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OBITUARY - ENDER ARKUN

It is with sorrow that we announce the passing of our dear
friend and colleague Mr. Ender Arkun on April 23, 2020.

Following his involvement in the launching of Teknik
Dergi in 1989, Mr. Arkun actively served in the Editorial
Board for an uninterrupted period of thirty years. After the
journal’s move to bilingual publication three years ago,
he also contributed to the final editing of the manuscripts
in English.

Mr. Ender Arkun was born on March 23, 1940 in Kabul,
Afghanistan, where his father was on temporary duty as
a medical doctor. When he was four years old, the family

| moved back to Istanbul. He attended the English High
School and later Robert College, where he was introduced to western culture and outlook.
He later studied civil engineering at Y1ldiz Technical University.

After graduating in 1969, Mr. Arkun worked as a design engineer for an Italian contractor
company in charge of the design and construction of the viaducts on the ES highway.
In 1971, he took office in the Scientific and Technical Research Council of Turkey
(TUBITAK). During his two terms at TUBITAK (1971-1988 and 2000-2004), he served
in various positions, as Researcher and Acting Chair of the Building Research Institute, as
Deputy Secretary General and as Chair of the Construction Technology Research Group.
He contributed to the document “Turkish Science Policies 1983-2003”. Between the two
periods of his TUBITAK service, he worked for eleven years for the private construction
sector and served as the Secretary General of a leading construction company in Turkey.
During his first period of TUBITAK employment, Mr. Arkun assumed a duty in the
Turkish Standards Institute to serve as a member of the Civil Engineering Standards
Coordination Group.

After leaving TUBITAK, he joined the Turkish Academy of Sciences (TUBA) and
served as the Consultant to the Academy President for four years. His interview with
Prof. Bernard Lewis at Princeton University is an important documentary produced by
TUBA within the framework of a series titled “Those Who Cast Light on Science”.

He was happily married to Stinter Arkun long enough to celebrate their golden anniversary.
He had a daughter, a son and a grandson.

Mr. Arkun was a well-educated and well-balanced gentleman. He was known by his
tolerant and friendly personality, which made him popular in both the social and business
circles. His reliable and industrious character and his refined sense of humour made
collaboration with him both productive and enjoyable.

The Editorial Board acknowledge the invaluable contributions of Mr. Ender Arkun to
IMO Teknik Dergi and wish to extend their sincerest condolences to the Arkun Family.

Prof. Tugrul Tankut
On behalf of the Editorial Board
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Credit Success Rates of Certified Green Buildings in
Turkey

Xhensila THOMOLLARI!
Vedat TOGAN?

ABSTRACT

The green building rating systems have been used as a tool to evaluate the environmental
impact of buildings since 1990. In Turkey, Leadership in Energy and Environmental Design
(LEED) is in the first place concerning the total number of certified green buildings and then
followed by Building Research Establishment Environmental Assessment Method
(BREEAM) and German Sustainable Building Council (DGNB). This paper aims to give
general information concerning the 287 certified green buildings, and to investigate an
updated situation of credit success rates of 127 LEED new construction certified green
buildings in Turkey. The results show that the certified green buildings in Turkey have a
lower average percentage of credit success rates in indoor environmental quality, energy
efficiency, and material and resources categories compared to the other groups. Also, despite
the increasing number of the certified projects mostly office buildings through the years, it is
noticed an unequal geographical distribution of the examples.

Keywords: Credit success, LEED, Sustainable Development, Turkey.

1. INTRODUCTION

For the developing countries, construction industry, among the other industries, has been
leading industry that contributes significantly to the economic development. However,
though it contributes to the economy, this sector has negative impacts on environment. For
example, the building stock is responsible for using 40% of all raw materials, 17% of
freshwater withdrawals, consuming around 40% of total energy used, and generating 40% of
the total solid waste [1-3]. Therefore, to reduce these adverse effects, designing and building
sustainable or green projects are getting more important day by day. Since 1990, building
sustainability level has been measured by international green building rating systems. It is
estimated that around 600 green rating systems exist globally [4]. In 1990, Building Research

Note:
- This paper has been received on July 30, 2018 and accepted for publication by the Editorial Board on
March 27, 2019.

