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ABSTRACT

Sinkholes pose significant risks to infrastructure, requiring detailed investigation and
effective repair strategies. This paper details a case study of a persistent sinkhole along a
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driveway in Nashville, Tennessee, which has caused repeated pavement subsidence despite
multiple repairs. The investigation included site visits, drilling operations, soil and rock
analysis, and groundwater assessment. Three mitigation approaches were evaluated

including conventional inverted rock filter repair, constructing a land bridge, and compaction

Keywords:

grouting. After considering technical, situational, and cost factors, compaction grouting was Sinkholes

chosen as the optimal solution. The paper outlines the compaction grouting repair strategy,
including methodology, materials, and construction specifications. The findings aim to
enhance design standards and construction practices for sinkhole repairs in Tennessee and

similar geotechnical regions.

© 2024 Journals-Researchers. All rights reserved.

Remediation and Repair Methods
Case Study

Future Design and Construction
Compaction Grouting

DOI: 10.61186/JCER.6.2.1
DOR: 20.1001.1.2538516.2024.6.2.1.2

1. Introduction and literature review on sinkhole
remediation methods and case studies

Sinkholes pose significant challenges to infrastructure,
safety, and environmental stability in regions susceptible to
subsidence. These natural phenomena, often triggered by
geological factors or human activities, necessitate effective
remediation and repair strategies to mitigate their impact
[1] to [5]. Repairing sinkholes requires careful planning,
engineering expertise, and innovative solutions tailored to
each unique case. Sinkholes occur when underground

voids collapse, leading to sudden depressions on the
surface. They can vary in size from small cavities to large
craters, causing substantial damage to buildings, roads, and
other structures. The occurrence of sinkholes is often
unpredictable and can be triggered by factors such as heavy
rainfall, changes in groundwater levels, or human activities
like mining and construction [6]. Over the years, extensive
research has been conducted to develop methodologies for
addressing sinkhole occurrences, ranging from preventive
measures to post-collapse interventions [7] to [49]. This
literature review examines several case studies on sinkhole
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repairs, highlighting different approaches, challenges
faced, and lessons learned, and aims to provide an
overview of the current state of knowledge regarding
sinkhole remediation and repair techniques. Development
in karst-prone geologies poses significant risks,
necessitating careful attention during site preparation to
mitigate potential hazards. Key considerations include
ensuring positive drainage to prevent water ponding,
capturing surface runoff in stormwater systems, and
vigilant observation for incipient sinkholes during
construction [45] to [49]. Given the inherent risks
associated with karst formations, it is imperative to involve
geotechnical engineers in site assessments and grading
operations to detect and remediate Karst features promptly
[20]. Several approaches exist for mitigating the risks of
sinkholes in karst areas. These approaches encompass both
preventive measures and reactive strategies. Preventive
measures aim to minimize the occurrence of sinkholes by
assessing and managing the geological hazards associated
with karst terrain [28]. This may involve comprehensive
geological surveys, monitoring of groundwater levels,
land-use planning regulations, and the implementation of
engineering  practices that consider the unique
characteristics of karst landscapes [34]. Reactive strategies,
on the other hand, focus on addressing sinkhole formation
after it has occurred. These strategies encompass a range of
techniques aimed at stabilizing sinkholes, repairing
damaged infrastructure, and restoring affected areas.
Reactive measures often involve a combination of
geotechnical engineering, structural reinforcement, and
ecological restoration to mitigate the impacts of sinkholes
on the surrounding environment [1] to [3].

The choice of mitigation techniques and sinkhole repair
strategies depends on various factors, including the size
and severity of the sinkhole, the geological conditions of
the site, and the socio-economic considerations of the
affected community [1] to [3], [45] to [49]. Furthermore,
the effectiveness of these strategies may vary depending on
local environmental factors and the availability of
resources. Recent advancements in technology and
scientific understanding have led to the development of
innovative approaches for karst mitigation and sinkhole
repair. These include the use of geophysical surveys,
remote sensing techniques, and advanced modeling tools to
assess and monitor karst hazards accurately [8].
Additionally, the integration of nature-based solutions,
such as bioengineering and ecological restoration, offers
sustainable approaches to mitigating the impacts of
sinkholes while enhancing ecosystem resilience. Despite
these advancements, challenges remain in effectively
managing karst hazards and mitigating the risks associated
with  sinkholes.  Limited  resources, inadequate
infrastructure, and competing land-use priorities often
constrain the implementation of comprehensive mitigation

measures in karst regions [45]. Furthermore, the dynamic
nature of karst landscapes presents ongoing challenges in
assessing and managing geological hazards effectively.
Karst mitigation techniques could be performed by some
methods such as avoidance strategies, inverted rock filter,
and cap and permeation grouting.

Preventing sinkhole formation is crucial in minimizing
their potential hazards. Comprehensive geological surveys,
monitoring of ground conditions, and land use planning are
essential components of preventive strategies. Early
detection techniques such as ground-penetrating radar
(GPR), electrical resistivity imaging (ERI), and LiDAR
have proven effective in identifying potential sinkhole
locations. Moreover, proper management of groundwater
resources through controlled extraction and recharge
programs can help stabilize subsurface conditions and
reduce the likelihood of sinkhole formation. Avoidance
remains one of the most cost-effective strategies for
mitigating karst-related risks. This involves situating
developments away from areas prone to Kkarst activity,
minimizing exposure to potential hazards. Critical
structures should be located in areas with minimal karst
features, and detention/retention ponds should be
positioned outside karst-prone zones. Furthermore,
measures such as lining ponds with geomembranes can
help prevent water infiltration into subsurface voids,
reducing the risk of sinkhole formation triggered by
fluctuating water levels.

Sinkhole repair entails restoring affected infrastructure
and preventing further subsidence. Excavation and
backfilling are commonly employed to fill collapsed
sinkholes and rebuild damaged foundations. However,
conventional repair methods may be insufficient for large
or deep sinkholes, necessitating innovative solutions such
as the use of geosynthetic reinforcements or soil
stabilization techniques. In Kkarst geologies, surface
collapses during construction are a significant concern due
to vibrations and water intrusion. The inverted rock filter
method offers an economical and practical solution for
remediation. This technique involves excavating the
collapse area to the sinkhole throat, lining it with geotextile
fabric, and filling it with rip-rap stone. The fabric prevents
soil erosion while allowing water drainage, and the stone
provides structural support. This method is suitable for
pavement and slab areas but may require alternative
approaches, such as concrete backfill, for collapses beneath
foundations. Figure 1ato 1e illustrate sinkhole remediation
via inverted rock filter method.

When sinkholes do occur, prompt and effective
mitigation measures are necessary to prevent further
damage. One common approach is the injection of grout
materials into subsurface cavities to fill voids and provide
structural support. Various types of grouts, including
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a)

d)
Figure 1. a to e) Sinkhole Remediation via Inverted Rock Filter

cement-based, chemical, and foam formulations, have been
employed depending on the specific geological conditions
and desired outcomes. Ground improvement techniques
such as compaction grouting and vibro-compaction have
also been utilized to stabilize loose or compressible soils
prone to sinkhole development. In some cases, advanced
grouting technologies combined with ground improvement
methods may offer more durable and cost-effective repair
alternatives. Cap and permeation grouting are effective
methods for stabilizing subsurface voids and enhancing
soil strength. Cap grouting involves injecting low-mobility
cement grout into voids to fill them and increase soil
density, while permeation grouting uses more viscous

grout under low pressure to fill smaller voids. Cap
grouting, performed by specialty contractors, creates a
grout blanket at the bedrock surface and extends columns
of grout to stabilize the soil. Permeation grouting, on the
other hand, targets smaller voids to prevent further
subsidence. It is advisable to perform cap grouting before
permeation grouting to seal off bedrock surfaces from
water infiltration. Grouting can also be considered for
pavement areas at sinkhole features, with consultation from
specialty contractors recommended to determine the extent
of the grouting program. Figure 2 shows sinkhole
remediation via cap and permeation grouting method.

2024-vol6(2)-p 1-16
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Figure 2. Sinkhole Remediation via Cap and Permeation Grouting

The remediation of sinkholes must also address groundwater contamination and habitat restoration.
environmental concerns, particularly  regarding Sustainable remediation practices aim to minimize
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ecosystem  disruption and  promote  long-term
environmental  resilience.  Techniques such  as
phytoremediation, which utilize plants to uptake
contaminants from soil and water, have shown promise in
mitigating the environmental impact of sinkhole collapse.

Sinkhole repairs present complex challenges requiring
interdisciplinary approaches, innovative techniques, and
proactive risk management strategies. Case studies from
around the world highlight the diverse methods employed
to stabilize sinkholes and mitigate associated risks. These
include grouting techniques, soil stabilization, structural
reinforcement, and ground improvement measures.
Lessons learned from these case studies underscore the
importance of early detection, rapid response, community
engagement, and long-term monitoring in effective
sinkhole remediation. Smith et al. (2015) reviewed a
massive sinkhole formed in Winter Park, Florida,
threatening nearby homes and infrastructure in 2013. This
case study utilized a combination of compaction grouting
and permeation grouting to fill voids and stabilize the
surrounding soil. Monitoring systems were installed to
track ground movement and ensure the effectiveness of the
repairs. The project highlighted the importance of early
detection, rapid response, and collaboration between
stakeholders to mitigate sinkhole risks effectively. Garcia
et al. reviewed the sinkhole incident in Guatemala City in
2010, which drew international attention due to its sheer
size and impact on urban infrastructure. This case study
employed a combination of geophysical surveys, soil
stabilization techniques, and structural reinforcement to
stabilize the sinkhole and prevent further collapse. The
project showcased the complexities of urban sinkhole
remediation, including logistical constraints, public safety
concerns, and socio-economic implications. Lessons
learned from this case emphasized the need for
interdisciplinary collaboration, community engagement,
and long-term monitoring to ensure the effectiveness of
sinkhole repairs. Barton et al. reviewed a sinkhole formed
beneath the National Corvette Museum in Bowling Green,
Kentucky, in 2014, swallowing several rare cars on
display. This case study employed a combination of
geotechnical  investigations, ground improvement
techniques, and structural reinforcement to stabilize the
sinkhole and restore the museum building. The project
required careful coordination between preservation
experts, engineers, and museum stakeholders to balance
structural integrity with historical preservation goals. The
Corvette Museum sinkhole restoration highlighted the
importance of adaptive strategies, risk communication, and
public outreach in managing sinkhole incidents in sensitive
environments.

Wang et al. reviewed a sinkhole formed near a metro
construction site in Xi'an, China, in 2018, prompting
emergency response efforts to stabilize the area. This case

study examined the application of innovative repair
techniques, including jet grouting and ground
improvement, to mitigate sinkhole risks in urban settings.
They employed advanced monitoring systems and
numerical modeling to assess ground stability and optimize
grouting operations. The project demonstrated the
effectiveness of proactive risk management and rapid
intervention in preventing sinkhole-related disasters in
urbanizing areas. Lessons learned from the Xi'an sinkhole
remediation underscored the importance of early warning
systems, geotechnical analysis, and contingency planning
in mitigating sinkhole hazards. Another case study,
performed by O'Connor et al., reviewed one of the most
visually striking sinkhole incidents to occur in Guatemala
City in 2010, when a massive crater measuring
approximately 60 feet in diameter and 300 feet deep
suddenly appeared, swallowing buildings and roads. The
sinkhole was attributed to a combination of factors,
including heavy rainfall, volcanic activity, and inadequate
infrastructure maintenance. They faced significant
challenges in repairing the sinkhole due to its size and the
surrounding unstable soil conditions. Traditional repair
methods such as grouting and soil stabilization were
deemed impractical due to the scale of the sinkhole.
Instead, they opted for a combination of backfilling with
compacted soil and reinforced concrete structures to
stabilize the sinkhole's edges and restore the affected area.
The Guatemala City sinkhole serves as a sobering reminder
of the catastrophic consequences of neglecting
infrastructure maintenance and geological risk assessment.

In 2015, a sinkhole emerged on Oakwood Drive in
Toledo, Ohio, prompting emergency repairs to prevent
further subsidence. Investigation revealed that the sinkhole
was caused by a leaking stormwater pipe, which eroded the
surrounding soil and created a void beneath the road
surface. Repair efforts involved excavating the damaged
pipe, backfilling the void with compacted soil, and
reinforcing the roadbed with concrete. Geotechnical
monitoring was implemented to detect any signs of
instability and ensure the effectiveness of the repair
measures. In Beit She'an, Israel, a massive sinkhole formed
due to extensive groundwater extraction for agricultural
purposes. A unique solution was employed, involving the
injection of expansive polyurethane foam to fill the void
and stabilize the surrounding soil. This innovative
approach provided rapid and cost-effective repairs,
minimizing disruption to the local community and
infrastructure. Long-term monitoring indicated the
stability of the repaired sinkhole, demonstrating the
effectiveness of this unconventional technique. In Ripon,
North Yorkshire, UK, a large sinkhole formed in 2016,
posing a threat to residential areas and infrastructure.
Engineers implemented a multifaceted approach,
combining traditional grouting methods with innovative
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geophysical techniques such as ground-penetrating radar
(GPR) and electrical resistivity tomography (ERT) to
accurately  assess  subsurface  conditions.  This
comprehensive approach enabled targeted grouting to fill
voids and stabilize the sinkhole effectively. Continuous
monitoring following the repair ensured the long-term
stability of the site, demonstrating the efficacy of
integrating advanced technologies with conventional repair
methods.

This paper provides an overview of karst mitigation
techniques and sinkhole repair strategies, highlighting
recent advancements, challenges, and future directions in
the field. By synthesizing existing knowledge and
emerging trends, this paper aims to contribute to the
development of effective strategies for mitigating the risks
associated with sinkholes in karst landscapes. Future
research should continue to explore novel repair strategies,
enhance predictive modeling capabilities, and promote
collaboration between stakeholders to address the ongoing
threat of sinkhole hazards.

2. Practical case study
2.1. Project Description

The sinkhole is situated on Whispering Hills Drive just
north of Bonerwood Drive in Nashville, Tennessee.
Whispering Hills Drive is a two-lane asphalt roadway,
approximately 30 feet wide, sloping gently downward to
the north-northeast. Subsidence, spanning the width of the
travel lanes, is visibly apparent along a segment of

a)

b)
Figure 3. a) Site location, and b) the approximate location of dropout within the roadway

approximately 50 feet in length. Additionally, an isolated
dropout of approximately 6 feet in diameter is observed in
the east (northbound) lane of the roadway. Within the
affected area, there reportedly exists a 36-inch diameter
water main and a 12-inch diameter water line. A storm
drain traverses through the pavement subsidence area,
located along the eastern end of the pavement. A stone-
lined ditch is situated on the western side of the roadway.
This problematic area has been a persistent issue for
several years. Personnel from Metro Public Works recall
visiting the site in the late 1990s, observing isolated
dropouts and subsidence related to soil piping. It appears
that conventional sinkhole repair methods involving
excavation of overburden and placement of rock fill have
been implemented on multiple occasions since then. The
most recent repair of the pavement settlement area,
reportedly conducted about four months ago, involved the
removal of asphalt pavement and undercutting of the soft
subgrade soils to an unspecified depth. The undercut area
was subsequently backfilled with crushed rock fill, topped
with a thick layer of asphalt pavement. However,
noticeable and measurable subsidence, along with a
significant dropout, occurred shortly after the repair
efforts, prompting the initiation of the current exploration
and study to investigate and mitigate the issue. The affected
section of the road has been closed to traffic since the latter
part of May 2009. The site location map and the
approximate location of dropout within the roadway are
depicted in figures 3a and 3b respectively. Figures 4a to 4k
also illustrate the existing site situations and dropouts and
subsidence along the driveway on the site.

2024-vol6(2)-p 1-16
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e) f)

Figure 4. Continued on the next page
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i) )

Figure 4. a to k) the existing site situations and dropouts within the roadway

2.2. Field Exploration and Laboratory Testing

The subsurface exploration comprised two distinct
phases. The initial phase, conducted from April 24 to 28,
2009, involved the drilling of seven borings in the vicinity
of the sinkhole area. These borings delved to depths
ranging between approximately 17 and 48% feet below
existing grade. Subsequently, the second phase occurred
from June 8 to 9, 2009, during which an additional five
borings were drilled to augment the subsurface data. The
locations of these borings were determined by Terracon
personnel and were positioned relative to the features
delineated in Figure 3. Both truck-mounted rotary drill rigs
and ATV rigs equipped with hollow stem augers were
utilized to advance the boreholes. Soil sampling was
conducted using the split barrel sampling procedure,

k)

whereby the standard penetration resistance value (N) was
determined based on the number of blows required to
advance a standard 2-inch O.D. split barrel sampler the
final 12 inches of an 18-inch penetration, using a 140-
pound hammer with a free fall of 30 inches. This value
facilitated estimates of in situ relative density for
cohesionless soils and the consistency of cohesive soils.
The depths of sampling, penetration distances, and
standard penetration resistance values were meticulously
documented on the boring logs, with the samples
subsequently sealed and transported to the laboratory for
comprehensive testing and classification. Field logs
detailing the visual classifications of encountered materials
and the driller's interpretation of subsurface conditions
between samples were meticulously prepared. Final boring
logs represented an amalgamation of field observations and
laboratory analyses, with modifications made based on the

2024-vol6(2)-p 1-16



Journal of Civil Engineering Researchers 9

latter. Figure 5 illustrates locations of the performed material while the outer barrel, rotating at high speeds,
borings within the roadway and Figure 6 shows cross facilitated rock cutting. Upon completion of each drilling
section of pavement and location of some borings within operation, the barrel was retrieved, and the core samples
the existing dropout. were boxed and logged. Subsequent rock classification by
All boreholes were extended until auger refusal was an engineer involved determining the "percent recovery"
encountered, typically occurring at depths ranging from and the rock quality designation (RQD), with the former
approximately 7% to 48Y%: feet below existing grade. For representing the ratio of retrieved sample length to drilled
seven of the twelve borings, refusal materials were length, and the latter providing an indication of in-situ rock
penetrated using a diamond bit affixed to the outer barrel quality based on the length of intact core segments.

