activated alkali solution to the slag of the used GBFS.

1- FA = Fine Aggregates
2- CA = Coarse Aggregates

3. Mix Design

There is no separate standard for the design of alkali-
active concrete mix, therefore, according to some
laboratory researches [25], the alkali-active concrete mix
plan has been prepared and adjusted according to the
standard of preparation normal concrete under the
recommendation of the ACI 211.1-89 committee. The
concrete mix plan in this laboratory research is shown in
Table 5.

4. Construction and Curing

At first, according to the mixture plan in Table 5, the
consumable materials were weighed and then the dry
materials including cement (or GBFS) and aggregate were
poured into the circulating electric mixer and the mixing
process lasted for 1.5 minutes. ended Next, wetter
materials including water (or active alkali solution) were
added to the mixture and the combination of materials
continued for another 2.5 minutes. Then, the fresh concrete
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mixture was poured into pre-oiled and foiled metal molds
in three stages. In this direction, in order to apply
compaction, 25 impact were given to the concrete mixture
in each stage by a special rod. At the end, the molds
containing concrete samples were stored in a dry
environment under a temperature of 21 °C. After this time
passed, the samples were molded and the OPCC samples
were stored and processed in lime water at a temperature
of 21 °C until the time of the test. AASC samples were
subjected to heat treatment at 60 °C after molding for 48
hours in the oven to improve the strength of this type of
concrete. After this time, the concrete samples They were
removed from the oven and stored and processed in a dry
environment under a temperature of 21 °C until the time of
the test. In line with heat treatment in activated alkali
concrete, research has shown that samples of activated
alkali concrete subjected to heat treatment at temperatures
of 50-70 °C have greater strength than samples at
temperatures of 20 °C [14].

5. Standard and Method of Conducting Tests

Impact resistance test of the weight-drop type at the age
of 90 days according to ACI 544-2R standard on concrete
disc samples with dimensions of 35.6 x 15 cm at
temperatures of 21, 300 and 600 °C was done. This test is
in the field of examining the mechanical properties of
concrete and is a good criterion for measuring the
resistance of structures exposed to impact loads. According
to the standard mentioned in this test, the weight of the
hammer is 4.54 kg, the height of the fall of the weight is
45.7 cm, and the diameter of the metal ball is 6.35 cm. To
perform the test, after the curing age and during the
determined thermal process, the disc samples were placed
inside the impact device just under the weight drop in such
a way that the metal ball is placed exactly in the center of
the sample, then the number of impacts which is registered
for the occurrence of the first crack (N1) and the final
rupture (N2) by a counter installed in the upper part of the
device. The fracture energy for the occurrence of the first
crack (E1) and final rupture (E2) was calculated in terms
of joules through equation 1. In this regard, N is the number
of impacts to create a crack, W is the weight of the hammer,
and H is the height of the fall of the weight. Before
performing the high temperature tests in the WDIT, which
was performed at the age of 90 days, according to the
ISO834 standard, the concrete samples were placed in the
oven at 300 and 600 °C for 1 hour. Then, the samples were
left in the furnace for another 1 hour so as not to be affected
by temperature shock. After the samples were taken out of
the furnace, the samples were kept at room temperature for
24 hours to reach the temperature equilibrium. The use of
this standard has been reported in other researches about

tests under high heat in concrete [26]. SEM analysis was
performed at the age of 90 days in concrete under 21 °C by
SEM with FEI Quanta 200 model. Next, the microstructure
was examined.

E,=NXxXW xH 1)

6. Results and Analysis of Tests

6.1. The Results and Analysis of the Impact Resistance
Test

The results of impact test of falling weight in concrete
are shown based on figures 1, 2 and 3. According to these
results, it can be seen that the increase in temperature
caused a drop in the results in the WDIT, so that in OPCC,
the energy absorbed and the flexibility index of concrete
samples under the temperature of 600 °C 76.92% decrease
and 86.95% improvement compared to the temperature of
21 °C, respectively, while in activated alkali concrete, these
figures are 66.66% and 14.28%, respectively. accompanied
the number of impacts required to cause initial cracks in
concrete samples decreased with increasing temperature.
So that in OPCC, the maximum (10 impact) and minimum
(2 impact) number of impacts for the occurrence of initial
cracks were obtained at 21 and 600 °C. For AASC, the
maximum (14 impact) and minimum (6 impacts) number
of impacts for the occurrence of primary cracks were
obtained at 300 and 600 °C. The number of impacts
required for the appearance of the final crack in the
concrete sample had a downward trend with increasing
temperature. So that in OPCC, the maximum (23 impact)
and minimum (5 impact) number of impacts for the
occurrence of initial cracks were obtained at 21 and 600 °C.
For AASC, the maximum (12 impact) and minimum (9
impact) number of impacts for the occurrence of initial
cracks were obtained at 300 and 600 °C. Alkali active
concrete showed superior results compared to OPCC. This
issue is due to the presence of aluminosilicate materials and
the better pozzolanic activity of GBFS compared to
Portland cement in the concrete composition, which leads
to the production of a higher volume of hydrated gels such
as hydrated calcium silicate (C-S-H) in the composition of
activated alkali concrete. has been These gels improve
compaction and strength in concrete by filling holes, pores
and creating bonds in the interfacial transfer zones (ITZ)
between paste and aggregate. The results of the SEM
analysis on the concrete samples from this research
overlapped with other tests of this research.