- Discussions on this paper will be accepted by September 30, 2020.
o https://dx.doi.org/10.18400/tekderg.449251

1 Karadeniz Technical University, Department of Civil Engineering, Trabzon, Turkey-
xthomollari@gmail.com - https://orcid.org/0000-0002-8158-3126

2 Karadeniz Technical University, Department of Civil Engineering, Trabzon, Turkey - togan@ktu.edu.tr -
https://orcid.org/0000-0001-8734-6300
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Establishment Environmental Assessment Method (BREEAM) was the first rating tool with
the aim to assess the building’s performance through various criteria under several categories.
After BREEAM, several international rating systems Leadership in Energy and
Environmental Design (LEED), German Sustainable Building Council (DGNB),
Comprehensive Assessment System for Built Environment Efficiency (CASBEE), High
Quality Environmental (HQE) and national rating systems such as Green Globe in Canada,
Green Star in Australia, BEAM in China and lately CEDBIK in Turkey etc., have been
applied to evaluate the sustainability level of buildings. BREEAM-certified buildings have
shown 3-30% less energy consumption than conventional structures [5], while LEED-
certified ones consume 18-39% less energy than conventional ones [6, 7]. Some of the
economic benefits are 1-25% occupant productivity increase, minimum 14% higher rate of
return, 10% higher market value of the asset, and 5-10% higher rental rate [5, 7-9]. Therefore,
the trend of designing and constructing green buildings started to spread worldwide.

All rating systems have continuously been upgrading and adopting the list of criteria to assess
more accurately the sustainability aspects of buildings. For example, in 2013, LEED through
the LEED v4 version made a lot of changes in the list of criteria and the attributed points for
each category. Similarly, BREEAM made a significant update in 2014 and 2016 [4, 9, 10].
Fig.1 shows chronological development of the BREEAM and LEED systems’ versions and
illustrates the percentage of credits of each assessment category in the respective version.

BREEAM 2008 BREEAM 2014 BREEAM 2016
P e | Water o Water
Innovation 5o, Waste Tnnovation Waste Innovation ; 5;: Waste
10% 10% 1%
Energy Transport Energy, Transport Energy 5% Transport
0%
Health & Poliuticn Health & Poliution Health &, Poliution
wellbeing wellbeing wellbeing
. Land use : Land use & . Land use &
Aatecisl & ecology Maleris ecology Maeris ecology
Manageme Managemen Managemen

at t t

a) BREEAM versionsevolution

LEED v2.0 LEED v.2009 LEED v4
Sustainable Sustainable Integrative
 Sites 40%5“95 Process
0% Regi pos i Regicnal 40% Location &
30% egional _30% Water . /30%
~ Water Priority Transpor.
Innovation ~ 20% Priocty [ 20% Efficieacy 20%
Efficiency
10% 10%, In 10% Sustainable
inovation .
0% 0% E & 0% Sites
Innovation .“::rg)
Indoor Eav. Energy & Atnosghers Indoor Eav. : Water
Quality Atmosphere . Quality Efficiency
Indoor! Ex'u'. ‘\l;alenals & Materials & Energy &
Materials & Quality Seources Resources Atmosphere

Resources

b) LEED versionsevolution

Figure 1 - Chronological development of BREEAM and LEED new construction scheme

The rating systems operating in Turkey are BREEAM, LEED, DGNB, and lately CEDBIK.
There are 286 certified green buildings in Turkey, 242 of them are LEED, 43 of them are
BREEAM, and one of them is DGNB certified, projects at the time of the study in October
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2017. However, there was only one CEDBIK-certified project, since this national rating
system was launched in the Turkish Market in 2016. The key features of these systems are
introduced in Table 1. One main difference among these systems is the evaluation
methodology. While BREEAM and DGNB use individual weightings for each assessment
issue depending on the importance of the category, LEED and CEDBIK implement a
simplified points system or scorecard. In 2015, Turkey was ranked in the 9th position
regarding the total number of LEED-certified projects [11]. This ranking and the increased
number of registered projects for certification under the LEED system (as seen in Fig. 5)
indicate that interest in green construction practices in Turkey has been growing.