of a double core barrel. The inner barrel collected cored

BONNERWOOD DRIVE
36" WATER LINE-, | ,
|
| \\I \ i
— [ - . : : !fgr o
AN -
g g b |
i I i1 SLOPE :
| B E : I
1= Vo .
f g .
| W I
g I
] 1 / =
APARTMENT 8! '} -ASPHALT l ~
COMPLEX l | i /;AVEMENT :
11
I i Q&M I
| ': (Z5) | Béaq} 4}! L
| oy | Bl [%1'15 83| |- RESIDENTIAL
DROPOUT—t )| | 1] &5 {EE?L e DEVELOPMENT
e R
sorE ppe f|l lems! O F |2
i Fs? ‘ . 4 |4
1 IT5} M | [ {22‘) E [=]
G 1 [ y E -¢- 1 =
Rr I ! h BT & g%
' I £ (25}
| Bl i 51 ¢
| I I
Yop0 | ; L] 3
@ (17578 | ¢B-Sl | B
¥ 91 4T {T-5f46"_; ! {325
STORM DRAIN] | | 751, 121 g o F
| gl J: i Q l i
A | L
= o (o8 ! | DRIVEWAY
- Bi2 | | l .
' [ 12 1 i
5T wpparent Lmims it
OF FREVIOUS
REPAIR
LEGEND n
& APPROXIMATE BORING LOCATION
— APPROXIMATEQVERHEAD POWER & TELEPHOMNE
— W — APPROXIMATE EXISTING WATER LINE
———— APPROXIMATE EXISTING STORM DRAIN :
g APPROXIMATEEXISTING 36" DIAMETER WATER MA[N N
(1?} AUGER REFUSAL DEPTH 0 20
CATCH BASIN p
RIGHT OF WAY LINE i .
[20‘] APPROXIMATE EXISTING FILL DEPTH Approximale Scale

(Feet)

Figure 5. Locations of the borings within the roadway

2024-v016(2)-p 1-16



10 Journal of Civil Engineering Researchers

110-

X-SECTION #2 ALONG ROADWAY AT

- 110

EXISTING ASPHALT
ROADVYAY

B-1, B-2, 8-6 AND B-12

B0

YERTICAL DEPTH (FEET)

T+

LIMESTOKE
BEDROCK

NOTE: X-SECTION ILLUSTRATION IS BASED GN
ASSUMED GROUND ELEVATIONS.
TGFO BURVEY WAS NOT AVAILABLE

EXISTING PAVEMENT A
- /_ DROPOUT o !
L.y Approximate Scals
[Fest)

B-6

Tzt
WY

=
VERTICAL DEFTH (FEET)

_ LIMESTCHE 5o
BEDROCK

i e 0 A 5

11
50 T T T T T T T T

10 m a0 40
LEGEND

50 &0 70 "o ! 9

HORIZONTAL DISTANCE (FEET)

Figure 6. Cross section of pavement and location of some borings within the existing dropout

Laboratory testing encompassed water content tests and
Atterberg Limits tests on representative soil samples.
These tests, coupled with field penetration data, facilitated
assessments of soil strength in-situ, volume change
potential, and soil classification, with results documented
on the boring logs. Classification and descriptions of rock
core samples adhered to established guidelines and were
primarily based on visual and tactile assessments, although
petrographic analysis of thin sections could potentially
reveal additional rock types. Percent recovery and RQD
calculations for these samples were documented at their
respective depths on the boring logs.

3. Subsurface Conditions
3.1. Geology

A comprehensive review of available geological data
reveals that the site is underlain by the Hermitage
Formation from the Ordovician Period. This formation
comprises four distinct facies (sections), including the
granular phosphatic limestone facies at the uppermost
level, followed by the Coquina and laminated argillaceous
limestone facies in the middle, and the Curdsville

Limestone at the base. The granular phosphatic limestone
facies is identified by its medium light gray to brownish-
gray coloration, medium bedding, and crossbedding, along
with brown phosphatic pallets. The Coquina facies exhibits
a medium gray to brownish-gray hue, medium bedding,
and contains disseminated silt and shale partings. The
laminated argillaceous facies consists of medium to dark
gray, very fine-grained limestone with numerous thin shale
partings. The Curdsville Limestone, on the other hand, is
characterized by a medium to dark gray coloration, fine to
medium grain size, thin bedding, and thin shale partings.
These facies undergo weathering processes resulting in a
transition to pale to dark yellowish-brown silty, sandy clay
material, akin to the conditions observed beneath the fill in
our boreholes.

The subject property is located within a region
characterized by karst-prone geology. Any development in
such topography carries inherent risks of future internal
soil erosion and ground subsidence, potentially impacting
the stability of pavements and buried utilities. Presently,
the state of the art in geotechnical engineering does not
facilitate accurate prediction of the location and probability
of karst-related subsidence. The subsidence of the existing
pavement, along with associated dropout within the

2024-v016(2)-p 1-16
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Table 1. depths of fill and auger refusal encountered at each boring locations

Approximate fill depth (ft)  Approx. depth to refusal (ft)

Approximate fill depth (ft) ~ Approx. depth to refusal (ft)

Boring Boring
B-1 20 48 B-7 6 22
B-2 5 23% * B-8 6% 8*
B-3 8% 8% * B-9 7% 1% *
B-4 5 22Y%* B-10 9 17%
B-5 6 17 B-11 12 32%
B-6 ** 7% 46 * B-12 6 12%*

* Boring where rock coring was performed

** Initial auger refusal occurred at a depth of about 7%z feet on weathered limestone rock

roadway, is seemingly linked to karst-related soil
piping, and is typified as a sinkhole occurrence.

3.2. Soil and Rock Conditions

The subsurface conditions inferred from the borehole
investigations can be summarized as follows: Borings B-1
through B-8, B-11, and B-12 were conducted within the
asphalt pavement area, revealing a layer of asphalt ranging
from 0.3 to 2 feet in thickness. Borings B-9 and B-10,
located off the pavement at the right-of-way limits east of
the roadway, encountered approximately 0.4 to 0.6 feet of
topsoil. Beneath the surface cover, the boreholes generally
penetrated 5 to 20 feet of fill material overlying natural lean
to fat clay and/or limestone bedrock. Boring B-1, situated
within the pavement dropout area, revealed a deeper fill of
about 20 feet, primarily comprised of crushed rock with or
without clay. The fill material appeared to be uniformly
graded with minimal fines, with variations noted such as
the presence of soil and rock at B-3 and large limestone
fragments, possibly shot rock, at B-9 and B-10. The depths
of fill and auger refusal encountered at each boring location
are summarized in Table 1.

Natural clay was encountered beneath the fill layer,
extending to auger refusal on limestone bedrock at depths
ranging from 8 to 48%2 feet below the existing grade. A void
of approximately 1 foot was observed between the bottom
of the asphalt and the surface of the crushed rock at Boring
B-4. The fill material exhibited a variable relative density,
ranging from very loose to medium dense, with standard
penetration resistance (N) values typically ranging from 0
to 23 blows per foot (bpf). It is noted that higher N-values
may be inflated due to the presence of large limestone
fragments and do not accurately represent the true relative
density of the fill. The natural clay beneath the existing fill
generally displayed a very soft to medium stiff consistency,
with most N-values ranging from 0 to 6 bpf, except for
borings B-4 and B-12 where stiff clays were encountered

down to the bedrock. This softening of soil is indicative of
karst activity and suggests soil piping at these locations.

All boreholes were extended to auger refusal on
apparent limestone bedrock, with depths ranging from
about 7% to 48Y% feet below the existing grade. Deeper
refusal depths, ranging from 46 to 48% feet below grade,
were observed at B-1 and B-6. Rock core sampling was
performed at selected boring locations (B-2 through B-4,
B-6, B-8, B-9, and B-12) to further investigate the
materials encountered at auger refusal. The sampled
bedrock materials primarily consisted of light to medium
gray, thin to very thin bedded limestone with weathered
shaly seams. Core recovery ranged from 30 to 100 percent,
with poorer recovery noted at B-9 and B-12. The quality of
the cores obtained was generally assessed as very poor to
fair based on the Rock Quality Designation (RQD) values,
typically ranging from 0 to 75 percent. At Boring B-6,
initial auger refusal was encountered at approximately 7%
feet below grade on weathered limestone, which extended
to a depth of about 14 feet below grade. Below this depth,
the core barrel encountered minimal resistance down to
approximately 46 feet below grade, with no recovery of
subsurface material due to an apparent clay-filled slot
resulting from solution weathering, a common feature in
the Hermitage Limestone formation present at the site. At
Boring B-9, the sampled bedrock material comprised
moderately to highly weathered limestone with voids and
crevices filled with concrete grout. Additionally, a 3-inch
thick asphalt piece was encountered during coring at
approximately 12 feet below grade, indicating the
possibility of prior compaction grouting to fill voids within
the rock mass.

3.3. Groundwater Conditions
The borings were meticulously monitored during and

immediately after drilling to assess the presence and depth
of groundwater. Upon completion of the boring process,
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groundwater was observed in borings B-1, B-3, B-4, and
B-8, with depths ranging from approximately 5 to 28 feet
below the existing grade. These observations offer a
preliminary insight into the groundwater conditions
prevailing on the site at the time of drilling. However,
owing to the low permeability of the cohesive soils
encountered in the borings, more extensive monitoring
over the long term, possibly through cased holes or
piezometers, would be necessary for a comprehensive and
precise evaluation of groundwater conditions. It is essential
to recognize that fluctuations in groundwater levels may
arise due to seasonal variations in rainfall, runoff, and other
factors that may not have been evident during the initial
boring operations.

4. Evaluations and Recommendations

Based on subsurface data and our professional
experience, the pavement distress and dropout are
attributed to active soil piping and ground subsidence,
likely associated with an apparent sinkhole. Previous repair
efforts have been largely superficial and insufficient to halt
the ongoing soil piping at significant depths.

Initially, a conventional inverted rock filter sinkhole
repair method was contemplated for this project. However,
optimal execution of such a repair would necessitate the
rock fill to extend down to the bedrock. The excavation
required to reach the bedrock is anticipated to be
considerable, possibly extending beyond the road right-of-
way into adjacent private properties. Consequently,
temporary shoring of excavation sidewalls may be
necessary due to space constraints. Furthermore, this
approach would mandate the relocation of all buried
utilities within the excavation area. Considering the
substantial depth of excavation, reaching up to 48% feet
below grade, along with the potential need for temporary
shoring, this sinkhole repair option is deemed impractical
and cost-ineffective.

Alternatively, the project team explored a structural
solution involving the construction of a land bridge
spanning the affected area. Extensive research and review
were conducted regarding the costs and logistical
challenges associated with this approach. However, it was
concluded that the construction of a land bridge would be
prohibitively expensive and time-consuming, with the
design and construction phases spanning several months.
The adverse impacts on both cost and schedule were
deemed unacceptable, leading to the abandonment of this
approach.

Based on our extensive experience, research, and
consultations with specialty contractors, a compaction
grouting program, sometimes referred to as cap grouting,
emerges as a viable and practical solution for enhancing

subgrade conditions and mitigating ground subsidence.
Compaction grouting entails the precise injection of low-
slump grout in a grid pattern to displace soft soils, fill voids
above the bedrock surface, and establish a grouted matrix
aimed at solidifying and stabilizing the affected area. The
primary objective of the initial grouting phase is to create
a grout blanket or cap across the bedrock surface, sealing
voids without filling those within the bedrock itself. This
targeted grouting strategy involves placing grout bulbs at
the bedrock surface to prevent further loss of overburden
into bedrock voids and crevices, while also reducing voids
within the overburden above. As the lower reaches of the
target area are grouted, casings are gradually withdrawn,
and grout is injected at predetermined intervals. This
incremental approach effectively reduces voids within the
overburden, contributing to the solidification of the zone.
Subsequent rounds of grouting, if necessary, will be
determined based on the outcomes of the primary injection
cycle. The grouting operations are expected to extend up to
near the invert of the existing 36-inch diameter water line,
reaching a depth of approximately 8 feet below the road
surface. Typically, such specialized work is undertaken by
a dedicated grouting contractor.

Following the completion of grouting operations, the
near-surface subgrades in the affected area will undergo
undercutting and replacement with engineered fill,
followed by repaving. The engineered fill will primarily
comprise granular materials such as well-graded crushed
mineral aggregate, conforming to TDOT Section 903.05
(Type A, Grading D), and/or approved clean shot rock. The
granular fill will be placed in maximum 10-inch thick loose
lifts, with each layer compacted to at least 95% of the
material’s standard Proctor maximum dry density. The
upper 12 inches of fill subgrade will be compacted to at
least 100% of the same standard. Graded solid rock fill
shall comprise well-graded, durable shot rock with a
maximum fragment size of 18 inches, with 20 to 30 percent
passing the No. 4 sieve and no more than 5 percent passing
the No. 200 sieve. The fragments should exhibit roughly
equidimensional shapes, with thin, slabby, or shaly
material deemed unacceptable. The material's performance
under five iterations of the sodium sulfate soundness test
(AASHTO T-104) should yield a weighted percentage of
loss not exceeding 12%. It is not recommended to mix shot
rock with natural clayey soils. Placement and compaction
of uniform fill materials will aid in densification and
testing during construction. Graded solid rock material
must be approved by the engineer before use on the project.
Shot rock fill should be compacted in lifts not exceeding 2
feet using a D-8 class Dozer (10-ton class vibratory roller)
or equivalent equipment. Undercut material is expected to
comprise open-graded crushed rock with minimal or no
fines, large limestone fragments, and soil-rock mixture.
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Figure 7. Primary hole and secondary hole locations of the studied site

Reuse of this material is not recommended; it should be
hauled off-site.

We recommended that the new engineered fill be
properly benching with the existing subgrade to establish a
positive bond between the new fill and the existing soils.
Finish pavement grades should be properly sloped to
ensure positive drainage, thereby reducing water ponding
on the pavement and infiltration into the underlying
subgrade. Based on our discussions, we understand that the
Owner agrees with the compaction grouting repair option
and has authorized the project team to prepare bid
documents accordingly. In compliance with their request,
we have previously prepared and forwarded a permit for
the work as required by the regulatory division of the state
of Tennessee.

The compaction grouting program has been determined
to be a viable treatment plan for the problem area, based on
our discussions. Our experience indicates that compaction
or cap grouting has effectively addressed sinkhole/karst-
related ground subsidence in the past. The objective of the
current work is to provide a permanent repair to the current
problems in the affected road segment. This was discussed
with the Owner and nearby residents in a project-related
public meeting, and communicated to the regulatory
agency. The intent of the grouting is to inject sufficient low
slump material into the subsurface to create a solidified but
porous mass, forming a plug over the bedrock voids to
support the road subgrade for many years. It's important to
note that the work is not intended to fill every bedrock void
within the upper weathered bedrock profile at the problem
area. Instead, an associated goal is to permit the continued
passage of groundwater through the zone. The aim of this
objective is to reduce potential negative impacts of
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groundwater movement in peripheral areas where such
movement had not previously occurred. However, it's
crucial for the Owner and nearby residents to understand
that this targeted remedy is not a widespread treatment
expected to address or reduce the risk of sinkholes on
adjacent public right of way or nearby properties. Figure 7
shows proposed primary hole and secondary hole locations
of the studied site. Sinkhole formation risk is inherent in
this geologic setting, as adamantly stated in the public
meeting, and local risk cannot be entirely eliminated.
Future sinkhole occurrences in this neighborhood cannot
be predicted but should not be totally unexpected. Any
future sinkhole incidents should be addressed on a case-by-
case basis, and any such occurrence would be considered
coincidental to the currently proposed repair work.

5. Conclusions

In conclusion, the comprehensive investigation detailed
in this paper sheds light on the complexities surrounding
sinkhole occurrences and their remediation, as exemplified
by the persistent sinkhole along Whispering Hills Drive in
Nashville, Tennessee. The interdisciplinary approach
employed, combining geotechnical expertise, geological
analysis, and engineering solutions, underscores the
multifaceted nature of sinkhole mitigation. Through
meticulous field exploration and laboratory testing, the
geological and subsurface conditions were thoroughly
characterized, revealing the presence of Kkarst-prone
geology and variable soil and rock compositions.
Evaluation of potential repair strategies highlighted the
limitations of conventional methods and led to the selection
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of a compaction grouting program as the most viable
solution. This approach, involving precise injection of low-
slump grout to stabilize the affected area, offers a practical
and cost-effective means of addressing soil piping and
ground subsidence. The proposed repair strategy, detailed
with specifications for material selection and construction
methodologies, aims to provide a long-lasting solution to
the persistent sinkhole issue. The recommendations put
forth emphasize the importance of proactive risk
management and continued monitoring to address potential
future sinkhole occurrences. While the selected repair
strategy targets the specific problem area, it is essential to
recognize the inherent risks associated with sinkhole
formation in karstic landscapes. Stakeholders must remain
vigilant and prepared to address any future incidents on a
case-by-case basis. Continued research and collaboration
among stakeholders are essential to further enhance the
effectiveness and sustainability of sinkhole remediation
efforts. The findings presented in this paper underscore the
significance of proactive risk management and adaptive
strategies in addressing sinkhole hazards. While the
selected compaction grouting program offers a promising
solution for the current problem area, it is essential to
acknowledge the inherent risks associated with sinkhole
formation in karstic landscapes. Continued research,
monitoring, and community engagement are imperative in
enhancing our understanding of sinkhole dynamics and
developing resilient infrastructure systems capable of
withstanding such geological challenges. Ultimately, the
lessons learned from this study contribute to the
advancement of design standards and construction
practices for sinkhole repairs, fostering safer and more
sustainable development in karstic areas and beyond.
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ABSTRACT

The occurrence of progressive structural damage during seismic events and nearby
explosions presents a significant challenge. Progressive failure refers to the situation in
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which a localized failure in a structural element triggers the failure of neighboring elements,
leading to further collapses within the building. There are limited instances of structures
experiencing either partial or complete progressive failure. Notably, such occurrences were

observed following the partial collapse of the renowned Ronan Pointl residential building
in London in 1968 and the destruction of the World Trade Center buildings on September
11, 2001. The engineering community and various standardization committees have focused
their attention on this significant issue and have initiated the implementation of enhanced

design methods to mitigate progressive failure.
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1. Introduction

Progressive failure is the process by which the initial
local failure in one structural member spreads to other
members, ultimately resulting in the rupture of the entire
structure or a significant portion of it. Potential factors
contributing to progressive failure may encompass design
or manufacturing errors, fire, explosive gases, accidental
overloading, impact events, bomb explosions, and other
similar hazards. Due to the typically low probability of
these risks, they are not typically accounted for in the
structural design or are mitigated through indirect

" Corresponding author. Tel.: +989216275438; e-mail: mo.mirhosseini@iau.ac.ir.

measures. During a relatively brief timeframe, the majority
of these incidents involve dynamic responses and exhibit
characteristics of rapid action. Researchers first focused on
progressive deterioration in the 1970s following the partial
collapse of a tower in Ronan Point2, England.
Additionally, the renewed examination of progressive
rupture occurred after the terrorist attacks on the World
Trade Center on September 11, 2001[1].