6.2. SEM Results and Analysis

In this research, the images obtained from the SEM
imaging test at a scale of 10 micrometers are displayed in
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Figure 4. In these images, the microstructure of concrete in
mixed designs can be summarized in three basic phases:

1. The first phase includes hydration and
geopolymerization products, including hydrated
gels that are mainly dark in color in the pictures,
these gels, after forming and in combination with
other concrete components, are the main factor in
strengthening the microstructure of concrete
through the filling of pores and cavities, as well as
the improvement of bonding in the ITZ and
interlayer zones (in hydrated gels) are known.

2. The second phase includes unreacted crystals that
are formed as a result of impurities in raw
materials or unreacted particles in the process of
hydration and geopolymerization, and they are
mostly white in the pictures.

3. The third phase includes the bonding of cement
paste with aggregates in the interfacial transition
area, as well as the bonding of interlayers in the
structure of hydrated gels.

In the images of activated alkali concrete, no tree
structure can be seen that shows weakness in the
microstructure of the concrete sample. In OPCC containing
portland cement, more pores, holes and the volume of
clinker grains of unhydrated cement are seen than in the
sample of activated alkali concrete. The presence of dark
colored areas in the images indicates the completion of a
large part of the geopolymerization process and the
production of hydrated gels. The white masses in the
images of this design can be attributed to the alkaline
active-forming crystals that did not participate in the
geopolymerization process, and the very small points in the
microstructure of activated alkali concrete can be attributed
to unhydrated GBFS particles. attributed the microcracks
in the picture can be considered as active alkali concrete
samples due to heat treatment at 60 °C. In OPCC, in the
bulk part of Portland cement paste, ions such as calcium,
sulfate, hydroxide and aluminate, which are formed
through aerobic (dissolution) into calcium silicate and
calcium aluminate, combine together and form a gel. They
give ettringite (C-A-S-H) and calcium hydroxide
(Ca(OH)2), in the sense that ettringite is created as a result
of the reaction of calcium aluminate with calcium sulfate,
and with the progress in the hydration stage, weak C-S-H
crystals and the second generation of crystals that formed
from calcium hydroxide (Ca(OH)2) and ettringite gel (C-
A-S-H), they start to fill the empty spaces in the ettringite
and portlandite network, and with this operation, the
density, hardness, and resistance of the ITZ concrete
increases [14]. The researches of others have shown that in
activated alkali concrete, the pozzolanic reaction by
converting CH to C-S-H condenses and homogenizes the
microstructures [27]. The results of SEM analysis in this
laboratory research are in full overlap and harmony with
the results of other tests in this article.

7. Conclusions

In this laboratory study, the production of AASC and its
comparison with OPCC was investigated, following the
impact resistance test of the weight-drop type. The analysis
of SEM images was also done in order to evaluate the
microstructure and verify the results of other tests. The
results obtained in this research are presented as follows:
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Fig. 4. Results of SEM Analysis

1.

Increasing the temperature caused a decrease in
the results of the WDIT, so that in OPCC, the
energy absorbed and the flexibility index of the
concrete samples at a temperature of 600 °C
decreased by 76.92% and 86.95%, respectively.
obtained the percentage of improvement
compared to the temperature of 21 °C, while in
active alkali concrete, these figures were 66.66
and 14.28%, respectively, and the results
decreased.

The number of impacts required to cause the
initial crack in the concrete sample decreased with
the increase in temperature. So that in OPCC, the
maximum (10 impact) and minimum (2 impact)
number of impacts for the occurrence of initial
cracks were obtained at 21 and 600 °C. For
AASC, the maximum (14 impact) and minimum
(6 impact) number of impacts for the occurrence
of initial cracks were obtained at temperatures of
300 and 600 °C.

The number of impacts required for the
appearance of the final crack in the concrete
sample had a downward trend with increasing
temperature. So that in OPCC, the maximum (23
impact) and minimum (5 impact) number of
impacts for the occurrence of initial cracks were

obtained at 21 and 600 °C. For AASC, the
maximum (12 impact) and minimum (9 impact)
number of impacts for the occurrence of initial
cracks were obtained at 300 and 600 °C.

4. In the impact resistance test of the weight-drop
type, AASC showed superior results compared to
OPCC. This issue is due to the better activity of
GBFS compared to Portland cement in the
concrete composition, which has led to the
production of a higher volume of hydrated gels in
the concrete composition. These gels improve the
density and strength of concrete by filling holes
and voids.

5. The results of the SEM analysis on concrete
samples were in overlap and coordination with
other tests of this research.
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Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of
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