1.1. Literature Review

In the literature, there are many comparative studies related to different green building rating
systems. These studies aimed to emphasize the differences between these rating systems by
comparing them according to scheme typology, geographical distribution, indicators
categories and attributed credits, standards used for establishing reference buildings during
evaluation, etc. [4, 7, 12-17]. It can also be found several studies, in which the differences in
the total obtained credits for a particular project evaluated according to various green rating
systems, were pointed out [ 18, 19]. The different standards adopted in the rating systems used
and the regional features of the state origins, where these rating systems were found,
produced the variation on the results [18, 19]. There are limited studies in which the certified
projects’ allocation credits were analyzed. Ma and Cheng [20] examined 1000 projects in the
United States certified by LEED-NC v2009. They used the percentage of average score
method to explain the rate of credits achievement in individual subcategory criteria. Wu et
al. [21] reviewed all the LEED v2.2 certified projects until its certification sunset date and
concluded that the percentage of credit achievements in various categories varies in different
countries. Moreover, Wu et al. [22] analyzed the credit allocation pattern of 3416 LEED
v.2009 certified projects around the world. This study revealed that energy-related and
material-related credits showed difficulty to achieve credits.

Wu et al. [23] investigated the credit achievement pattern of 4021 LEED v.2009 certified
projects in the United States of America, China, Turkey, and Brazil. The results indicated
that each country analyzed demonstrated different performance achievement in most rating
categories including sustainable sites, water efficiency, energy and atmosphere, indoor
environmental quality, and innovation in design. Also, Da Silva and Ruwanpura [24]
compared the credit achievement of 42 LEED-certified projects in Canada with LEED-
certified projects in the United States of America based on credit frequency indicators (CFIs).
The study pointed out that factors such as climate conditions and regional location influence
the credit achievement of the projects. Furthermore, there are several papers that were
examined the credit achievements of Green Star certified projects. For instance, Xia et al.
[25] analysed 388 certified building projects and Zuo et al. [26] examined 264 certified office
projects with Green Star certificate located in Australia. The studies pointed out the easiest
and most difficult categories to achieve credits during the certification process are based on
the project types. Moreover, there is a lack of investigating LEED-certified projects in
Turkey. Very few studies were carried out a partial analysis of particular samples of the
certified projects in Turkey. Celik [27] evaluated 66 LEED-certified buildings in Turkey
regarding their certification dates, the scores they have earned, their types and locations.
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Bastanoglu[28] examined 52 Gold LEED new construction certified green buildings.
Gokbayrak [29] assessed certified buildings under LEED new construction scheme in six
different countries, among of which 102 certified projects in Turkey, and argued how the
green building numbers, the projects’ certificate types and its evaluation criteria are
correlated with the countries’ development levels. Also, Gunes [30] analysed 9 LEED and 6
BREEAM-certified projects, which have obtained a higher score at the time of preparing the
study. On the other hand, Ugur and Leblebici [55] investigated in two green buildings
certified as gold and platinum levels according to the LEED certification system in terms of
construction and operating costs and property value. As implied from above, there is still a
necessity for a full up-to-date investigation of the certified green buildings in Turkey.