In the majority of studies carried out in the field of
progressive failure, the main cause of failure is often
disregarded. Consequently, regardless of the specific cause
of failure, certain columns are eliminated under various
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scenarios, and the structure's response is examined in the
absence of these columns. This approach overlooks the fact
that each primary factor leading to failure can elicit distinct
responses from structures. As a result, the present study
endeavors to scrutinize the causes of progressive collapse
in structures more meticulously, evaluating the progression
and designing structures with this issue in mind.

The current building regulations involve designing
structures to withstand anticipated loads over their lifespan,
rather than accounting for extreme events that could result
in widespread damage. Common codes provide general
recommendations for mitigating the impact of progressive
failure in structures loaded beyond their design limits.
Consequently, further study and investigation of this
phenomenon's effects on structures appears necessary.

2. Examples of progressive failure

The number of reported examples of progressive failure
of all or part of a structure is very small and spread over a
period. Progressive damage is a phenomenon that is
gradually being incorporated into design standards, and the
desire to incorporate it into design increased dramatically
after the destruction of the World Trade Center on
September 11, 2001[1].

2.1. Alfred P Murrah building

It was designed and built in Oklahoma City between
1970 and 1976 as an administrative building for the United
States government. On April 19, 1995, an explosion on the
north side hit a truck. The structural system consists of a
nine-story reinforced concrete frame. Its particularity is the
presence of a Transfer girder5 on the third floor on the
north side. Thus the columns on the ground floor are twice
as far apart as on the other upper floors. The explosion
destroyed all three columns and the entire cantilever was
eventually moved, as shown in Fig. 1. The accident was
considered an example of progressive failure due to the
inability of the transport frame and beam system to handle
the increased anchorage and shear forces near the three
columns that were removed at the level of the ground [1].

2.2. Ronan point

Ronan Point is a 22-storey residential tower built
between 1966 and 1968. The structural system of the walls
and roof was prefabricated reinforced concrete. The walls
and ceiling are joined with screws and the joints are filled
with mortar. In other words, if the lower retaining wall is
removed, the roof will not have much capacity to resist
bending. Therefore, when the wall panels on the 18th floor
were blown away by the explosion, the upper floors were

destroyed and falling debris began to damage the lower
floors down to the ground floor.

F

Fig. 3. Kobar towers
As shown in Fig. 2, the failure of the building occurred
gradually because the building did not take advantage of
the necessary uncertainty and resistance of the roof
connections to bending caused by distributed loads. This is
an example of progressive failure, where the loss of
supporting elements leads to total failure of the structure

3.
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2.3. Kobar towers

Kobar Towers was one of several apartment buildings
in Al-Kobar near Dhahran, Saudi Arabia. On June 25,
1996, one of the apartment buildings was severely
damaged when a heavy bomb exploded on the street in
front of the building (Fig. 3). The eight-story Kobar
Towers building was built with a T-shaped plan and a
system of prefabricated reinforced concrete walls and roof.
All vertical and lateral loads were supported by the
prefabricated wall system. Although the shear wall was
destroyed by the blast, damage was limited to the opposite
and exterior openings leading to the building, and only
continued within the initial damage zone. Research shows
that precast reinforced concrete systems are plastic enough
to handle abnormal events. In addition, the connections
within the ceiling and walls remain mostly intact and
unbroken [2].

2.4. Bunkers Trust bulding

This building is an example of undisturbed architecture
remaining from progressive collapse. This 40-story
building was built in the early 1970s in New York. Right
on the site of the original South World Trade Center. The
structural system consists of a steel frame with beams
connected to the columns by two-way bent connections.
The structure withstood the impact of the debris from the
destruction of the South World Trade Center. A portion of
the exterior wall of the south tower impacted the 23rd floor
of the building, including the roof system damage and
perimeter beams between floors 9 and 23, as well as
damage to exterior columns between floors 9 and 18, as
shown. in Fig. 4. Despite the loss of vertical load-bearing
members, no additional damage occurred beyond that
caused directly by debris from the destroyed South Tower
of the World Trade Center. It is clear that the bending
frame is ductile enough and sufficient to withstand the
distributed load stresses after the column removal and to
absorb the kinetic energy generated by the sudden column
removal and debris falling [1].

2.5. Sky line plaza

In 1973, during the concreting of floor 24, there was
progressive damage to the entire height of the tower, and
progressive horizontal damage to the entire parking lot
adjacent to the tower due to debris impact [3] (Fig. 5).

2.6. The world trade center twin towers
The vulnerability of these structures to unusual and

unexpected constraints was demonstrated when two
aircraft struck the United States' Twin Towers on

September 11, 2001, causing damage and total and partial

Fig. 5. Sky line plaza

3. Types of progressive collapse
3.1. Pancake destruction

An example of this type of destruction is the prograssive
destruction of the World Trade Towers. Airstrikes and fires
caused local damage in the impact areas. Therefore, with
the loss of load-bearing capacity of a limited number of
layers, the upper part of the structure begins to fall and
accumulates kinetic energy. The collision with the bottom
of the sound results in a large impact force, which is much
greater than the bearing capacity of the actual design of the
structure. This structural impact causes a loss of bearing
capacity of the entire section of the tower within the impact
area. The suggested word for this type of destruction was
used after the destruction of a smaller building than the
Twin Towers. The buildings have shingles stacked on top
of each other to form cookie-like objects. This type of
destruction mechanism has the following functions:

o Initial failure of vertical bearing elements

e Detachment of structural components and their
falling in the movement of a vertical rigid body

e Converting gravitational potential energy into
kinetic energy

e Impact of separated and fallen components on the
rest of the structure

e Failure of other vertical bearing elements due to
compressive forces resulting from impact loading.
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Fig. 6. The world trade center twin towers

And finally, the spread of failure in the vertical
direction [5,6]

3.2. Domino destruction

The mechanism of this type of destruction is as follows:

Initial reversal of an element

Falling of the mentioned element in the form of
angular rigid body movement around the lower
edge

Converting gravitational potential energy into
kinetic energy

Side impact of the upper edge of the overturned
element to the side view of the similar element on
the side

The overturning of adjacent elements due to the
horizontal pushing force caused by the impacting
element

Expansion of failure
overturning [1,13].

in the direction of

3.3. Zipper destruction

An example of this type of failure is a cable-stayed
bridge failure, which occurs because one cable breaks and
the break spreads to other cables, eventually causing the
entire bridge to fail. The zipper destruction mechanism has
the following characteristics:

2024-vol6(2)-p 17-23

Initial failure of one or more elements
Redistributing the forces borne by these elements
to the rest of the structure

Dynamic impact loading due to a sudden initial
failure and redistribution of forces

The dynamic response of the remaining structure,
to that dynamic impact loading

Concentration of forces in load-bearing elements
that are similar in type and function and are in the
vicinity or close to the primary damaged
elements.

Overloading and failure of those elements
Progression of damage in the transverse direction
compared to the main forces of the damaged
elements [13,14].
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3.4. Instability destruction

Structural failure due to instability during small
deflections (defect and lateral loads) can cause significant
deformation or damage. These structures are generally
designed so that instable failure does not occur. This is
achieved by providing additional structural components to
brace and stiffen the structure. Under static conditions, this
type of failure is called buckling. The unstable damage
mechanism has the following characteristics:

o Initial failure of bracing or stiffening elements
that have stabilized the load-bearing elements in
pressure.

o Instability of compression elements

e Sudden loss of stability of these pressure elements
due to a small deviation

e  The spread of destruction or damage [13,14].

3.5. Compound destruction

Some progressive collapse does not fit completely into
the above categories. The partial destruction of the Alfred
P Murrah building shows not only a pancake scenario, but
also some characteristics of a domino scenario.

4. Research foundations

After the destruction of the World Trade Center towers
on September 11, 2001, special attention was paid to the
problem of progressive failure of the more important
buildings, special progressive failure loads were
incorporated into the design, and it was necessary that
buildings were designed to withstand localized failures.
Reduce and resist abnormal loads by integrating structural
elements to improve energy redistribution and load
redistribution (creating alternative load transfer pathways)
[1].

For this reason, in this section we present some tests
carried out by engineers and their results.

In 2010, Zhang et al. Experiments were conducted on
steel sheets to study the effect of the membrane and the
bending strength of steel sheets against the progressive
collapse phenomenon. [5] The suitability of the sudden
column removal method used in the study was verified as
an ideal local damage resulting from a real explosion event.
To this end, a combination of computational and rigorous
experimental modeling has been used to perform large-
scale, real-world simulations of steel structures with
bending frame systems. Finally, the results obtained from
the numerical and experimental models were compared.
The previous study paid special attention to the interaction
of composite systems used in structural slabs during the
removal of columns [6].

By testing the concrete structure in 2012, K. Qian and
B. Li were able to control progressive failure by modifying
the longitudinal and transverse reinforcement of the
column sections. The results showed that the load
displacement scheme and crushing mechanism were
modified to reduce the effects of progressive failure.

In E. 2013, Song, B., Sezen,H et al discuss numerical
and experimental simulations to evaluate the probability of
progressive failure of the Ohio Union Building by
removing four first-floor columns. Sap2000 software is
used to perform numerical simulations in the form of 2D
and 3D models. The analyzes used are non-linear static and
dynamic analyses. Also in the experimental study, after
removing four columns of a floor in three conditions, the
straining generated in the elements adjacent to the removed
columns were measured using strain gauges installed in
these places. Finally, the results of the dynamic and static
analysis are compared and the probability of gradual failure
is assessed. Analytical results indicate that not taking
panels into account during calculations can lead to errors
in the evaluation of the probability of progressive failure of
the structure [8].

In 2013, Tavakoli, V. and Kiakojouri, F proposed a new
method to simulate dynamic column removal in steel
structural systems.By using this method, they measured the
structural response of a 5-story steel frame under different
column removal scenarios. They also took into account the
non-linear effects of materials and geometry in their
analysis. Their results showed that the probability of
progressive failure strongly depends on the location of
column removal, and the proposed method has the
characteristics of computational simplicity and practicality
to simulate the removal of dynamic columns in frame
structures [9].

Kandil, K. S. et al. In 2013, conducted a laboratory
study on the progressive failure of steel frames. To this end,
they designed two new experiments to strengthen sensitive
points in multilayer steel structures. The frames studied
have different geometries, different boundary conditions,
different failure mechanisms, different damping ratios and
different connections. The examined model was
manufactured to a tenfold scale and has two openings 0.50
m long and 0.40 m high from the ground. The roof is
welded to the beams and the beam-to-column connections
are considered solid. To validate the model, the results of
numerical finite element modeling performed by another
researcher were used and showed good agreement with the
software and laboratory results [10].

In 2015, F.Hashemi Rezvani studied the effect of span
length on progressive failure in steel bending frames. For
this purpose, nonlinear static and dynamic analyzes of the
designed frame were performed in the highly seismic
region using Opensee software. In 6 different cases the first
floor columns were removed from the corner and central

2024-v016(2)-p 17-23



22 Journal of Civil Engineering Researchers

columns. The results showed that the vertical displacement
of the polarization point increases with the span length. The
results showed that by doubling the span length, the
vertical displacement increased by a factor of 5, and the
vertical displacement of the corner column was 27%
greater than that of the central column. Therefore, as the
span of the length increases, the amount of DCR (desired
supercapacitance ratio) increases and thus the risk of
progressive failure increases [11].

In 2017, Bagheripourasil, M et al., in a numerical study,
proposed a method to evaluate progressive failure caused
by blast loads in steel-framed buildings. For this purpose,
a 7-story steel building was exposed to blast loads, with the
resulting blast stress on structural elements located in the
vicinity of the blast under four different conditions. The
results show that if failure initiation factors and blast loads
are considered when assessing the potential for progressive
damage, the structure will respond differently compared to
the common method for assess the occurrence of
progressive damage [12].

5. Research method

In this study, the author reviewed previous studies
conducted in the field of collapse and tried to review all
these studies and reach some important and acceptable
conclusions in this field. With the appearance of this
phenomenon in recent years, in several structures, the
review of previous studies has become particularly
important and necessary, and based on the results of these
studies, the author tries to conduct a study more in-depth
that explores this topic.

6. Findings

In this research, a literature review on the progressive
collapse background of and types of it has been
investigated.

In engineers' studies of the problem, they found that the
types of occurrence of this phenomenon differ from one
structure to another. Engineers are paying more attention
to the problem after the partial collapse of Ronan Point
tower, England, and the collapse of the building after the
terrorist attacks on the World Trade Center.

Zhang et al. performed compressive column removal
tests on bending steel frame structures, with a particular
focus on how composite systems used in structural floors
react during column removal.

Meanwhile Tavakoli, V. and Kiakojouri, F showed
column removal tests in five different scenarios and found
that the progressive collapse strongly depended on the
sitution of column removal.

After reviewing the results of previous experiments, M.
Bagheripour Asil et al. In 2017, a numerical study
proposed a method to evaluate progressive failure caused
by blast loads during bending of steel-framed buildings.
For this purpose, they studied a 7-story steel building
subjected to blast loads and concluded that the structural
response of the method used is better if the blast loads are
taken into account (i.e. the factors of 'initiation of failure)
when assessing the development of rupture potential.
progressive failures will vary in assessment.

Unlike previous tests on steel structures, in 2012 K.
Qian and B. Li conducted progressive failure control tests
on concrete structures and concluded that by changing the
load displacement diagram and mechanism, the occurrence
of cracks can effectively reduce the progressive collapse.

Since then, Song, B., Sezen,H et al have performed
linear and nonlinear static analyzes of the Ohio Union
Building, concluding that not accounting for the panels in
the calculations could lead to errors in the assessment of
possible progressive failure to the structure.

7. Conclusion

In this study, the previous literature and types of
progressive collapse are reviewed. Since the number of
reports of structures experiencing progressive failure is
very small and over variable periods of time, it is important
to consider the type of failure in the response of structures
to this phenomenon when reviewing the results. For this
reason, definitions of different types of progressive
collapse are proposed by examining the results of previous
research and reported mechanisms of structural collapse. It
should help prevent this from happening. By reviewing the
research results of engineers on various steel and concrete
structures, these results can also be applied to structural
design to reduce the progressive failure of structures. The
types of loads such as explosion, wind, earthquake,
terrorist attack, etc. are valid collapse types and should be
considered during design. The importance of this problem
is important to engineers trying to reduce the risk of
progressive failure.
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Buildings with masonry materials are one of the weakest buildings against earthquakes, and Received: June 11, 2024
the importance of proper design and correct construction of these buildings is not hidden. Accepted: June 24, 2024

Among The buildings with masonry materials, the buildings with Ring beams are the most
common of such buildings. Engineers use internal and external regulations and standards to
design ring beam masonry buildings. The two main references for the design and
construction of masonry buildings with Ring beams are the Code of Practice for Seismic

Resistant Design of Buildings (Standard 2800, Fourth Edition) and the Eighth Topic of the '\K/lzysv(\)/g;)c:séu”dings
National Building Regulations (2020 Edition) under the title of design and construction of structural walls
buildings with masonry materials. The Provisions for masonry buildings with Ring beams Non-structural walls
are given in the fifth chapter of the Eighth Topic of the National Building Regulations and Ring Beams

the Seventh Chapter of the 2800 Standard. In this research, an attempt has been made to Seismic Design

examine the Provisions of masonry buildings with Ring beams of these two references and
to identify the discrepancies and differences in the provisions. The investigation of these two
references has shown that there were more than 66 cases of differences in Provisions
regarding masonry buildings with Ring beams between the Eighth Topic of the National
Building Regulations and the Seismic Resistant Design of Buildings. Most of the differences
in the criteria were related to the sections of vertical and horizontal Ring beams, structural
walls, and Non-structural walls with 34 cases and 51.5% compared to the total difference.
Also, the type of soil is classified in the Eighth Topic of The National Construction
Regulations with 3 types of soil and the 2800 Standard of Conduct is classified with 4 types

of soil.
. DOI: 10.61186/JCER.6.2.24
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1. Introduction unknown [1]. Being unknown is confirmed by the fact that
when the revisions of the references and specialized Codes
Masonry materials are one of the oldest man — made in the field of materials and regulations of masonry
materials used in construction and be one of the most buildings are examined, we will see many changes in it. In
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Iran, there are two important references for the design and
construction of masonry buildings, including The National
Building Regulations (The Eighth Topic), under the title of
design and construction of masonry buildings, 2019
Edition [2], and Iranian Code of Practice for Seismic
Resistant Design of Buildings (2800 Standard, Fourth
Edition) for Masonry Buildings with Ring Beam [3]. The
Provisions for masonry buildings with ring beam are given
in the fifth chapter of the eighth topic of the National
Building Regulations and in the seventh chapter of Iran's
2800 Standard. The study and review of the previous
editions of these two references have shown that there were
many differences in the standards of masonry buildings [4].
Also, considering that in the 2018 edition of the 8™ topic of
the National Building Regulations, the Provisions and
Regulations of the United States Uniform Code [5, 6] have
been used, but there are still many contradictions and
differences with the Building Design Code in different
parts of the building, Against the earthquake, the 2800
Standard has been observed. Other references, such as
books on seismic design of brick buildings [7], masonry
buildings and a review of industrial buildings [8], and the
design of earthquake-resistant structures [9], provide the
Provisions and details of the design and construction of
reinforced and unreinforced masonry building with
examples and drawing shapes have been provided for
better understanding of the reader.

In this research, it has been tried to determine the
standards of masonry buildings with Ring beam in different
sections, including the classification of masonry buildings,
architectural requirements, structural requirements in the
foundations, Seats, Structural walls and Non-structural
walls, openings, lintel, ties, and roofs in the eighth topic of
the National Building Regulations (edition of 2018) and the
code of design of buildings against earthquakes, Standard
2800, edition 4, have been examined and compared, and
the differences in the standards in these two references
have been identified.

2. Provisions for masonry buildings with ring beam
2.1. Classification of masonry buildings

In the eighth topic of the National Building Regulations,
masonry buildings are divided into two categories,
including reinforced masonry building and masonry
buildings with ring beams, and in Iran's Standard 2800,
masonry buildings are divided into two categories under
the headings of masonry buildings with horizontal and
vertical Ring beams, and masonry buildings with Cohesive
bars. In some other authorities, masonry buildings have
been classified into four categories including non-
reinforced, semi-reinforced, reinforced and framed [7].

2.2. Architectural requirements

Differences in standards in the section of architectural
requirements of masonry buildings with ring beams
between two review authorities and its summary are shown
in table 1. Regarding the difference in the level of the roof
on the floor or the difference in level, it is stated in the
eighth topic of the national building regulations that if the
difference in level is less than 600 mm, a separate
horizontal Ring beam should be implemented in the
boundary wall between the two parts that have a difference
in level, or the two parts by means of Seismic seams
separate from each other and in case it is more than 600
mm, it is necessary to separate the two parts of the building
by means of a seismic joint. In the Standard 2800, only in
the case that the difference in the level of the roof is more
than 600 mm, they should be separated with additional
Ring beams or construction joints. Also, the anchor of the
cantilever in horizontal ring beams for the construction of
a parapet on the projecting part of the building according
to the Standard 2800 is shown in Figure 1.

2.3. Structural requirements

Structural requirements include excavation and
foundation, base course, structural and non-structural
walls, openings, lintel, parapet, ties, roofs and ridge. The
difference between of provisions of the structural
requirements section between the eighth topic of the
National Building Regulations and the Standard 2800 has
been investigated. The differences in provisions in the
excavation and foundation section are shown in table 2, and
the details of anchor of vertical ring beam in the masonry
foundation base on Iran's Standard 2800 are shown in
Figure 2.

In both references of the 8™ topic of the National
Building Regulations and the 2800 Standard of Iran, the
base course width in masonry building with ring beam
depends on the width of the wall, the height of the base
course, the number of story and type of soil of the
construction site. Investigations have shown that there are
3 types of soil classification in the 8™ topic of the National
Building Regulations, but in the 2800 Standard of Iran, 4
types of soil are classified. In the 2800 standard, soil type
4 is soil whose permissible strength is about 1 kg/cm2 and
the width of the base course in this type of soil for 1, 2 and
3 story buildings is 500, 1000 and 1500 mm respectively,
which is in the eighth topic of the National Building
Regulation has not mentioned it. Sine both the eighth topic
of the National Building Regulations and the Standard
2800 of Iran state the use of concrete foundations instead
of masonry foundations, the differences in the provisions
of this section in Table 3.
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Table 1.
difference of Provisions in the architectural requirements section
Row Title Topic 8 2800 Standard
1 The maximum length of the masonry 3 time the width of building with 25 m 3 time the width of the building
building ring beam
2 Basement height Maximum 2.5 m
3 Projection of building (the upper story is Maximum 1 m
ahead of the lower story)
4 The use of steel ring beam in the projection It is allowed
5 Construction of parapet on the front of A maximum height of 500 mm is allowed It is unobstructed in the case of anchor of
projection cantilever in horizontal ring beams according
to Figure 1
Cantilever free edge restraining beam
Sub beam
o |
ﬁ 1 / E
.y, q

" Horizontal ring beam

Continuation of the sub beam in the cantilever

Masonry wall

A-The sub beam is perpendicular to the wall

The minimum profile of the sub beam

parapet equal to the snb beam

The sub beam
Horizontal ring beam

Cantilever free edge restraining beam % l

/
// / ﬁmru/,//

Masonry wall

B- The sub beam is parallel to the wall

Figure 1: cantilever anchor in the horizontal ring beams of the building based on Iran's 2800 Standard

One of the most important parts of a masonry building
with ring beams is its structural walls. Investigations have
shown that in the section of structural wall, there are
differences in provisions between these two references and
there are 11 cases differences between the eighth topic and
Iran's 2800 Standard. One of the differences is the
maximum length of a structural wall between two vertical
ring beams, which is equal to 5 m in the eighth topic of the
National Building Regulations, but in Iran's 2800 Standard,
the length of a structural wall is equal to the minimum
value of 5 m and 30 times the thickness of the wall.

Another case is the thickness of structural wall in the
stories and basement, which is stated in the eighth topic of
the National Building Regulations for the first and second
stories of the basement to be 350 mm, 320 mm, 200 mm
respectively.

The next item, based on the eighth topic of the National
Building Regulations, to determine the minimum amount
of the relative wall, structural walls with conditions such
as: the length of the wall should not be less than one-third
of its height, the length of the wall should be more than 1
m, and the columns and piers on the side and between the
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Table 2.
difference of Provisions in the excavation and foundations
Row Title Topic 8 2800 Standard
1 The depth of excavation At least 800 mm
2 The depth of foundation at least 500 mm It depends on the width of the base course
minus the width of the horizontal ring beam
3 The width of foundation It should not be less than 1.5 times
the width of the base course
4 Construction of the foundation in Not allowed
the form of dry
5 Type of foundation Paste with at least 350 lime kg/m?,rubble stone Brick foundation, stone foundation, concrete

immersed in concrete with 25 kg/m®cement, broken
range work with sand-cement or sand-cement mortar,
concrete with a cement 250 kg/m?®

foundation with minimum strength equal to
20 MPa

Vertical ring beam of steel

27

Vertical ring beam of the wooden

Wooden pieces or steel
wire attached to the end
of the vertical ring beam

Vertical ring beam of
reinforced concrete

U-shaped bar welded to a
vertical ring

Lateral bars is not show

A- vertical ring beam of wooden

B- Vertical ring beam of steel

C- Vertical ring beam of
reinforced concrete

Figure 2: The details of vertical ring beam anchor in the foundation of masonry based on 2800 Standard

openings should be proportional their length to effective
height should be more than one third, that these conditions
are not included in Iran's 2800 Standard. Another point of
difference, according to the eighth topic of the National
Building Regulations, the structural walls on each story
and in each direction must be spread evenly and
symmetrically on the surface in such a way that the
distance between the center of the story surface and the
center of the surface of the relative walls of that story
(eccentricity) in each extension, not more than 5% of the
dimension of the building in that direction and if this
distance is greater than the above value, its effect on the
surface of the wall should be taken into account, and this
case is not observed in Iran's 2800 Standard. The further
investigation of these two references in this section has
shown that there were other provisions differences in
structural walls other than those mentioned, and these
provisions differences are listed in Table 4.

Another one of the differences between the eighth topic
of the National Building Regulations and Iran's 2800
Standard is the basement wall provisions. In the eighth

topic of the National Building Regulations, the height of
the basement wall is 2.5 m and the minimum thickness of
the wall is 320 mm, and all lintels must be made of in situ
concrete or masonry, and steel lintels should be avoided in
the basement. While in the 2800 Standard of Iran, it is
sufficient to mention only the minimum thickness of the
basement wall equal to 350 mm and it is silent other cases.

Another difference between the 8™ topic of the National
Building Regulations and the 2800 Standard of Iran is the
openings. The maximum dimensions of the opening are 2
m in the 8" topic of the National Building Regulations, and
this length is 2.5 m in Iran's 2800 Standard. The cases of
differences in standards in the implementation of non-
structural walls and lintel are listed in Table 5.

Another case of difference between the 8™ topic of the
National Building Regulations and the 2800 Standard of
Iran is the provisions for parapets. According to the
requirements of the eighth topic of the National Building
Regulations, the height of the parapet should not be more
than 500 mm and its thickness should not be less than 200
mm. According to the 2800 Standard of Iran, if the

2024-v016(2)-p 24-32



28 Journal of Civil Engineering Researchers

thickness of the wall is equal to 200 mm or 200 mm, the
height of the parapet should not exceed 500 mm or 700
mm, respectively. The details of parapet anchor with a
height of more than 700 mm according to Iran's 2800
Standard are shown in Figure 3. In the eighth topic of the
National Building Regulations, no executive details have
been provided like Iran's 2800 Standard.

One of the important parts of masonry buildings with
ring beam is ties. The ties play an important role in the
cohesion and integration of masonry building with ring
beam. The ties include horizontal and vertical ring beams,
and differences such as ribbed bar type, ribbed bar distance,

use of steel and wooden section instead of concrete ring
beams and double corner ring beams, etc. have been
observed in the provisions of ties of two references.
Differences in provisions for horizontal ring beam are
shown in Table 6 and vertical ring beam in Table 7.

Another difference in this section is the width of the
chimney in horizontal concrete ring beams, which the
maximum diameter or width of the chimney in the eighth
topic of the National Building Regulations is equal to one
sixth and in The 2800 Standard of Iran, this size is equal to
one half of the width of the horizontal concrete ring beam
according to Figure 4.

Table 3.

difference of Provisions in the concrete foundation section

Row Title Topic 8 2800 Standard
1 The Width of concrete foundation The Width of the foundation should The width of the foundation should match
not be more than 1.5 times the width the width of the base course.
of the wall or 600 mm.
2 Concrete foundation depth At least 500 mm _
3 Maximum distance of bending 300 mm 300mm, but in another place, provided the
number of bending ribbed bars, which is not
consistent.
4 Longitudinal ribbed bars Diameter 12 with a maximum -
distance of 300 mm
5 Lateral ribbed bar in concrete foundations whose _ It should be construction in two loops
width is more than 800 mm
6 Leveling on concrete foundation in cold regions At least 400 mm below the ground -
with glaciers level
7 Classification of the soil of the construction site 3 type of soil 4 type of soil
Table 4.
difference of Provisions in the structural wall construction section
Row Title Topic 8 2800 Standard
1 Soaking of material units It is necessary
2 The distance between the vertical At least a quarter of the length of the material unit Do not put the vertical joint in the same
joint in the wall direction
3 The thickness of the horizontal It should not be less than 10 mm and more than 15
joints mm
4 The thickness of the horizontal Maximum to 20 mm
joints in case of bed joint
reinforcement
5 The number of horizontal ribbed It is necessary for walls that are longer than 2.5 m It is necessary for walls with shoulder length
bars in the middle third of the between 3 and 5 m
wall
6 The number of horizontal ribbed In three levels of the middle of the wall, two ribbed In three levels of the middle of the wall, one
bars in the middle third of the bars with a diameter of at least 8 mm ribbed bars with a diameter of at least 10 mm
wall
7 Curing of wall At least for 3 days with water
Table 5.
difference of Provisions in the non-structural wall and lintel construction sections
Row Title Topic 8 2800 Standard
1 The free length of the non- 40 times the width of the wall and a maximum of 5 40 times the thickness of the wall and a
structural wall m maximum of 6 m
2 Anchor the edge of the non- The vertical edge of the wall must be anchored with The vertical edge of the wall must be
structural wall an vertical element anchored with minimum size 6 steel channel
section
3 Instead of using toothing, you Two horizontal bars with a diameter of at least 8 mm It used an size 8 or 10 mm bar with a
can: and a distance of 500 mm are used in the height of distance of 600 mm in the height of the wall
the wall
4 The length of the support of the At least 350 mm or one tenth of the length of the At least 200 mm
lintel span, whichever is more
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Figure 3: The details of parapet anchor with a height of more than 700 mm according to the 2800 Standard
Table 6.
Difference of Provisions in the horizontal ring beam sections
Row Title Topic 8 2800 Standard
1 The use of horizontal steel ring - Size 10 Steel I-beam or equivalent steel
beam in the level on the wall profiles
2 Size of longitudinal bars in At least size 12 At least size 10
horizontal ring beam
3 The use of simple bars in o It is allowed only in areas with medium and
horizontal concrete low relative risk
4 Minimum diameter of lateral bars Size 8 bar with a maximum distance of 200 mm Size 6 bar, its distance is equal to the
in horizontal concrete ring beams smallest values of the ring beam height and
250 mm
5 The maximum distance of stirrup 100 mm 150 mm
in the critical area
6 Minimum concrete cover in 50 mm for the bottom of the wall and 30 mm forthe 50 mm for the bottom of the wall and 25 mm
horizontal concrete ring beam top of the wall for the top of the wall
7 Maximum diameter and width of At most one sixth of the width of the ring beam At most one half of the width of the
chimney in horizontal concrete horizontal ring beam
ring beams (Figure 4)
Another difference between these two references in this the equivalent bar system, instead of imp vertical ring
section is the use of horizontal and vertical ribbed bars in beams without providing design relationships, which is
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given in the eighth topic of the National Building
Regulations under the title of reinforced masonry building
with providing of the design relationships. The details of
vertical and horizontal ribbed bars in the equivalent bar
system.

The cases of differences in regulations between topics 8
of the National Building Regulations and Iran's 2800
Standard are the construction of vertical steel ring beam.
According to the provisions of Iran's 2800 Standard, steel
vertical ring beams can be used instead of concrete vertical
ring beams in building materials, and in this case, no
provisions have been observed in the eighth topic of the
National Building Regulations. The details of the
construction of the vertical steel ring beam according to
Iran's 2800 Standard are shown in Figure 6.

Differences and inconsistencies such as the integration
of concrete beam-block roof, trusses and wooden roof,
slanted roofs, curved roof, flat wooden roof, ridge, dome
roof, false ceiling and boundary walls in the two references
of the eighth topic of the National Building Regulations
and 2800 Standard of Iran view has been.

3. Conclusion

In this research, the provisions of topics 8 of the
National Building Regulations, 2018 edition, with the
Table 7.
Difference of Provisions in the vertical ring beam sections

Iranian Code of Practice for Seismic Resistant Design of
Buildings (2800 Standard, fourth edition), for masonry
buildings with ring beam have been examined and
compared. Differences in standards have been observed in
building classification sections with masonry building,
architectural ~ requirements, structural  requirements
including excavation and foundation, concrete foundation,
base course, structural and non-structural walls, openings,
lintel, ties and roofs:

1-The results of the research have shown that there were
more than 66 cases of provisions discrepancies in different
sections.

2-The most difference of provisions between the
standards of masonry building was respectively in the
wrapping sections with 17 cases, structural and non-
structural walls with 17 cases, excavation and concrete
foundation with 12 cases.

3-The results of the investigation have shown that The
2800 Standard, contrary to the eighth topic of the National
Building Regulations, has considered the use of simple
bars in some areas of Iran as unobstructed.

4-In the design of foundations of masonry building with
ring beam, investigations have shown that the classification
of the soil type in the eighth topic of the National Building
Regulations was based on 3 type of soil and in The 2800
Standard of Iran based on 4 type of soil.

Row Title Topic 8 2800 Standard
1 Using a vertical wooden ring beam It is unobstructed for one-story building
located in areas with medium and low
relative risk
2 The diameter of the longitudinal bars in a vertical At least size 12 At least size 10

concrete ring beam

3 Using a double vertical ring beam In the outer corners of a two-
story building or with a
basement
4 At least diameter of the lateral bars in the vertical Size 8 bar with a maximum Size 6 bar and its distance is equal to the

concrete ring beam and its maximum distance distance of 200 mm minimum width of the ring beam and 250

mm

5 The distance of stirrup in the critical area Maximum 100 mm Maximum 150 mm
6 Concrete coating in vertical concrete ring beams At least 30 mm At least 25 mm
7 At least length of the vertical anchor of the longitudinal at least 250 mm At least 400 mm

bars of the vertical concrete ring beam in the foundation

8 The use of equivalent vertical ring beams It can be made of Steel and wooden vertical
ring beam
9 The use of vertical and horizontal bars in the equivalent Reinforced masonry building Construction details are given in Figure 5

bar system (instead of the vertical ring beam)

10 Construction of reinforced concrete or steel ring beams It is necessary for the openings
around the openings whose dimensions are more
than 2 m
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ABSTRACT

A multi-stage gravitational search algorithm (MSGSA) is proposed here to solve the
optimization-based damage detection of structural systems. Natural frequency changes of a
structure are considered as a criterion for damage occurrence. Finite element method and
structural dynamic principles are also employed to evaluate the required natural frequencies.
The structural damage detection problem is first transformed into a standard optimization
problem dealing with continuous variables, and then the MSGSA is utilized to solve the
optimization problem for finding the site and severity of damage. In order to assess the
performance of the proposed method for damage identification, an example with
experimental data and two numerical examples with considering measurement noise are
considered. All the results demonstrate the effectiveness of the proposed method for
accurately determining the site and extent of multiple structural damage. Also, the
performance of the MSGSA for damage detection compared to the standard gravitational
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1. Introduction

Many structural systems may experience some local
damage during their functional age. As the local damage is
accurately detected and then rehabilitated within an
appropriate time span, it will lead to increasing the total age
of the system. Moreover, neglecting the local damage may
cause to reduce the functional age of structural systems or
even an overall failure of the structures. As a result, health
monitoring and structural damage identification is a vital
topic that has drawn wide attention from various

engineering fields such as civil, mechanical, and aerospace
engineering. The theoretical basis of damage detection lies
in the fact that responses of a structure vary because of its
inherent damage. This gives rise to the possibility of
identifying the damage from the variation of structural
responses before and after damage occurs. In particular, the
damage detection formulates the relationship between the
damage and modal parameter changes of a structure. A
common practice is to obtain the fingerprint or baseline of
modal parameters when a structure is in perfect health.
Later, when the changes of these parameters occur, it is

" Corresponding author. Tel.: +981144203726; e-mail: s.m.seyedpour@shomal.ac.ir.
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possible to investigate the structural damage which brings
about the changes. During the last decades, many
approaches have been introduced to determine the location
and extent of eventual damage in the structural systems.
One type of the methods employs the optimization
algorithms for solving the damage detection problem.
Many successful applications of damage detection using
an optimization algorithm have been reported in the
literature. Mares and Surace used the genetic algorithm
(GA) to maximize an objective function in order to identify
macroscopic structural damage in elastic structures from
measured natural frequencies and mode shapes [1]. A
procedure for detecting the damage in beam-type structure
based on a micro genetic algorithm using incomplete and
noisy modal test data was proposed by Au et al. [2]. An
application of GA for determining the damage site and
extent of flexible bridge maximizing a correlation
coefficient, named the multiple damage location assurance
criterion (MDLAC) has been proposed by Koh and Dyke
[3]. A fault diagnosis method in beam-like structures based
on binary and continuous genetic algorithms and a model
of the damaged structure has been proposed by Vakil-
Baghmisheh et al. [4]. A two-stage method of determining
the location and extent of multiple-beam-type structure
damage by using the information fusion technique and
micro-search genetic algorithm (MSGA) has been
presented by Guo and Li [5]. Structural damage detection
using an efficient correlation-based index (ECBI) and a
modified genetic algorithm (MGA) has been introduced by
Nobahari and Seyedpoor [6]. A self-adaptive multi-
chromosome genetic algorithm (SAMGA) for localizing
and quantifying the damage of truss structures was
presented by Villalba and Laier [7]. An application of the
bee algorithm (BA) to the problem of crack detection in
beams was introduced by Moradi et al. [8]. A hybrid
particle swarm optimization—simplex algorithm (PSOS)
for structural damage identification using frequency
domain data has been proposed by Begambre and Laier
[9]. In order to find the location and extent of structural
damage, a multi-stage particle swarm optimization
(MSPSO) assuming a discrete nature for damage variables
has been introduced by Seyedpoor [10]. Nouri Shirazi et al.
used the modified particle swarm optimization (MPSO) to
minimize an objective function (ECBI) in order to identify
structural damage from changes of natural frequencies
[11]. A mixed particle swarm-ray optimization together
with harmony search (HRPSO) for localizing and
quantifying the structural damage was presented by Kaveh
et al. [12]. The differential evolution algorithm (DEA) for
structural damage identification using natural frequencies
has been proposed by Seyedpoor et al. [13]. The ant colony
optimization (ACO) for structural damage identification
has been proposed by Braunet al. [14]. An improved hybrid
Pincus-Nelder-Mead optimization algorithm (IP-NMA)

for structural damage identification wusing natural
frequencies has been proposed by Nhamage et al. [15].
However, the performance of gravitational search
algorithm (GSA) and its other versions for solving the
damage detection problem have not been assessed
seriously.