Table 1 - Main features of BREEAM, LEED, DGNB and CEDBIK

BREEAM LEED DGNB CEDBIK
Country UK Us Germany Turkey
Organizations BRE USGBC DGNB CEDBIK
No. of country 77 160 20 1
implemented
Latest version 2016 2013 2017 2016
Categories Management Integrative Environmental Integrative
Health & Wellbeing  Process Economic Process;
Energy Location and Social-cultural Land use
Transport Transportation  and functional Water
Water Sustainable Technical Efficiency
Material Sites Process Energy
Waste Water Site Efficiency
Land Use & Efficiency Health and
Ecology pollution Energy and Comfort
Innovation Atmosphere Materials and
Materials and Resources
Resources Life on Property
Indoor Operation and
Environmental Maintenance
Quality Innovation
Innovation
Regional
Priority
Evaluation Pre-weighted Additive credits ~ Pre-weighted Additive credits
method categories categories
Certificate Pass >30 Certified >40 Bronze >50% Certified >45
level Good >45 Silver >50 Silver >65% Good >65
Very good >55 Gold >60 Gold >80% Very good >80
Excellent >70 Platinum >80 Excellent >90
Outstanding >85
No. of certified 563,461 110,315 1201 1
buildings
In Turkey 43 242 1 1
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1.2. Research Objectives

This paper aims at i) investigating the situation of certified green buildings according to their
distribution, certification level, and project types; and ii) presenting the more and less
problematic categories and criteria to obtain credits. In contrast to above-mentioned studies
in Turkey, larger sample size, i.e., 242 LEED, 43 BREEAM, 1 DGNB and 1 CEDBIK-
certified green buildings, will be taken into consideration in this study. The results of this
research can be useful to understand the situation of certified green projects in Turkey, and
to point out the assessment categories that show higher or lower difficulty in earning credits.
In this way, it can be understood which categories need further attention from the
policymakers and design teams to obtain more credits in future projects.

2. METHODOLOGY

This research is organized into two main sections. In the first section, general statistical data
related to 242 LEED, 43 BREEAM, | DGNB, and 1 CEDBIK-certified green buildings are
illustrated. Later on, descriptive statistical analysis of credit achievements based on project
types and rating categories of 127 LEED new construction certified projects is conducted.
This paper focuses on LEED new construction system because i) this system is the well-
developed versions of LEED [23], ii) the majority of green buildings in Turkey were certified
under this system, iii) the data related to these projects were accessible online, and iv) the
total number of projects certified by the newest version, i.e., LEED v4, at the time of the
research was small. The small sample size can produce significantly biased results. Besides,
LEED v.2009 is the first version of LEED that includes regional priority credits.

Data collection of the certified projects
until October 2017 from the official . Generally, analyse the data of

website (LEED, BREEAM, DGNB, 242 LEED, 43 BREEAM, |
CEDBIK) DGNB and 1 CEDBIK

Analyse credit achievement of
#| 127 LEED NC projects based on
project type.

Data collection of 127 LEED new
construction certified from LEED
official website

Analyse credit achievement of 127
LEED NC projects based on
assessment category.

\ 4

Figure 2 - Flowchart of the methodology
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The analysis of this version can help to understand the performance of regional priority
credits. On the other hand, the data related to BREEAM, DGNB, and CEDBIK-certified
projects are partially reachable. The data used in the present study were retrieved from the
official green building rating systems’ websites in the directory of certified projects located
in Turkey until October 2017. The general data (i.e., project name, total earned points,
location, accredited date etc.) related to LEED-certified projects were retrieved in an excel
spreadsheet downloaded from the official website [30]. Furthermore, the credit achievements
in various categories for each project were obtained from the official website in the directory
of certified projects located in Turkey [31]. The information about BREEAM, DGNB, and
CEDBIK-certified projects were also collected from their official websites in the directory
of certified projects located in Turkey [32-34]. Figure 2 presents the flow chart of the
methodology followed in this study.