In this study, a multi-stage gravitational search
algorithm (MSGSA) is introduced to identify multiple
structural damage. For this, the problem of structural
damage detection is first transformed into the standard
form of an optimization problem dealing with real damage
variables. The MSGSA is utilized as an optimization solver
for finding the site and severity of damaged elements.
Three illustrative test examples are considered to show the
performance of the proposed method. The results show that
the MSGSA can provide a robust tool for determining the
site and extent of multiple damage precisely and quickly.

2. Optimization Based Damage Detection Method

Structural damage detection using non-destructive
methods has received significant attention during the last
years. The fundamental law is that damage will change the
mass, stiffness, and damping properties of a structure. Such
a change would lead to changes in the response data of the
structure. This rule enables us to identify the damage by
comparing the response data of the structure before and
after damage. The damage detection problem can be
interpreted to find a set of damage variables minimizing or
maximizing a correlation index between response data of a
structure before and after damage [1, 3-8, 10, 11, 13, 14].
Therefore, the problem can be transformed into an
optimization problem as:

Find: XT = {x1, X2, ..., Xn} ()
Minimize: Obj (X)
Subject to: X < X< Xu

where XT = {x1, xz, ..., xa} IS @ damage variable vector
containing the location and size of n unknown damages; X
and Xz are the lower and upper bounds of the damage vector
and 0bj (X) is an objective function that need to be
minimized.

In many researches, various correlation indices were
chosen as the objective function. In this study, an efficient
correlation-based index (ECBI) introduced in [6] is used as
the objective function for the optimization given by:

|AFT . 8F(X)|? @
(AFT. AF)(SFT(X). 6F (X))

1
2

ECBI (X) = —

1 minfX), far)
Ny L max(f;(X), fai)
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In the objective function, 4Fis the change of frequency
vector of damaged structure with respect to the frequency
vector of healthy structure. The 4#can be defined as:

AF:{Afithi_fdi}'izllz‘””nf ®3)
fri

where £ and £ are the ix component of healthy
frequency vector £, and damaged frequency vector £y of
the structure, respectively. The number of total frequencies
considered for damage detection is denoted by n«

Also, 6F(x) is the change of frequency vector of an
analytical model with respect to the frequency vector of
healthy structure. The §F(X) can be defined as:

SF(X) = {Aﬁ(X) - M} vi=12,..n, @

fhi

where f£i(x) is the ith component of an analytical
frequency vector F¢x) of the structure.

The ECBI varies from a minimum value —1 to a
maximum value 0. It will be minimal when the vector of
analytical frequencies becomes identical to the frequency
vector of the damaged structure, that is, F(X)= Fd.

In this study, the damage variables for truss and frame
structures are defined via a relative reduction of elasticity
modulus of an element as:

_E-E

XL'—T, i=1,2,...,n (5)

where E is the original modulus of elasticity and Z;is the
final modulus of elasticity of ith element.

By solving the Eqg. (1) using an optimization algorithm
the damage variables can be determined. A non-zero value
for the variable x; represents that the ith element of the
structure is damaged while a zero value denotes that the
element is healthy.

3. The Proposed Optimization Algorithm

The selection of an efficient algorithm for solving the
damage optimization problem is a critical issue, because
the damage identification problem has many local
solutions. In this study, a multi-stage gravitational search
algorithm (MSGSA) is proposed to properly solve the
damage detection problem. In the remaining part of this
section, the original gravitational search algorithm (GSA)
is briefly described at first and then the proposed MSGSA
is discussed.

3.1. Gravitational Search Algorithm (GSA)
Gravitational search algorithm was introduced by

Rashedi et al. [17] in 2009 to solve optimization problems.
The population-based heuristic algorithm is based on the

law of gravity and mass interactions. The algorithm is
comprised of collection of searcher agents that interact
with each other through the gravity force. The agents are
considered as objects and their performance is measured by
their masses. The gravity force causes a global movement
where all objects move towards other objects with heavier
masses. The agents are actually obeying the law of gravity
as shown in Eqg. (6) and the law of motion in Eqg. (7).

F=c (0 (®)
o= % )

where F represents the magnitude of the gravitational
force, G is gravitational constant, M1 and M2 are the mass
of the first and second objects and R is the distance between
the two objects. Eq. (6) shows that in the Newton law of
gravity, the gravitational force between two objects is
directly proportional to the product of their masses and
inversely proportional to the square of the distance between
the objects. Moreover, in Eq. (7), Newton’s second law
shows that when a force, F, is applied to an object, its
acceleration, a, depends on the force and its mass, M.

In GSA, an agent has two parameters which are position
and mass. The position of the agent represents the solution
of the problem, while the mass of the agent is determined
using a fitness function. Agents are attracted by the
heaviest agent. Hence, the heaviest agent presents an
optimum solution in the search space. The steps of GSA
can be summarized as follows [17-19]:

Step 1) Agents initialization

The positions of the N number of agents are initialized
randomly.

Xi=(x}, o xf, o xl), i=12,..,N (8)

where x{ represents the positions of the /th agent in the
dth dimension, while n is the dimension of the problem.

Step 2) Fitness evolution and best fitness computation

For minimization problems, the fitness evolution is
performed by evaluating the best and worst fitness of all
agents at each iteration.

best(t) = minfit;(t) ,  je{1,2,...,N} 9)

worst(t) = maxfit;(t) ,  je{1,2,..,N} (10)

where fit;(t) represents the fitness value of the jth agent
at iteration t, best(t) and worst(t) represents the best and
worst fitness at iteration t.

Step 3) Gravitational constant computation
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In the algorithm, gravitational constant G is reduced
with iteration to control the search accuracy and it is
computed at iteration t as [18, 19]:

G(t) = Gy.e("T) (5))

where G, = 100 and a = 20 are initialized at the
beginning of the algorithm [19]. Also, T is the total number
of iterations.

Step 4) Calculation of masses of the agents

Mass for each agent is calculated at iteration t as:

o Mm@ (12)
MO =S @
my(t) = fit;(t) —worst(t) (13)

best(t) — worst(t)

where m; (t) represents the compatibility of the ith agent
at iteration t and M;(¢t) the mass of the ith agent at iteration
t.

Step 5) Calculation of accelerations of agents

Acceleration of the ith agent at iteration t is computed
using Eq. (14):
F () (14)
al(t) =——=
© =@
where F2(t) is the total force acting on ith agent calculated
as:

FA(t) = z rand; .Fi‘} ® (19)
jeKbest ,j#i
in which, Kbest is the set of first K agents with the best
fitness value and biggest mass. Kbest will decrease linearly
with iteration and at the end there will be only one agent
applying force to the others. Also, Fi‘} (t) is computed using
Eqg. (16):
M; (6). M;(¢)
RU(t) + ¢

(16)

F(t) = G(t). () — %1 (D)

where Fl-‘}- (t)) is the force acting on agent i from agent j
at dth dimension and tth iteration, R;;(t) is the Euclidian
distance between two agents i and j at iteration t, G(t) is the
computed gravitational constant at the same iteration while

e is a small constant.
Step 6) Updating velocity and positions of agents:

Velocity and the position of the agents at next iteration
(t+1) are computed based on the following equations:

va(t + 1) = rand; v (t) + al(t) 17

xf(t+1) =x3(t) +vi(t+1) (18)

where V;(t + 1) represents the velocity of the ith agent at
iteration t+1 and X;(t + 1) indicates the mass of the ith
agent at iteration t+1.

Step 7) Check the convergence

Steps 2 to 6 are repeated until the stop criteria are met.
The best fitness value at the final iteration is considered as
the global fitness while the position of the corresponding
agent at specified dimensions is taken as the global solution
of the problem. The flowchart of GSA can be simply shown
in Fig. 1.

Generate initial population

!

Evaluate the fitness for each agent

v

Update the G

v

Calculate m and M for each agent

\ 4

\ 4
Calculate a for each agent

v

Update velocity and position for each agent

Meeting end
of criterion?

Save the final optimal solution and stop the
process

Figure 1. The flowchart of GSA

3.2. The multi-stage gravitational search algorithm
(MSGSA)

A multi-stage gravitational search algorithm (MSGSA)
is proposed here to accurately detect the multiple structural
damages. Based on this algorithm, the location of damaged
elements of a structure found in each optimization stage is
imposed on the next optimization stage while the effects of
healthy elements on the subsequent stage are neglected. By
this approach, all healthy elements are successively
eliminated during some stages and the algorithm converges
to the correct locations and extents of flawed elements.
During the optimization stages, the dimension of
optimization problem are decreased gradually and this
makes the time and total computational cost of the
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optimization reduce. The step by step summary of the
multi-stage gravitational search algorithm (MSGSA) is as
follows:

Step 1) Set the initial number of damage variables, n to
the total number of structural elements. Randomly generate
the initial position vectors of agents distributed throughout
the design space bounded by the specific limits: X< Xi<
X,i=1.. N

Step 2) Employ the standard GSA to find the optimal
solution, XZ¢, = {x*,x?, ...,x™}

Step 3) Find the locations of healthy elements, that is,
for all components of damage vector X;, find i: x! = 0,
and also determine the total number of healthy elements,
m.

Step 4) Remove the healthy elements from the set of
damage variables and reduce the dimension of
optimization problem from n to n-m.

Step 5) Employ a new GSA stage to find the optimal
solution of current stage, i.e. X%s, = {x%, x2, ..., x""™}.

Step 6) Check the convergence by comparing the
optimal solutions of two sequential optimization stages. If
two vectors are identical go to step 7, otherwise go to step
3.

Step 7) Save the final optimal solution and stop the
optimization process. According to steps 1 to 7, the
flowchart of the MSGSA can be simply shown in Fig. 2.

4. Test examples

In order to demonstrate the capabilities of the proposed
approach for identifying the damage, three illustrative test
examples selected from the literature are considered. The
first example is a 16-element cantilevered beam with
experimental data, the second example is a 47-bar planar
truss and the last example is a 45-element frame (A five-
story and four-span frame). In 47-bar planar truss and 45-
element frame, the effect of measurement noise on the
efficiency of the method is studied.

4.1. Sixteen-element cantilevered beam with experimental
data

The proposed method is validated using experimental
data obtained from test on the 16-element cantilevered
beam by Sinha et al [16]. Table 1 gives details of the
geometric and material properties of the beam. The modal
test was conducted by Sinha et al. on the beam without any
crack and also with a single crack at 275mm (element 5)
with the crack depths 8 mm (damage extent 0.32) and 12
mm (damage extent 0.48). Table 2 gives the identified
experimental natural frequencies.

A finite element model of the cantilever beam was
constructed using Euler-Bernoulli  beam elements

including translational and rotational springs to simulate
the boundary conditions at the clamped end of the beam.
The finite element model, shown schematically in Fig. 3
has 16 elements and 34 degrees of freedom. The boundary
stiffnesses, k, = 26.5 MN/m and kg = 150 kN.m/rad,
are required to simulate the translation and rotation
flexibility of the clamped support [16].

Set the initial number of optimize design variables, n to
the total number of structural element (Generate initial

v

Employ the standard PSO to find the optimal solution
XTesa={X1,Xz,. .. Xn}

A 4

> Locate the healthy elements and the total number of
healthy elements (m)

A 4

Remove the m healthy elements from the set of n design
variables and replace n with n-m

Employ a new GSA stage to find the optimal solution
XTesa={X1,Xz,...Xn.m}

Is the convergence
met?

Save the final optimal solution and stop the process

Figure 2. The flowchart of the MSGSA

For this example, two damage scenarios of experimental
test [16], listed in Table 3, are studied and the first four
natural frequencies are used for damage detection.

Table 1.
The properties of 16-element cantilevered beam
Boundary conditions Cantilever
Material Aluminum
Young's modulus (E) 69.79 GN/m?
Mass density (p) 2600 kg/m?
The Poisson Ratio (v) 0.33
Beam length (L) 996 mm
Beam width (w) 50 mm
Beam depth (d) 25 mm

k¢ = 26.5 MN/m?

Boundary stiffnensses ke = 150 kN. m/rad
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Table 2.
The natural frequencies of the beam without any crack and with one
crack [16]

No crack d=8 mm di=12 mm
X1 =275 mm X;=275 mm
Mode Experimental Experimental Experimental
natural natural natural
frequencies frequencies frequencies
(Hz) (Hz) (Hz)
1 20 19.75 19
2 1245 124.063 123
3 342.188 336.875 326.563
4 664.375 662.313 660.313
e
-kn
k,
@ —Node point

Figure 3. The finite element model for the 16-element cantilevered
beam

Table 3.

Two different experimental damage scenarios induced in a 16-element
beam

Scenario 1 Scenario 2
Element Damage Element Damage
number extent number extent

5 0.32 5 0.48

The specifications of standard GSA and the proposed
MSGSA for applying to the damage detection problem are
also given in Table 4.

Table 5a.

The damage detection results of 16-element beam for scenario 1 via GSA

Table 4.
The specifications of GSA and MSGSA
Algorithm  Parameter Description Value
GSA npop The number of agents 50
. The maximum number of 1000
maxiter . .
iterations
G The primal value of the 100
0 P
gravitational constant
The exponent coefficient of 20
a gravitational constant
equation
MSGSA npop The number of GSA agents 40
maxiter The maximum iterations 100
performing by GSA
The maximum number of 2
max_stage

optimization stages

The convergence of the GSA is met when the objective
function does not considerably change after 150 successive
iterations or the maximum number of iterations is attained.
Also, the convergence of the MSGSA is met when the all
optimization stages are attained. The reason why the
convergence conditions are different in two algorithms is
that each of the algorithms has been considered in the best
possible conditions to achieve a completely correct answer
with the most minimal number of analyses. In order to
consider the stochastic nature of the optimization process
using two algorithms, 10 independent sample runs are
made for each damage scenario. The damage identification
results of damage scenario 1 using two algorithms are
given in Tables 5a and 5b, respectively. The average
damage ratios for scenario 1 using two algorithms are also
shown in Figs. 4a and 4b, respectively. The damage
identification results of damage scenario 2 are given in
Tables 6a and 6b, respectively. The average damage ratios
for scenario 2 are also shown in Figures 5a and 5b,
respectively.

Element numbers

Run numbers 1 5 11 12 16 modR;q:r'];‘igses ECBI
1 0 0.338 0.086 0.04 0 23850 -0.978

2 0 0.338 0.086 0.04 0 25200 -0.978

3 0 0.338 0.086 0.04 0 24050 -0.978

4 0 0.338 0.086 0.04 0 24650 -0.978

5 0 0.338 0.086 0.04 0 22850 -0.978

6 0 0.338 0.086 0.04 0 23600 -0.978

7 0 0.338 0.086 0.04 0 23800 -0.978

8 0 0.338 0.086 0.04 0 24600 -0.978

9 0 0.338 0.086 0.04 0 25800 -0.978

10 0 0.338 0.086 0.04 0 26000 -0.978
Average 0 0.338 0.086 0.04 0 24440 -0.978

Actual damage 0 0.32 0 0 0 - -1
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Table 5b.

The damage detection results of 16-element beam for scenario 1 via MSGSA
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Element numbers

Run numbers 1 5 11 12 16 e ECBI
modal analyses
1 0 0.348 0.057 0.06 0 8080 -0.978
0 0.429 0.065 0.054 0 8080 -0.978
3 0 0.348 0.042 0.079 0 8080 -0.978
4 0 0.442 0.073 0.065 0 8080 -0.978
5 0 0.359 0.044 0.074 0 8080 -0.978
6 0 0.383 0.064 0.062 0 8080 -0.978
7 0 0.373 0.052 0.061 0 8080 -0.978
8 0 0.351 0.061 0.058 0 8080 -0.978
9 0 0.386 0.072 0.055 0 8080 -0.978
10 0 0.361 0.043 0.063 0 8080 -0.978
Average 0 0.376 0.057 0.063 0 8080 -0.978
Actual damage 0 0.32 0 0 0 - 1
0.35 0.40
0.30 A 0.35 1
4 Mode Oidentified damage 0.30 1 4Mode Oidentified damage
0.25 1 minduced damage BEinduced damage
3 S 0.25 -
g 0.20 A g
2 015 g 0207
£ £ 0.5
8 0.10 =
0.05 A H I] 0.05 A |.| |-|
0.00 L e B B B A T 0.00 —_—

123456 78 91011

Element Number

12 13 14 15 16

Figure 4a. Final damage ratios of the 16-element beam for scenario 1 via

GSA

Table 6a.

The damage detection results of 16-element beam for scenario 2 via GSA

123 45678 910

11 12

Element Number

13 14 15 16

39

Figure 4b. Final damage ratios of the 16-element beam for scenario 1 via

MSG

SA

Element numbers

Run numbers 1 5 11 16 eI ECBI
modal analyses

1 0 0.431 0.062 0 22900 -0.992

2 0 0.431 0.062 0 23650 -0.992

3 0 0.431 0.062 0 24300 -0.992

4 0 0.431 0.062 0 25150 -0.992

5 0 0.431 0.062 0 22250 -0.992

6 0 0.431 0.062 0 23150 -0.992

7 0 0.431 0.062 0 22050 -0.992

8 0 0.431 0.062 0 26600 -0.992

9 0 0.431 0.062 0 24200 -0.992

10 0 0.431 0.062 0 24450 -0.992
Average 0 0.431 0.062 0 23470 -0.992

Actual damage 0 0.48 0 0 - 1
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Table 6b.