3. RESULTS AND DISCUSSIONS
3.1. General Statistical Data of the Certified Projects in Turkey

There were 242 LEED, 43 BREEAM, and 1 DGNB-certified projects at the time of the
research conducted. Geographical distribution of LEED, BREEAM, DGNB, and CEDBIK-
certified projects in Turkey is given in Fig. 3. Furthermore, Fig. 4 shows the percentage
distribution of certified buildings according to geographical regions of Turkey. Turkey is
located partly in Asia and partly in Europe and acts as a bridge between the two continents.
The area of Turkey is divided into seven geographical regions according to their climate,
location, flora and fauna, human habitat, agricultural diversities, transportation, topography
and other characteristics.

The distribution of green building examples is in a linear relationship with the economic and
demographic development of these geographical regions. It can be seen from Figs. 3- 4 and
even from the literature [27, 30] that certified green buildings are mostly located in the
western region of Turkey while there is a lack of certified green buildings in its other regions.
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Figure.3 - Geographical distribution of certified projects
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Figure 5 - Cumulative number of registered and certified LEED projects in Turkey

Aktas and Ozorhon [35] as well as Uslu et al. [36] concluded that investors operating in big
cities are more willing to embrace green policies, and in addition to the aforementioned
benefits, obtaining an international certificate for their buildings is used as a powerful tool to
increase competitiveness in the market.

There was only one DGNB-certified project, a commercial building with a gold certificate
and located in Istanbul, the most populated city of Turkey. Besides, there is a residential
building that has a very good certification level located in Istanbul, certified by CEDBIK.
Comparing the number of projects qualified by BREEAM, DGNB, and CEDBIK, the
numbers of LEED-certified projects are higher. The certified and registered numbers of
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LEED projects are illustrated by years in Fig. 5. The percentages of LEED projects under
different version and scheme in Turkey are given in Fig. 6. It can be observed from Fig. 6
that the projects were mainly certified under LEED v.2009 version and new construction
scheme.

LEED Versions LEED Schemes

1% 1% 2% . 1%
[ eeov20
([ Le£0 v 22
[ 1ee0 v2008
[ €0 v 2009
CLeeova

I Schools

[ Core and Shell
I Existing Buildings
[ Healthcare

[ Homes
[CINew Construction
[ JRetail

90%

Figure 6 - The percentage of LEED-certified projects according to LEED version and
scheme

BREEAM-certified projects in Turkey were evaluated under its international scheme. Their
distribution according to the project types and phases is given in Fig. 7. Even in the BREEAM
system, the dominating scheme is new construction. In addition, office and retail project types
are encountered at a higher percentage. The distribution according to the level of certification
is presented for LEED and BREEAM systems in Fig. 8. It is seen from Fig. 8 that most of
LEED-certified projects have scored a total of 60-79 credits while most of BREEAM-
certified projects were rated very good that means 55-70% accomplishment of total possible
points was achieved.

T T T T T T
[ New Construction| |
[Jin-use

Number of Projects

Office Industrial Residential Retail Other :mix-use  Public sector
Project Types

Figure 7 - BREEAM projects according to the project scheme and type
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Figure 8 - LEED and BREEAM certification category distribution
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Figure 9 - Owner types in the LEED system

Fig. 9 shows the type of owners and their percentage for LEED-certified projects. It is
understood that the private companies are more willing to invest in green buildings. Also,
higher education institutions have invested in greener campus. This leads to increase indoor
environmental quality as well as the productivity of occupants [35]. Even governmental
authorities in Turkey are engaged in building more energy efficient offices and reducing the
operational cost. Due to high level of electricity consumed for lighting purposes (20%), the
Ministry of Energy and Natural Resources initiated the policy on “Transition to Efficient
Public Lighting” to reduce the electricity bills in public institutions [37, 38].
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3.2. Analysis of LEED New Construction Projects Based on Project Type

In this section, 127 LEED new construction certified projects were analysed. Only three of
them are certified under LEED v2.2 version but the others are certified according to LEED
V.2009. The LEED new construction scheme is selected for further analysis because this
scheme is the most well-developed evaluation scheme and has a higher number of samples.
A histogram is depicted in Fig. 10 for the frequency of points obtained by the projects under
this scheme. As demonstrated in the histogram, the most frequently acquired points vary from
60 to 65. The distribution according to the project types is illustrated in Fig. 11. It can be
assumed from Fig. 11 that office projects tend to be more certified due to lower payback
value [39]. Also, office projects have a higher range of total earned credit with an average of
67.4. Higher operational cost characterizes this type of projects. Therefore, it is in the
investor’s benefit to increase the percentage of improvement in respective categories. Despite
presenting 80% of the total building stock in Turkey, the certified residential building consists
of only 17% of total certified projects [40].