The damage detection results of 16-element beam for scenario 2 via MSGSA

Element numbers

Run numbers 1 5 1 16 Required ECBI
modal analyses
1 0 0.525 0.031 0 8080 -0.9945
2 0 0.525 0.038 0 8080 -0.9945
3 0 0.566 0.037 0 8080 -0.9946
4 0 0.53 0.038 0 8080 -0.9945
5 0 0.604 0.015 0 8080 -0.994
6 0 0.527 0.032 0 8080 -0.9944
7 0 0.561 0.036 0 8080 -0.9944
8 0 0.56 0.037 0 8080 -0.9946
9 0 0.556 0.048 0 8080 -0.9945
10 0 0.519 0.044 0 8080 -0.9946
Average 0 0.547 0.036 0 8080 -0.9945
Actual damage 0 0.48 0 0 - 1
0.50 0.60
4 Mode 4 Mode
0.40 - I 050 1
Oidentified damage
o minduced damage 040 | Oidentified damage
T 0.30 o minduced damage
ox ©
S X 0.30
[ [<5)
£ 0.20 - &
8 £
a £ 0.20 -
0.10 e
' 0.10
0.00 I 0.00 I —=

1 23 456 7 8 9 101112131415 16
Element Number

Figure 5a. Final damage ratios of the 16-element beam for scenario 2 via

GSA

All of the results shown in the tables and figures
demonstrate that the best solutions in terms of actual
damage identification and the total number of finite
element analyses (FEASs) required are obtained by the
MSGSA. The average number of FEAs requiring for
scenarios 1 and 2 of MSGSA are 8080, while the average
number of FEAS needing for GSA is 23440 and 23470,
respectively. It is revealed that the MSGSA has a better
performance when compared to the GSA.

4.2. Forty-seven-bar planar truss

The 47-bar planar power line tower [11], shown in Fig.
6, is considered to show the robustness of the proposed
method. The structure has 47 members and 22 nodes. The
truss is modeled using the conventional finite element
method without internal nodes, leading to 41 degrees of
freedom. All members are made of steel, and the material
density, modulus of elasticity and area of each element are
0.3 Ib/in3, 30000 ksi and 2 in?, respectively. Damage in the

1 2 3 45 6 7 8 9 101112 13141516
Element Number

Figure 5b. Final damage ratios of the 16-element beam for scenario 2 via
MSGSA

structure is simulated as a relative reduction in the
elasticity modulus of individual elements. Therefore, the
optimization problem of damage identification has 47
damage variables. Four different damage scenarios, given
in Table 7, are induced in the structure, and the MSGSA
and the GSA are tested for each scenario. For identifying
the damage scenarios 1 and 2, the first 10 natural
frequencies and for identifying the damage scenarios 3 and
4, the first 15 natural frequencies of the structure are
considered. In order to investigate the noise effect on the
performance of the proposed method, measurement noise
is considered here by polluting the natural frequencies
using a standard error of +0.15 % [3, 4, 11 and 12]. For
identifying the damage scenarios 1 and 2, agent numbers
and the maximum numbers of GSA iterations are set to 40
and 1000, respectively. Also, for identifying the damage
scenarios 3 and 4, agent numbers and the maximum
numbers of GSA iterations are set to 50 and 2000,
respectively. For identifying the damage scenarios 1 and 2,
agent numbers, the maximum numbers of MSGSA
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iterations and the maximum number of optimization stages
are set to 25, 700 and 20, respectively. Also, for identifying
the damage scenarios 3 and 4, agent numbers and the
maximum numbers of MSGSA iterations and the
maximum number of optimization stages are set to 20, 200
and 20, respectively.

The convergence of the GSA is met when the objective
function reaches -0.995 or the maximum number of
iterations is attained. For identifying the damage scenarios

41

1 and 2, the convergence of the MSGSA is met when the
objective function reaches -0.967. Also, for identifying the
damage scenarios 3 and 4, the convergence of the MSGSA
is met when the objective function reaches -0.994. In order
to consider the stochastic nature of the optimization
process using GSA and MSGSA ten independent sample
runs are made for each damage scenario. The solutions of
GSA and MSGSA for damage scenarios 1 to 4 are given in
Tables 8-15 and Figs. 7-14.
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i 1 20 22
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1 5 3
23 .
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Figure 6. The finite element model for the 47-bar planar truss
Table 7.
Four different damage scenarios induced in 47-bar planar truss
Scenario 1 Scenario 2 Scenario 3 Scenario 4
Element Element Element Element
Damage extent Damage extent Damage extent Damage extent
number number number number
10 0.30 30 0.30 10 0.30 40 0.30
- - - - 30 0.30 41 0.20
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Table 8.

The damage detection results of 47-bar planar truss for scenario 1 via GSA
Element numbers

Run numbers 1 10 47 mogaeﬁ:rll;ﬁgses ECBI
1 0 0.295 0 40040 -0.9858
2 0 0.158 0 40040 -0.9722
3 0.016 0.263 0 40040 -0.9681
4 0 0.204 0 40040 -0.9707
5 0 0.244 0 40040 -0.9733
6 0 0.252 0 40040 -0.9726
7 0.01 0.256 0 40040 -0.9647
8 0 0.185 0 40040 -0.9791
9 0 0.323 0 40040 -0.9858
10 0 0.14 0 40040 -0.9725
Average 0.0026 0.232 0 40040 -0.9749
Actual damage 0 0.3 0 - -1
Table 9.
The damage detection results of 47-bar planar truss for scenario 1 via MSGSA
Element numbers
Run numbers 1 10 47 HELIIE ECBI
modal analyses
1 0 0.284 0 17525 -0.9922
2 0 0.279 0 17525 -0.99
3 0 0.146 0 17525 -0.9821
4 0 0.108 0 17525 -0.9871
5 0 0.276 0 17525 -0.9909
6 0 0.267 0 17525 -0.9932
7 0 0.255 0 17525 -0.9725
8 0 0.116 0 17525 -0.974
9 0 0.136 0 17525 -0.9881
10 0 0.161 0 35050 -0.968
Average 0 0.203 0 19278 -0.9838
Actual damage 0 0.3 0 - -1
0.35 0.30
0.30  10Mode 025 | 10 Mode
0.25 | Didentified damage Didentified damage
e minduced damage 2 0.20 | minduced damage
S 0.20 %
[<5)
£ 015 1 g 0151
8 0.10 A 0 0.10 -
0.05 A 0.05 4
000 TTTTTT T ”“'“'”I””'-'I””””'-”'“””” 000 |||||||-| -|-|||||||||n||||||I|-||||||||||.|||||||||
14 7101316 19 22 25 28 31 34 37 40 43 46 . 1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46
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Figure 7. Final damage ratios of the 47-bar planar truss for scenario 1 via  Figure 8. Final damage ratios of the 47-bar planar truss for scenario 1 via
GSA MSGSA
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The damage detection results of 47-bar planar truss for scenario 2 via GSA

Table

Damage Ratio

10.

11.
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0.30
0.25
0.20
0.15
0.10
0.05
0.00
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Element numbers

Required

43

Run numbers 1 30 47 modal analyses ECBI
1 0 0.28 0 40040 -0.9929
2 0.042 0.246 0 12160 -0.9951
3 0 0.304 0 5520 -0.9983
4 0 0.337 0 8128 -0.9955
5 0 0.323 0 8000 -0.9972
6 0.028 0.286 0 12840 -0.995
7 0.013 0.268 0 40040 -0.9948
8 0 0.273 0 40040 -0.9926
9 0 0.272 0 8720 -0.9954
10 0 0.278 0 10760 -0.9951
Average 0.008 0.287 0 18624 -0.9952
Actual damage 0 0.3 0 - -1
The damage detection results of 47-bar planar truss for scenario 2 via MSGSA
Element numbers
Run numbers 1 30 47 eI ECBI
modal analyses
1 0 0.306 0 17525 -0.9955
2 0 0.299 0 17525 -0.9975
3 0.024 0.272 0 17525 -0.9965
4 0.033 0.171 0 17525 -0.9986
5 0.026 0.297 0 17525 -0.9965
6 0 0.289 0 17525 -0.995
7 0 0.272 0 17525 -0.9955
8 0 0.262 0 17525 -0.9957
9 0 0.181 0 17525 -0.998
10 0 0.261 0 17525 -0.9987
Average 0.008 0.261 0 17525 -0.9968
Actual damage 0 0.3 0 - -1
0.35
10 Mode 0.30 A1
10 Mode
° 0.25 -
Oidentified damage £ 020 1
Dot |  Bieireddemine
o]
8 0.10 -
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Figure 9. Final damage ratios of the 47-bar planar truss for scenario 2 via  Figure 10. Final damage ratios of the 47-bar planar truss for scenario 2 via
MSGSA

GSA
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Table 12.

The damage detection results of 47-bar planar truss for scenario 3 via GSA
Element numbers

Run numbers 1 10 30 47 e ECBI
modal analyses
1 0 0.306 0.276 0 24700 -0.9955
2 0 0.32 0.323 0 24650 -0.9951
3 0.022 0.345 0.344 0 23350 -0.9954
4 0.043 0.317 0.334 0 24000 -0.9951
5 0.045 0.27 0.261 0 21750 -0.9955
6 0.011 0.307 0.316 0 25000 -0.9956
7 0 0.209 0.31 0 22100 -0.9951
8 0 0.35 0.288 0 22000 -0.9952
9 0.012 0.328 0.336 0 24700 -0.9954
10 0 0.35 0.332 0 24200 -0.9957
Average 0.014 0.31 0.312 0 23645 -0.9953
Actual damage 0 0.3 0.3 0 - -1
Table 13.
The damage detection results of 47-bar planar truss for scenario 3 via MSGSA
Element numbers
Run numbers 1 10 30 47 B ECBI
modal analyses
1 0 0.304 0.283 0 16080 -0.9992
2 0 0.285 0.254 0 20100 -0.9982
3 0 0.352 0.395 0 16080 -0.9989
4 0.032 0.264 0.197 0 12060 -0.9991
5 0 0.286 0.281 0 4020 -0.9994
6 0 0.276 0.297 0 8040 -0.9991
7 0 0.293 0.227 0 16080 -0.9983
8 0 0.265 0.267 0 4020 -0.9988
9 0 0.281 0.238 0 4020 -0.9992
10 0 0.289 0.291 0 4020 -0.999
Average 0.0032 0.289 0.273 0 10452 -0.9989
Actual damage 0 0.3 0.3 0 - -1
0.35 0.35 —
15 Mode Didentified damage 15 Mode Qidentified damage
0.30 - minduced damage 0.30 1 m jnduced damage
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Figure 11. Final damage ratios of the 47-bar planar truss for scenario 3 via ~ Figure 12. Final damage ratios of the 47-bar planar truss for scenario 3 via
GSA MSGSA
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Table 14.

The damage detection results of 47-bar planar truss for scenario 4 via GSA

Table 15.
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Element numbers

Run numbers 1 40 a 47 e ECBI
modal analyses
1 0 0.279 0 0 100050 -0.9946 0.279
2 0 0.338 0.251 0 23400 -0.9955 0.338
3 0 0.359 0.247 0 23300 -0.9957 0.359
4 0 0.303 0.201 0 23450 -0.9953 0.303
5 0 0.345 0.245 0 21400 -0.9952 0.345
6 0 0.358 0.235 0 23900 -0.9953 0.358
7 0 0.365 0.232 0 23700 -0.9951 0.365
8 0 0.381 0.305 0 21450 -0.9959 0.381
9 0 0.34 0.215 0 24650 -0.9951 0.34
10 0 0.264 0.174 0 26050 -0.995 0.264
Average 0 0.333 0.21 0 31105 -0.9953 0.333
Actual damage 0 03 0.3 0 - -1 0.3
The damage detection results of 47-bar planar truss for scenario 4 via MSGSA
Element numbers
Run numbers 1 40 41 47 B ECBI
modal analyses
1 0 0.274 0.164 0 4020 -0.9944 0.274
2 0 0.258 0.155 0 8040 -0.9981 0.258
3 0 0.271 0.181 0 4020 -0.997 0.271
4 0 0.254 0.146 0 32160 -0.9945 0.254
5 0 0.277 0.164 0 4020 -0.9953 0.277
6 0 0.225 0.153 0 4020 -0.9953 0.225
7 0 0.207 0.141 0 12060 -0.9949 0.207
8 0 0.239 0.108 0 4020 -0.9946 0.239
9 0 0.277 0.213 0 4020 -0.9948 0.277
10 0 0.264 0.179 0 8040 -0.9976 0.264
Average 0 0.255 0.162 0 8424 -0.9957 0.255
Actual damage 0 0.3 0.3 0 - -1 0.3
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Figure 13.
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Final damage ratios of the 47-bar planar truss for scenario 4 via
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Figure 14. Final damage ratios of the 47-bar planar truss for scenario 4 via
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All of the results shown in the tables and figures
demonstrate that the best solutions in terms of actual
damage identification and the total number of FEAs
required are obtained by means of the MSGSA. The
average number of FEASs requiring for scenarios 1, 2, 3 and
4 of MSGSA are 19278, 17125, 10452 and 8442,
respectively, while the average number of FEASs needing
for GSA are 40040, 18628, 23645 and 31105, respectively.
It is revealed that the MSGSA has a better performance
when compared to the GSA.

4.3. Forty-five-element planar frame

A five-story and four-span frame [12] as depicted in Fig.
15 is considered as the last example. The structure has 45
members and 30 nodes. This frame is modeled using the
finite element method, leading to 75 degrees of freedom.
The sections used for the beams and columns are
(W14x145). The area and inertia moment of each element
are 0.0276m2 and 0.000712 m4, respectively. The modulus
of elasticity is 210 GPa and the material density is 7780
kg/m3.Damage in the structure is also simulated as a
relative reduction in the elasticity modulus of individual
elements. Two different damage scenarios are considered
as listed in Table 16. For identifying the damage scenarios
1 and 2, the first 12 and 14 natural frequencies of the
structure are considered, respectively. The measurement

frequencies using a standard error of £0.15 % [3, 4, 11 and
12].

In this example, the GSA could not converge to an
appropriate solution, accordingly only the results of
MSGSA have been reported here. For identifying the
damage scenario 1 using MSGSA, agent numbers, the
maximum numbers of iterations and the maximum number
of optimization stages are set to 50, 500 and 10,
respectively. Also, for identifying the damage scenario 2
using MSGSA, agent numbers and the maximum numbers
of iterations and the maximum number of optimization
stages are set to 40, 300 and 5, respectively. The
convergence of the MSGSA is met when all optimization
stages is attained. In order to consider the stochastic nature
of the optimization process, ten independent sample runs
are made for each damage scenario. The damage
identification results for damage scenarios 1 and 2 using
MSGSA are given in Tables 17 and 18, respectively. The
average damage ratios for scenarios 1 and 2 are also shown
in Figs. 16 and 17, respectively.

As can be seen in the tables and figures, the MSGSA
proposed here can accurately detect the damage sites and
extent for most of the simulations. It is observed that the
optimization process can achieve to the site and extent of
actual damage truthfully. The average number of FEAs
requiring for scenarios 1 and 2 of MSGSA are 250500 and
60200, respectively.

noise is considered here by polluting the natural
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Figure 15. The finite element model for the 45-element frame
Table 16.
Different damage scenarios for planar frame
Scenario 1 Scenario 2
Element number Damage extent Element number Damage extent
14 0.35 9 0.30
28 0.30 18 0.20
38 0.35 36 0.25
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The damage detection results of 45-element frame for scenario 1 via MSGSA

Element numbers

47

Run numbers 1 14 28 38 45 mo§:Iq:rl1§iSses ECBI
1 0 0.33 0.28 0.07 0 250500 -0.9974
2 0 0.32 0.28 0.3 0 250500 -0.9981
3 0 0.27 0.09 0.34 0 250500 -0.9993
4 0 0.3 0.29 0.04 0 250500 -0.999
5 0 0 0.21 0 0 250500 -0.9996
6 0 0.19 0.17 0.19 0 250500 -0.9995
7 0 0.3 0.2 0 0 250500 -0.9975
8 0 0.31 0.12 0.4 0 250500 -0.9983
9 0 0.32 0.08 0 0 250500 -0.9977
10 0 0.34 0.02 0.17 0 250500 -0.9976
Average 0 0.27 0.17 0.15 0 250500 -0.9984
Actual damage 0 0.35 0.3 0.35 0 - -1
Table 18.
The damage detection results of 45-element frame for scenario 2 via MSGSA
Element numbers
Run numbers 1 9 18 36 45 modR:Iq:r:;?Sses ECBI
1 0 0.32 0.14 0.22 0 60200 -0.9994
2 0 0.27 0.2 0.23 0 60200 -0.9985
3 0 0.23 0.31 0.19 0 60200 -0.9992
4 0 0.28 0.24 0.25 0 60200 -0.9985
5 0 0.3 0 0.13 0 60200 -0.9989
6 0 0.3 0.21 0.23 0 60200 -0.9977
7 0 0.31 0.14 0.26 0 60200 -0.9993
8 0 0.33 0.15 0.25 0 60200 -0.9986
9 0 0.29 0.14 0.25 0 60200 -0.9991
10 0 0.28 0.21 0.25 0 60200 -0.9986
Average 0 0.29 0.17 0.23 0 60200 -0.9988
Actual damage 0 03 0.2 0.25 0 - -1
0.40 0.40
035 | 12 Mode Didentifid danage 035 { 14Mode B induced damage.
0.30 A 0.30 1
2 0.25 2 025 4
¢ g
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Figure 16. Final damage ratios of the 45-element frame for scenario 1 via  Figure 17. Final damage ratios of the 45-element frame for scenario 2 via
MSGSA MSGSA
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5. Conclusions

An efficient optimization procedure has been
introduced to solve the problem of structural damage
detection that is a highly nonlinear problem with a great
number of local solutions. The structural damage detection
problem is firstly formulated as a standard optimization
problem aiming to minimize an ECBI for finding real
damage variables. The MSGSA is proposed to properly
solve the optimization problem. In order to assess the
competence of the proposed approach for structural
damage detection, three illustrative examples are tested.
The results demonstrate that the combination of ECBI and
MSGSA can provide a robust tool for damage detection.
The results of the proposed approach have shown a high
performance for the method when compared with actual
damage induced and those of standard GSA.
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ABSTRACT

Up to now, there is no central wastewater treatment plant (WWTP) in Erbil City, Kurdistan
Region Irag. Erbil Municipal waste water (EMWW) discharges directly to the environment,
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or sometimes it used for irrigation, without treatment. This research focused on the EMWW
characteristics, treatment using solar energy technique and reusing. Data were collected from
published works since 1994 and visiting the site. Some EMWW quality parameters such as

total suspended solids (TSS), chemical oxygen demand (COD), and five-day biochemical
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oxygen demand (BODS5) topped the effluent standards. Accordingly, treatment process like Ert))lzllv
solar energy is essential. Quantity of solar energy in Erbil City is A Unit. Application of Municipal

solar energy for EMWW treatment led to removal of (80-98) % of BOD, (75-95) % COD,
and (85-98) % of TSS. Treaded WW is safe for irrigation. Solar energy can be used for
EMWW treatment and it regards as efficient and economic technique.
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1. Introduction

Erbil Municipal wastewater (EMWW) comprises of
domestic, industrial, commercial, washing, institutional
etc. WWs. EMWW collects in the main channel near
Toorag Quarter in Erbil City, Kurdistan Region, Iraq. Due
to investment projects in Erbil City, population increase,
refuges and internally displaced persons (IDPs), and
development of the city, tourist etc., the discharge of
EMWW has been increased from 0.85 m3/s - 1.7 m3/s in
2001 to 5.56 m3/s in 2020 [1, 2]. Up to now in Erbil City,
there's no principal WW treatment plants (WWTP). As a

" Corresponding author. Tel.: +9647504537531; e-mail: srwa.ismail@su.edu.krd.

result, produced MWW from Erbil City discharges directly
to the natural environment, mixes with the Greater-Zab
River at Guer Area, infiltrate to groundwater, and
sometimes it uses for irrigation by farmers [2,3,4].
Untreated EMWW causes problems for the environment,
water sources and the population. Accordingly, treatment
is crucial for the EMWW.