Frequency
8

1

10
40 50 60

Figure 10 - Histogram of frequency of obtained points in the LEED New Construction

-—--_,;
70 80 90

100
Obtained Points

Fig. 12 is schematized according to data retrieved by [31, 41], and shows the percentage of
improvement in different categories for each project type. The rate of improvement is
calculated as a division of the project’s performance with reference building’s performance
(as required in the LEED system) for a particular aspect. Each bar in Fig. 12 indicates the
average percentage of improvement in each criterion for the corresponding project type.

In Figure 12, the numbers inside the bars represent the number of projects showing
improvement in the related criterion. The average credit achievements of each project type
in the associated categories are tabulated in Table 2. In projects like retail, office public
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assembly, lodging (i.e., hotels, resorts), and core learning space, a generation of 5-13% onsite
renewable energy is noticed.

Based on Figure 12 and Table 2, these projects are mainly located in metropoles, namely
Istanbul, Ankara, Bursa, Canakkale, Mersin, and Izmir. For the same category of project's
type, a green power purchase of 35% is seen, but the number of projects is small, which are
located in Istanbul, Bursa, Antalya, Mersin, and Izmir. They utilize renewable energy from
green power plants, which mostly are found in the Mediterranean region.

For the material category, it can be implied that a maximum of 20% of recycling content of
building materials is achieved for most of the project types. Also, locally produced materials
are used in the same percentage. A higher percentage of improvement is reached in the
subcategory division of construction and demolition debris, approximately 75%. Generally,
an undesired performance is noticed in the following subcategories: reuse of existing building
material, existing interior non-structural elements, and existing building structures and
envelope. In these subcategories, only a limited number of projects have achieved a
percentage of improvement of 50, 50, and 85%, respectively. Unfortunately, even the use of
FSC—certified products and rapidly renewable materials are noticed in limited projects and
in low percentages. In the indoor environmental quality category, in most of the project types,
75% of occupied spaces have daylight and 90% of live-in areas has a quality view. In the
water efficiency category, an average reduction of 80% in potable landscape water use, 38%
in indoor water use, and 50% in wastewater generation was achieved.

LEED NC Project Types
6% 2% 7% I cormercial office
- Core Learning Space
[ 0ata centernaburatory

[ industrial Manutacturing
[ Lodging: HotelMoteUResort
Multi-Family Residential
I office

CReil

:] Public Assembly

27%

Figure 11 - The distribution of LEED New Construction projects according to project type
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Table 2 - Average point obtained for each project type in every category

. 5y £ 0§ E oz % 2

wegy  EE L, 205 2 & 3 2F
S) S o < =t S 5] = 151 S @
O=" OnA A = = ~ o e A<

Total average 43 64.7 74 59.5 58 57.5 67.4 67.4 63.2

point

Sustainable 9 20.3 20 16.5 18.9 19 19 18.3 20.2

site

Water 4.5 8.6 9.5 9.2 6.7 53 8 9.3 7.5

efficiency

Energy & 7.5 13.9 20.7 12.6 13.4 11.7 16.8 16.7 15.9

atmosphere

Indoor 12 7.1 9.5 7.4 6.9 7.9 9 9.7 6.5

environmental

quality

Material & 6 5.7 5.25 5.6 4.8 5.5 6 5.7 53

Resources

Innovation 4 5.6 5.75 4.9 3.9 5 4 4.6

Regional - 3.6 3.25 33 35 3.6 3.7 3

Properties

3.3. Analysis of LEED New Construction Projects Based on Categories

For projects certified under LEED BD+C New Construction (NC), an investigation of most
and least credit earned categories is conducted. Table 3 presents the information about the
average percentage of credit secured by the LEED NC-certified projects in the following
categories: regional priorities, innovation, water efficiency, sustainable site, indoor
environmental quality, energy & atmosphere, and material & resources. Also, the most
problematic and non-problematic criteria are highlighted.

Table 3 - Percentage of credit achievement in different categories of LEED NC-certified

project
Category Plj‘gisl;ible I/)\(:fizrtage % Eief\f/ieclu(l)tfy Subcategory %
Regional 4 3.37 84 Less Optimize energy performance 85
priority Heat island effect - roof 54
Higher Construction waste 1
management
Site development - protect or 1
restore habitat
Innovation 6 4.77 80 Less Innovation in design 76
LEED Accredited Professional 100
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Table 3 - Percentage of credit achievement in different categories of LEED NC-certified
project (continue)

Possible  Average Level of o
Category point point % difficulty Subcategory %
Water 10 7.68 77 Less Innovative wastewater 85.5
efficiency technologies
Higher Water efficient landscaping 68.5
Water use reduction 80.6
Sustainable 26 18.69 72 Less Alternative transportation 91.5
site Heat island effect - 81
Higher Brownfield redevelopment 0
Light pollution reduction 15
Indoor 15 7.88 52 Less Construction IAQ management  85.5
environmen plan-during construction
tal quality Low-emitting materials - paints ~ 88.7
and coatings
Higher Low-emitting materials - 5.6
composite wood and agrifiber
products
Low-emitting materials - 25.8
flooring systems
Energy& 35 14.48 41 Less Enhanced refrigerant 71.8
atmosphere management
Measurement and verification 80
Higher On-site renewable energy 18.9
Green power 14.5
Material & 14 5.54 40 Less Recycled content 89
Resources Regional materials 91
Higher Building reuse (maintain 4

interior non-structural
elements; maintain existing
walls, floors, and roof)

Certified wood 2.4

Materials reuse

Wu et al. [23] investigated the credit achievements of LEED v.2009 certified projects, 89 in
Turkey, 172 in China, and 75 in Brazil, respectively. While comparing the results of the
present study with that of the above research, it can be concluded from Table 4 that the
average credit achievement of the certified projects in Turkey in each category does not
change with the increase of certified projects number.
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Table 4 - Comparison of the results

Category Possible point Present study results Wau et al. [23]
Innovation 6 4.77 4.58
Water efficiency 10 7.70 7.63
Sustainable site 26 18.69 18.80
Indoor environmental quality 15 7.88 7.88
Material & Resources 14 5.44 5.51
Energy& atmosphere 35 14.48 14.33

Analysis of the categories in a descending order based on the average percentage of credit
achievement is discussed as follows:

Regional priority category shows an average percentage of 84% in credit achievement. From
4 possible credits, an average of 3.3 credits was obtained. Regional priority credits for LEED
v.2009 scheme set by the USGBC for all the projects in Turkey include 2 credits concerning
energy conservation, 1 credit for thermal comfort verification, 1 credit for recycling of non-
structural materials, 1 credit for quantity control of storm water, and 1 credit for minimizing
heat island effects [12]. While, in LEED v.4, generally for Turkey, criteria evaluated under
regional priority category are the thermal comfort, sensitive land protection, reduced parking
footprint, site development-protect or restore habitat, open space, rainwater management.
The respective regional priority credits changed in different regions of Turkey because of
LEED v.4, the assignment of regional priority credits is made based on geocoding. However,
during the examination of credits earned in this category, the credits were attributed even in
other criteria such as construction waste management and site development-protect or restore
habitat.