In literature, researchers tried to treat WWs in Erbil
City. Aziz and Ali [5] treated dairy and EMWWSs by using
biological trickling filter. Aziz and Ali [5] published a
work on quality and treatment using different methods for
WWs. Industrial WW and reusing were studied by [6]. Oil

2024-v016(2)-p 49-59


file:///E:/Journals-Researchers/Vol%206/NO.%202/132/www.journals-researchers.com
file:///E:/Journals-Researchers/Vol%206/NO.%202/132/10.61186/JCER.6.2.49
https://orcid.org/0009-0000-0557-3770
https://orcid.org/0000-0002-6689-8146

50 Journal of Civil Engineering Researchers

refinery WW at Kawergosk arae treated by sequencing
batch reactor and adsorption [7]. Firstly, moving bed
biofilm reactor (MBBR), the sequencing batch reactor
(SBR), and conventional activated sludge were designed
for residential WW treatment and reusing in Erbil City [8].
But to date, there is no application of solar energy for
treatment of EMWW.

Regarding solar energy application for WW treatment,
Ugwuishiwu et al. [9] estimated the use of solar energy in
solid waste and wastewater treatment such as in pyrolysis,
solar ignition, and desalination for wastewater treatments,
solar distillation, solar photocatalytic degradation, solar
pathogenic organic destruction, and gasification for solid
wastes treatments. Additionally, Zhang et al. [10] provided
reviewed main solar based water treatment methods and
technologies, and evaluated the applicability and economic
and technical feasibility of various technologies in the real
world. Also Guo et al. [11] investigated biomass energy
and the available green energy (Solar Energy, Wind
Energy, Heat Energy) that can be used in wastewater
treatment plants. As a result, a comprehensive description
of energy efficient technologies for wastewater treatment
plants was provided. Kretschmer et al. [12] presented a
new concept of adjusting the internal heat supply of
(WWTP) to support the efficient usage of thermal energy
and make available additional heat for (WWTP) external
supply.

The current research focused on the characteristics,
treatment via solar energy, and reusing of EMWW.
Previously, this kind of research has not been carried out in
Erbil City.

: Greater Zab

~River

A

1-Mo
bty of

2. MATERIALS AND METHODS
2.1. Study Area and Data Collection

Erbil Province is the capital of Iragi Kurdistan, which
has a population of approximately 2 million. Erbil Province
is situated in northeast Irag. Its boundaries extend from
longitude 43° 15’ E to 45° 14’ E and from latitude 35° 27’
N to 37° 24’ N. EMWW comes from domestic sewage,
including wastewaters from bathrooms and Kkitchens,
public commercial buildings and industrial regions, and
storm water. All generated wastewaters from Erbil City are
discharged into a valley near Turaq village, which is
located at 36° 10’ 14” N to 43° 56’ 12” E and 371 m a.s.],
Figures 1 and 2. The effluent stream extends for more than
50 km, passing through several farmlands and villages,
until discharging into the Greater Zab River. The quantity
of discharged EMWW ranges from 0.85 m3/sec to 1.7
m3/sec [7].

2.2. Solar Energy

Solar energy is a kind of energy that is obtained from
the sun. The sun acts as a fusion reactor. The continuous
fusion reaction of the sun is responsible for the heat energy
from which it radiates. This energy can travel infinite
distances to planets millions of light-years away. The use
of sunlight power for a broad range of industrial, lighting,
and heating applications has been a goal of scientific
researches. The exact inception date of solar energy and
system science is not known.

sul Main Rb’gd_

' Erbil municipaly-
e wastewater :

ing of wastewater .

water at Gy

Site

v

wer

Figure 1. Satellite image (https://www.google.ig/maps/@36.1593852,43.8110409,38506m/data=!3m1!1e3
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Date: December 9, 2020
Figure 2. EMWW main channel at Tooraq Area.

Greeks made the first attempts in the 2nd century, to
explain the solar system kinematics. They developed the
Ptolemaic or geocentric scheme for the solar system [13].

3. RESULTS AND DISCUSSION
3.1. EMWW Characteristics

Table 1 illustrates characteristics of EMWW in Erbil
City from 1994 to 2020. It can be seen from the table some
wastewaters parameters, like BOD, COD, TSS, NH3, NOs,
NOg, PO4, Mg, Cd, Cu, Zn, color, Pb, Mn, oil and grease,
and phenols, surpassed the principles for removal of WW.
Therefore, treatment techniques are necessary earlier
removal to the herbal surroundings or blending with water
sources. Published works discovered that various treatment
strategies which include sequencing batch reactor,
adsorption, lagoons, oxidation ditch, wetland, and trickling
filter had been studied for remedy of wastewaters in Erbil
City [2]. Of course, every remedy approach has benefits
and disadvantages. Further, preliminary cost, construction,
process, and renovations are different problems of the cited
treatment process. Subsequently in the extant research,

Date: March 2,2021

treatment of EMWW via solar energy was examined.
Normally, EMWW considered as weak WW [2, 5, 14].

3.2. Applied Treatment Techniques on EMWW

MSWW includes both residential and commercial
wastewater, as well as wastewater discharged from
industry, municipal, and similar establishments. The goal
of the wastewater treatment method is to kill pathogenic
microorganisms and remove or decrease toxic substances,
organic and inorganic components [17, 18]. As a result, the
feature of treated wastewater is improved to fulfill the
criteria of WW disposal standards [2]. WW treatment
commonly consists of three stages including primary,
secondary and tertiary treatment (Figure 3) [19]. Removing
the largest particles and organic matter happens in the
primary and secondary treatment process, respectively.
Then, several unfavorable substances remain in the treated
water. Therefore, the tertiary treatment is applied as a
polishing unit to remove these substances. These
treatments usually include a combination of various
biological, chemical, and physical processes. In Literature,
various treatment techniques (such as wetlands, aerated
lagoon, oxidation ditch, trickling biological filter,
conformist activated sludge, sequencing batch reactor,
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Table 1
Characteristics of EMWW from 1994 to 2020 Aziz [2].

No. Parameter Range Standards
1 pH 6.1-8.85 6-9.5**
2 Temp. (°C) 10-315 35%*, 40*
3 EC (us/cm) 284-2300
4 T. Salts (mg/L) 236.8-1800
5 TS (mg/L) 300-10000
6 TSS (mg/L) 40-1800 60**, 35*
7 TDS (mg/L) 100-8200
8 Turbidity (NTU) 0.41-1000
9 Chloride (mg/L) 0.86-165 750 *
10 T. Acidity (mg/L) 0.18-60
11 T. Hardness (mg/L) 120-590
12 BODs mg/L) 6.3-304 40**
13 COD (mg/L) 12.2-901 100**
14 NHa-N (mg/L) 0.004-11.4 Nilx*, 1 *
15 NO.N (mg/L) 0.001-26 1*
16 NOs;—-N (mg/L) 0.003-47 50**, 10*
17 SO, (mh/L) 0.008-1220 1500*
18 DO (mg/L) 0-10.4
19 PO, (ng/L) 0.0015-6.97 Kidd
20 Na (%) 6.1-73
21 SAR (%) 0.19-16
22 otal coliform cell/100 ml X 1( 0.34-380
23 Na (mg/L) 0.38-62
24 Ca (mg/L) 1..8-85
25 Mg (mg/L) 0.1-30.8 0.5**
26 Cd (mg/L) 0- 46.73 0.01**
27 Cu (mg/L) 0-18.69 0.2**
28 Zn (mg/L) 0-76.92 0.2**
29 Pb (mg/L) 0-61.76 0.1**
30 TVS (mg/L) 100-300
31 TnVS (mg/L) 100-600
32 BODs/COD 0.487-0.830
33 Color (Pt.Co,) 186-379 Nil ™
34 Mn (mg/L) 1.3-4.6 02"
35 TOC (mg/L 19-180
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Continued from pervious page

No. Parameter Range Standards
36 Phenols (mg/L) 0.044-0.102 0.01-0.05**
37 Oil & grease (mg/L) 0.04-1.05 Nil*, 10 **
38 ORP (Mv) -107.4 - (-33.2)

39 Salinity 0.26-057

40 T. Alkalinity (mg/L) 157.3-340

41 Alkalinity (%) 8.93-40.15

42 TVC Bacteria (Cfu/mL) 110%10°-176*10°

43 >hytoplankton density (Cells/L. 21787.5

44 Total Bacteria Count ( X10°) 0.002-0.74

45 Total bacteria cell/L x 10° 0.047-193
46 Total fungi cells/L X 10* 0.035-240
47 Discharge (m®/s) 0.85-5.56

* (EPA) Environment Protection Agency (EPA), Standards for effluent discharge, Regulations, 2003 [15].
** |ragi Environmental Standards, Contract No.: W3QR-50-M074, Rev. No.: 03 Oct 2011 [16].
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Figure 3. Typical municipal WW treatment processes Elbeshbishy and Okoye [22].

moving bed biofilm reactor, and dilution technique) were

studied for treatment of EMWW [2, 8, 20, 21]. To date, 3.3. EMWW Treatment Using Solar Energy

treatment of EMWW using solar energy was not studied in

Erbil City. WW treatment methods could be categorized into three
groups: biological, chemical, and mechanical. They are
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applied in different combinations based on the
concentration and type of pollutants. The most abundant
renewable energy source is solar energy, which can be
introduced into WWTPs. The use of solar thermal energy
in WW treatment mostly consists of three aspects: (a) the
solar heat is accumulated by a heat collector to improve the
treatment efficiency and enhance the reaction temperature
[23]; (b) In industrial WW treatment, solar thermal is being
used to dewater sludge or lowering water contents of
particular unique effluent [24, 25]; and (c) the solar heat
can be applied for desalination and evaporation of specific
wastewater in industrial WW treatment [26].

3.3.1. Solar Distillation and Desalination of WW

Water distillation is a common physical or mechanical
separation technique that is obtained through condensation
and evaporation processes. Solar distillation includes using
solar energy to obtain distillation. A solar collector in
simple solar water stills traps the solar radiation and
converts it to heat. Then it is applied to evaporate the water
contained in the distillation chamber of the still. As a result
of saturation in the chamber, the evaporated water
condenses on the trapping side. On this side, the condensed
water goes through a funnel-shaped hopper to the distillate
storage tank. Solar distillation can be applied to make salty
water potable [9].

3.3.2. Photoelectric or Photovoltaic (PV) Energy

Solar PV power generation is a technique to convert
light energy into electric energy using semiconductor
materials. Solar energy conversion efficiency
improvement and the decreasing the solar panel cost, PV
can be used more. Various WWTPs apply PV to supply
electricity to the treatment plant due to their aeration tanks
[27].

Solar energy disinfection mostly employs ultraviolet
(UV) rays of sunlight for killing bacteria in wastewater. It
should be noticed that PV power generation mostly
employs visible light. Therefore, some WWTPs combine
PV power generation with UV disinfection. In artificial
solar wetlands that are powered by solar heat or PV,
wastewater is discharged into the wetland for biological
and physical treatment [28].

3.3.3. Photocatalytic energy (UV)

Another usage of solar energy in WW treatment is using
solar UV radiation for photocatalytic oxidation.
Photocatalysis is the combination of catalysis and
photochemistry. It is a procedure that catalysis and light is
applied to accelerate or promote a chemical reaction at the
same time. It can be defined as the acceleration caused by
the catalyst of a light-induced reaction [29]. Photocatalysis
appears as a great tool for final treatments of samples
including persistent organic pollutants. The view of a
typical solar photo Reactor is shown in Figure 4.

Catalyst

8

Sun

Solar UV radiation

l Contaminated water

Mixing Tank

Treated water

e
for reuse

JAN

Photo Reactor
(Solar collector
field)

Figure 4. solar photocatalytic plants for the treatment of wastewater taken from Ugwuishiwu et al. [9].
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Table 2.
WW treatment by solar energy process
Removal
No. Type of WW References years
Efficiency (%0)
1 grey water 80-90 % Mahdi et al. [30] 2021
2 WW containing chlorophenol 91 % Jbari and Abderafi [31] 2020
3 Municipal WW 60 —90 % Sun et al. [27] 2019
4 Municipal WW 87 % Sacco et al. [32] 2018
5 Municipal WW 80 % Gurung et al. [33] 2018
6 Sewer WW 80 % Vaccari et al. [34] 2018
7 Municipal WW 85 -99 % Taha and Al-Sa'ed [35] 2017
8 Municipal WW 84 % Xu et al. [36] 2017
9 Municipal WW 79.5% Yan et al. [37] 2017
10 Sewer WW 56-72 % Ni et al. [38] 2016
11 Winery WW 80 % Velegraki and Mantzavinos [39] 2015
12 Municipal WW 96 % Shen et al. [40] 2015
13 subsurface agricultural drainage water 85 % Stuber et al. [41] 2015
14 Olive mill WW 87.3% Michael et al. [42] 2014
15 Synthetic wool dying WW 75-79 % Hernandez- Rodriguez et al. [43] 2014
16 Municipal WW 75 % Sobantka, and Rechberger [44] 2013
17 Municipal WW 97 % Mo and Zhang [45] 2013
18 Municipal WW 93.5% Chae and Kang[46] 2013
19 Municipal WW 35 -77% Sousa et al. [47] 2012
Drinking water with pesticides
20 90 % Fenoll et al. [48] 2012
spike
21 Municipal WW 85 % Miranda-Garcia et al. [49] 2011
22 Commercial azo dye Solution WW 80 % Zayani et al. [50] 2009

3.3.4. WWs treatment by solar energy process

In literature, solar energy was applied for treatment of
various types of WWs. Table 2 illustrates WWs treatment
by solar energy process.

3.4. Application of solar energy for EMWW treatment

Kurdistan's geographical function on this planet gave it
the proper state of affairs concerning the sun's electricity
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Table 3.
Results of WW treated by solar energy system Mahdi et al. [30]

Concentration

Concentration Concentration

Parameters before treatment after treatment range for irrigation
mg/l mg/I mg/l
Chemical oxygen demand (COD) 900-1330 30-90 100
Biochemical oxygen demand(BODs) 270-390 11-30 40
Total nitrogen (TN) 50-65 5-9
total natural carbon (TOC) 170-200 10-30 19-180
Ammonia (NH3) 40-45 Nil 5
total suspended solids (TSS) 310-380 Nil 30-60

potential. The province located between 34° 42” N and 37°
22’ N latitudes, which is highly rich in solar energy and
utilizing solar energy applications reduce the dependence
on fossil fuels and protects the environment from pollution
and keeps it clean [51]. Solar energy capacity for the place
may be evaluated via way of means of annual sun radiation
as the common for Kurdistan place is 6318.83 MJ/ m2 /
year and equal to 1755.23 kWh/m?/year, which is ‘4.81
kWh/m?/day’ [52].

In the last years a research has been published in Iraq
and they have benefited from solar energy for WW
treatment, like Mahdi et al. [30] consider the overall
performance of recycling solar-powered grey water
treatment machines for the intent of irrigation, used to
reduce the quantity of waste grey water and decrease power
intake and decrease the fees of constructing huge-scale
water treatment plants. Maximum efficiency values got at
the stages treatment are COD (90%-97%), BOD5 (89%-
97%), TOC (80%-94%), and TN (84%-92%) and the
concentration of pollution materials before and after
treatment are shown in Table 3, that’s why they appear that
this system will reuse almost 70% of the water that can be
released into the drains that can be utilized after being
treated for irrigation, car wash, and in bathrooms.

3.5. Reusing

WW reuse after proper treatment can successfully help
resolve the emergency situations that may occur in areas
with inadequate water resources. Industrial, municipal, and
household drains can be recycled. Reuse is permitted,
provided that complete environmental safety is ensured
(without harm to the existing cultural plants, soil, and
ecosystem), and that any health hazards to the local
population are eliminated. This needs strict adherence to
existing health and safety regulations and also current laws
for agriculture and industry [53]. Generally, reusing
municipal WW can be categorized as indirect and direct
reuse. Direct reuse of treated wastewater for drinking water
is not currently a viable option because of health risks.
Indirect reuse is using treated wastewater after returning it
to natural water sources (i.e. aquifer, lake, and river) for

dilution and purification. It consists of natural buffers for
further spatial and temporal separation of treatment [54].

Investigators described that Erbil City’s wastewater
became now no longer secure for all kinds of irrigation
earlier than treatment. They found that EMWW is proper
for cooked vegetables and for irrigating green areas and
[3]. Also, Aziz et al. [6] investigated on fresh wastewater
samples had been gathered from Yoriksut Dairy Factory
and Erbil Steel Company and evaluated for 21 water
pleasant parameters like COD, BOD5, TSS, etc. were
surpassed the standards for removal of wastewater.
Therefore, treatment methods are vital for the previous
disposal of wastewater to the surroundings or the use for
irrigation objectives. Assembled at the functions of the
wastewaters, the treatment methods together with primary,
secondary and tertiary have been examined. Also, the great
of uncooked wastewater samplings and suggested handled
business wastewater have been in comparison with the
irrigation recommendations (WHO, 2005) so it can be
suitable for irrigation aim. Additionally, Aziz [2] aimed to
study features variants of EMWW, suitable treatment the
usage of separate methods, and the suitability of the
handled wastewater WW for disposal to the herbal
surroundings or use for irrigation objectives. Treatment of
EMWW the usage of each number one gadgets and
wetland brought about elimination performance of 94.75
%, 93.07 %, 89.47 %, 96.72 %, and 57.68 % for BODS,
COD, NH3-N, TSS and PO4, respectively which resulted
the disposed discharges features to be within WW criteria.
Hence, handled EMWW may be used for cooked greens
and watering inexperienced areas.

3.6. Sustainably and Management of EMWW

Waste management and sustainably are the procedure
and practice or the administration of activities that provide
for the disposal, treatment, processing, transfer,
transportation, storage, separation, and collection of waste
[55]. The generation of waste cannot be totally eliminated;
neither can waste recycling be achieved completely. So
there is always the need for waste management. The
concept of waste management becomes very important
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because of the need to prohibit the contact between waste
and humans and protect the immediate environment and
safeguard community, families, and individual health.
Suitable management of waste adds to the aesthetic value
of the environment which is very vital for psychological,
social and emotional well-being. The concept of waste
management is highly dependent on the form of waste.
Many researches have been done on sustainably and
management in Iraq for WW, for instant Mustafa et al. [56]
assessed the sustainability of the amount and great of water
reassess for Erbil City and maintain security and steady
primarily based totally on the evaluation with the usual
limitations. In addition, Omran et al. [57] demonstrated
that the sustainability of wastewater treatment is directly
associated with the four dimensions in Iraq (technical,
economic, social, environmental). Also, Alanbari and
Muter [58] by using software programs designed to assess
environmental sustainability indicators for any WW
treatment plant.

4. CONCLUSION

This research highlights using of solar energy WW
treatment as in Photovoltaic (PV) Energy, photocatalytic
energy (UV), solar desalination and distillation for WwW
treatments. The application of solar energy in the
management of WW guarantee the water availability for
different industrial and agricultural goals and decreases
pathogenicity through deactivating disease causing
organisms in water for domestic purposes.

EMWW contains parameters such as BODs, COD, TSS
etc. surpassed the WW disposal standards. Accordingly,
Treatment is crucial before disposal to the environment,
water resources, or reusing. EMWW regarded as weak
WW. Solar energy method was effectual in removal of (80-
98) % of BODs, (75-95) % COD, and (85-98) % of TSS. It
is economic and easy method for treatment and reusing
EMWW.
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ABSTRACT

Due to the damage that occurred in the unreinforced welded flange (WUF) connections
during the 1994 Northridge earthquake, the use of reduced beam section (RBS) connections
and subsequently the reduced web section (RWS) connections became common to prevent
premature brittle failure in the welded connections. The RWS connections are created to
provide a controlled weak point for the formation of a plastic hinge, which can prevent stress
concentrations in the groove welds of the connection. This method, where the transfer of the
plastic hinge is achieved by weakening the beam web and without the need to remove the
concrete slab, is proposed as a suitable solution for the rehabilitation of connections. In this
paper, the effect of different beam web weakening patterns on the seismic performance of
the connection is investigated analytically and numerically. Seven beam web weakening
designs were studied and compared with the uniform web slotting pattern, and the seismic
behavior of the mentioned connections was simulated using the Abaqus software, and the
effect of using each of them on the distribution of equivalent plastic strains and the moment-
rotation curve was examined. The results showed that the appropriate beam web weakening
pattern plays an effective role in reducing the plastic strain in the penetration weld of the
direct beam-to-column connection and preventing their premature tearing and failure, so that
one of the perforation designs studied can reduce the maximum equivalent plastic strain in
the upper penetration weld of the direct beam-to-column connection by an average of 48%
compared to the uniform web slotting pattern as the reference connection.
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1. Introduction

The Northridge earthquake that occurred on January 17,
1994, in California, led to brittle and premature failures and
lack of ductility in the welded unreinforced flange (WUF)
beam-to-column connections, as shown in Figure 1. The
most common damage originated from fractures in the
complete joint penetration (CJP) weld of the beam flange

" Corresponding author. Tel.: +989123889252; e-mail: reza.molavi22@gmail.com.

to the column or in the vicinity of the connection.
Consequently, after the Northridge earthquake, research
progressed towards increasing the ductility of rigid
connections, and the post-Northridge connections were
developed. In these connections, the main objective is to
transfer the plastic hinge into the beam and at a certain
distance from the column face, as this transfer of the plastic
hinge from the column face reduces the concentration of
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strain in the weld region, thereby reducing the degree of
weld cracking and brittle failure in the connection.

: Column

Continuity
plate ||

Figure 1. Example of conventional connection in Northrich [1]

Various methods have been proposed for the transfer of
the plastic hinge, which are generally classified into two
main categories: connection reinforcement and beam
weakening. In the connection reinforcement method, with
the aim of preventing premature failures, by adding
components to the existing connection, a stronger
connection than the beam is created, and the plastic hinge
is formed in the beam and away from the column face,
preventing the beam rotation relative to the column to
reduce the stress in the weld region. Examples of this
category include the use of local flange reinforcement,
reinforcing the connection joint by adding components
such as various stiffeners [2-7]. The use of the connection
reinforcement method can significantly reduce the stress in
the connection and is an effective rehabilitation technique
for increasing the ductility of rigid connections. However,
despite the mentioned advantage, it often requires costly
and difficult welding operations.

The second category is the reduced beam section (RBS)
method, where the beam section is weakened at a specific
and predetermined location with the aim of forming a
plastic hinge in that region, to reduce the stress levels in the
vicinity of the beam flange-to-column groove welds. This
method has been able to address the deficiencies of the pre-
Northridge connections to a considerable extent. Given that
this method can reduce the stress demand in the areas near
the weld and connection components, including the
connection source, weld, bolts, and so on, it has received
much attention and research, and various methods have
been proposed for its implementation, mainly through the
creation of different shapes of cuts, slots, and holes in the
beam flange at a suitable distance from the column face or
the use of various replaceable reduced sections [7-19].

Another method of beam weakening to improve the
performance of steel connections is the heat-treated beam
section (HBS) method, which was recently proposed by
Morrison et al. in 2015. This method involves the
application of a specific heat treatment process to a defined

range of the beam flanges using specialized pads. This heat
treatment process reduces the yield strength of the steel
and, consequently, the strength in the heat-affected zone,
leading to the transfer of the plastic hinge onto the beam
[20-23]. Another method for creating a reduced beam
section is the slotted-flange (DF) connection, where a
series of holes are created on the beam flanges instead of
cutting the flanges, creating a controlled weak zone for the
formation of the plastic hinge to reduce the stress
concentration in the beam flange-to-column welds [24-28].

Since the flanges are the main components of the beam
for resisting bending, some researchers have proposed the
reduced web section (RWS) method, which is generally
achieved through web cutting and creating holes in the web
with different geometric shapes, such as circular, elliptical,
semi-circular, or rectangular [29-36], replacing the flat web
with different sections such as accordion-like or tubular
[37-39], or using replaceable reduced sections [40-42], as
an alternative approach to reducing the beam section. The
use of RWS connections has recently gained particular
attention, especially for steel moment frames in existing
buildings, as the reduction of the beam section through
flange cutting is accompanied by the difficulty of cutting
the upper part of the beam flange due to its location in the
floor slab. Therefore, in this aspect, RWS connections are
more practical when used as a rehabilitation technique [41-
42].

In the present study, with the aim of investigating the
cyclic behavior and performance of other RWS connection
designs, after the validation of the finite element model,
seven non-uniform beam web weakening patterns are
proposed and compared against the uniform vertical
slotting pattern (RWS-1) to evaluate their influence on the
cyclic behavior of the beam-to-column connection through
analytical and finite element modeling.

2. Beam Web Weakening Patterns Investigated

Figure 2 shows the details of the non-uniform RWS-2
to RWS-8 beam web weakening patterns studied to
evaluate their impact on the seismic behavior and
performance of the beam-to-column connection compared
to the uniform web slotting pattern (RWS-1). All these
designs result in an equal reduction of the beam cross-
section area by 7189 mmz.

3. Finite Element Model Validation and Modeling

3.1. Finite Element Modeling of the Connection

To evaluate the impact of the different web reduction
patterns on the seismic performance of the connection, the
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62 Journal of Civil Engineering Researchers

Abaqus software was used for the three-dimensional
modeling and nonlinear analysis of the direct beam-to-
column connection with complete joint penetration (CJP)
welds. The beam section was taken as 270 IPE with a free
span of 1500 mm, and the column section was IPB200 with
a free span of 1500 mm. To obtain accurate stress and strain
conditions close to the actual conditions, the finite element
model components, including the column, beam, doubler
plate, and continuity plates, were modeled using shell
elements, which have the capability to consider large
deformations, nonlinear behavior, and the simulation of
buckling and its effects on the reduction of the analytical
model's strength. Additionally, the "NLGEOM" option was
activated to consider the geometric nonlinearity effects.
Rigid shell elements were also used to model the support

Connections

Cut Shapes

RWS-1

RWS-2

RWS-3

RWS-4

Figure 2. Details of the different web reduction patterns

plates at the two ends of the column and the beam. The steel
material was ST37 with the nominal mechanical properties
listed in Table 1, with a nonlinear behavior using a
combined hardening model that can consider both isotropic
and kinematic hardening behavior of the steel.

The loading was applied according to Figure 3, based
on the displacement history protocol following the SAC
loading protocol [43, 44], through the gradual application
of a series of cyclic pseudo-static incremental
displacements at the beam tip. To simulate the boundary
conditions in the finite element model, including the
supports and load application points, a reference point (RP)
was first defined on the rigid end plates of the column and
beam, and then the corresponding boundary conditions
were assigned to this point, as shown in Figure 3.

Connections

Cut Shapes

RWS-5

RWS-6

RWS-7

RWS-8
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Approximate element size:0.03 m

All elements were modeld using shell elements
of type 4-node Reduced integration (S4R)

I Lateral Bracing Displacement Restraint:U, = 0 ‘

| Approximate element size:0.02 m

.

Uy=UR; =URy =0
Uy = Cyclic Displacement

Figure3. 3D FE model for Specimen B3
0.1
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0.02 0.005
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-0.06
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Figure 4. Loading protocol based on FEMA 351 [43, 44]

Additionally, lateral bracing of the beam was modeled
to prevent out-of-plane buckling. The meshing of each
connection component was performed separately using
S4R elements, and a finer mesh was used in the vicinity of
the connection, the connection joint, and the web weakened
region to provide a more accurate representation of the
buckling behavior and the high stress and strain rates in
these critical areas. Figure 3 shows a three-dimensional
view of the finite element model and the meshing details
and boundary conditions for the RWS-1 connection. It
should be noted that in this study, the modeling and the
influence of factors such as the concrete slabs were
neglected, and only the modeling of the steel beam-to-
column connection was performed, assuming high-quality
complete joint penetration (CJP) welding of the beam to
the column, and the weld modeling was not considered,
and the beam-to-column connection was modeled directly.

Approximate
element
size:0.008 m

Number of cycle

Hinge:
Ug=U;,=Uy;=UR; =URy =0

4 cyc.

Table2.

Mechanical Properties of Structural Steel — St37[45]
opominal oreminal  Elongation(%) E v
240 Mpa 360 Mpa 30.8 210 Gpa 0.03

3.2. Model Validation

The overall validity of the finite element modeling
approach in Abaqus and the accuracy of the numerical
analysis results in predicting the seismic behavior, strength
degradation, and stiffness reduction due to the formation of
the plastic hinge and the buckling of the connection
components are evaluated by comparing the numerical
analysis results of the experimental specimen DB700-SW,
whose seismic behavior under the SAC loading protocol
was investigated in the studies by Lee et al. [46, 47]. Figure
5 shows the geometric details, and Table 2 presents the
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material properties used for the construction of the

aforementioned model.
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Figure 5. Specimen DB700-SW tested by lee et al(units in mm)

[46,47]
Table 2.

Physical properties of the DB700-SW connection materials [47]
Member Coupon oy Oy
Beam (S5400) Flange 304 Mpa 455 Mpa

Web 364 Mpa 480 Mpa
Column(SM490)  Flange 343 Mpa 512 Mpa
Web 358 Mpa 520 Mpa

(@) FE[46]

(c) Local buckling of the beam at 6% drift

3.3. Validation Model Analysis Results

After the finite element analysis under cyclic loading,
the accuracy of the results is compared with the
experimental and numerical results of the DB700-SW
connection. As shown in Figure 6, the cyclic response,
Bauschinger effect, strain hardening, and strength
degradation due to local and torsional buckling obtained
from the finite element model of the DB700-SW specimen
in the present study show acceptable agreement with the
seismic response and deformation of the experimental and
finite element reference specimen [44].

4. Finite Element Analysis Results
4.1. Moment-Rotation and Hysteresis Curves

Accepting the von Mises criterion as the basis for
evaluating the performance and ultimate failure of the
steel, to assess the impact of the different web cutting
patterns on the seismic behavior of the connection, the
normalized moment-rotation hysteresis curves of the
studied connections are compared in Figure 7 up to the end
of the loading (6% rotation). The total beam rotation is
calculated by dividing the tip displacement at the load
application point by the distance to the column center
(1600 mm).

(d) hysteresis response
Figure 6. Comparison of the FE model and test results of specimen DB700-SW tested by lee et al[46].
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As observed, although all models exhibit suitable
hysteretic behavior, some of these curves are significantly
influenced by the beam web weakening patterns. The
hysteresis curves show that the connection strength in all
models decreases due to the local buckling of the beam.
However, this strength reduction is not significant, as the
connection strength in all models is still greater than 80%
of the beam plastic moment at 4% rotation.

— RWS-1
e RWGE-2
e RWS-3

RWS-2
—— RWS-5
—RWSE-6
—RWS-7
—RWE-8

Figure 7. Cyclic moment-rotation curves of the specimens

4.2. Investigation of the Equivalent Plastic Strain
Distribution

In the seismic analysis of connections, parameters
should be used to identify the potential failure or crack
initiation locations. One of the damage indicators used to
evaluate the potential for failure and fracture in fillet welds
and steel elements is the equivalent plastic strain (PEEQ),
which is defined as:

26Vt @)
PEEQ = —”3 -

where ei”jl are the plastic strain components in the i and
j directions.

This indicator of energy dissipation during cyclic
loading and as a measure of the extent of residual strains in
the materials and locations in the connection that are
susceptible to tearing and fracture is considered, and it
directly represents the degree of progression and expansion
of plastic deformations in the connection during cyclic
loading. Therefore, in the evaluation and comparison of the
changes in plastic strain in different regions of the
connection, particularly in the vicinity of the complete joint
penetration (CJP) weld to the column, considering the
different beam web weakening patterns can also be useful.

In Figures 8 and 9, the distribution of the equivalent
plastic strain (PEEQ) for two critical and determinant parts
of the connection behavior, namely the fillet welds
connecting the beam flanges to the column flanges and the
weakened region of the studied connections, were
investigated at the end of the loading cycle corresponding

to 6% rotation. The selection criteria for the mentioned
sections are based on the failure location in the Northridge
earthquake connections and the evaluation of the ability of
each weakening pattern to transfer and reduce the strain
from the column surface to the weakened region.

The results shown in Figure 8 indicate that in terms of
reducing the plastic strains in the fillet welds and the
potential for connection failure, the weakening pattern
(RWS-7) can reduce the equivalent plastic strain in the CJP
weld of the direct beam-to-column connection by an
average of 48% compared to the uniform web slotting
pattern (RWS-1) as the reference connection. In contrast,
the (RWS-2) pattern has resulted in an average 42%
increase in the equivalent plastic strain in the CJP weld
compared to the (RWS-1) connection. The asymmetry of
the PEEQ values at the two ends of the weld line in the
(RWS-2) connection is also due to the significant increase
in beam buckling compared to the other patterns studied.
Therefore, the appropriate performance of this type of
connection can be expected by selecting a suitable beam
web weakening pattern.

Figure 9 also shows that, in terms of the ability of each
weakening pattern to transfer and reduce the strain from the
column surface to the weakened region, the (RWS-3)
pattern has the best performance among the studied
patterns in concentrating the plastic strains in the weakened
region.

5. Conclusion

Due to the inaccessibility of the top beam flange, which
is usually embedded in the concrete slab, and the high cost
of slab demolition to cut the top flange, one of the methods
for the rehabilitation of existing moment-resisting frame
connections is the use of beam web weakening. This
research describes the numerical investigation of the cyclic
performance of steel beam-to-column connections
rehabilitated by the web section reduction method with
different patterns. To provide a preliminary evaluation of
the behavior of the mentioned connections, seven new web
section reduction patterns were considered for finite
element modeling in Abaqus, and the effect of their
implementation on the changes in the equivalent plastic
strain, moment-rotation curves, and the potential for failure
were investigated, disregarding the influence of factors
such as the presence of concrete slabs. A summary of the
results of this study is as follows:

1. The research results showed that the creation
of beam web weakening with a suitable pattern
can shift the strain concentration region from
the CJP weld near the column to the weakened
region.
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Figure 8. PEEQ strain changes at the end of the loading cycle
corresponding to 6% rotation above the weld line

2. The investigations showed that the connection
with the web weakened in a suitable pattern
can reduce the equivalent plastic strain in the
beam-to-column CJP weld by 48% compared
to the reference analytical specimen.

Despite the above results, it should be noted that further
research and studies are necessary to identify the behavior
of the mentioned connections.
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Scholars Pavilion

Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of
Iran to the United Nations Office at Vienna. The monument architecture is claimed by the
Islamic Republic News Agency of Iran to be a combination of Islamic and Achaemenid
architecture, although the latter clearly predominates in the decorative features, with Persian
columns and other features from Persepolis and other remains from the Achaemenid dynasty.
The Chahartaq pavilion form runs through the architecture of Persia from pre-Islamic times
to the present.

Statues of four famous Persian medieval scholars, Omar Khayyam, Al-Biruni, Muhammad
ibn Zakariya al-Razi and 1bn-Sina are inside the pavilion. This monument donated in June
2009 in occasion of Iran's peaceful developments in science.
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