Innovation category shows an average percentage of 84% in credit achievement. During the
LEED certification process, the requirement of a LEED Accredited Professional is
obligatory, that’s why the fulfillment of this criterion was 100%. Also, in the other criterion
of this category, a considerable average percentage of 76% was achieved. This high rate
implies extensive implementation of innovative design techniques in the certified green
building projects.

Water efficiency category shows an average percentage of 77% in credit achievement.
Considering the growing population of Turkey and being a water-stressed country, the
implementation of water conservation measures is necessary to reduce the demand for
potable water. Some of the strategies used in these projects to earn credits in this category
are the installation of low flow fixtures, rainwater harvesting system, greywater recycling,
and water-wise landscaping [42].

Sustainable site category shows an average percentage of 72% in credit achievement. The
majority of the projects are located in high-density urban zones. This creates the opportunity
to easily reach a larger number of amenities and low-carbon public transportation vehicles
around the projects site [43]. Consequently, it can be earned without any difficulty credits in
this category. However, none of the buildings has gained points in the brownfield re-
development sub-category. This situation may be driven by a lack of adequate policies which
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can encourage the third parties to invest in the conversion of the brownfields through
appropriate treatments to suitable construction sites.

Indoor environmental quality category shows an average percentage of 52% in credit
achievement. In this category, some of the most important aspects of health and well-being
of a person take place like air quality, thermal comfort, daylight availability and quality view.
This moderate rate of achievement is not insufficient to ensure a healthy lifestyle considering
that in the modern lifestyle a person spends approximately 90% of the time indoors [44, 45].
That’s why, designing with green principals plays a positive role in reducing the rate of
respiratory disease, sick building symptoms, and enhance occupant comfort and worker
performance [46].

Material & Resources category shows an average percentage of 40% in credit achievement.
This low rate indicates the handicap of the sustainable construction material supply chain and
Construction and Demolition Waste (C&DW) recycling systems. One of the fundamental
principles of sustainability is the responsible use of available resources reflected even in
certification systems by encouraging the selection of eco-friendly and recyclable materials
and appropriate waste management planning. Previous surveys in Turkish green construction
industry pointed out the immaturity of sustainable material manufacturing industry and the
lack of incentives for construction waste management as one of the reasons of the low
performance in this category [47, 48]. Furthermore, Ulubeyli et al. [48] pointed out the
limited number of C&DW recycling plants in Turkey. There are only two plants owned by
private enterprises and one by Istanbul Municipality. The development of C&DW can be
useful in the reduction of recycling process cost, reversing the adverse impact on the
environment by reducing the transportation distance from construction site to the recycling
plant and increasing awareness at the architect and contractors about salvaged and recycled
building materials [49]. These obstacles have a negative impact on the initial cost of the
projects and discourage investors to embrace green construction [50, 51].

Energy & Atmosphere category shows an average percentage of 41% in credit achievement.
Despite the high importance showed by the government and the academic authorities toward
minimization of non-renewable energy demand and encouraging onsite renewable energy,
the average credit achievement in this category was not at the desired level. While performing
an investigation for renewable energy performance for various countries, Arik [52]
concluded that Turkey showed a good level for renewable energy incentives from the
government like the enacting of the second Renewable Energy Law, namely Law No. 6094
in 2010 concerning the use of Renewable Energy Resources for the Generation of Electrical
Energy. Unfortunately, for further development of renewable energy production, it is
necessary to use a better electric power grid. Also, the absence of adequate binding policies
and financing options possibilities for sustainability of renewable energy was pointed out
even by Gurgun and Arditi [53]. Unfortunately, Turkey imports 72.5% of the total energy
used, but the investments in renewable energy productions like 41 wind farms intend to lower
this percentage [38]. Except for wind energy, there is a great possibility to produce
geothermal energy and solar energy in Turkey, but it is required more attention and support
from the government. Another criterion in this category that shows a low average percentage
of achievement is green power purchasing. This result is incurred by the lack of green-e-
certified renewable energy grid-source [53].
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Table 3 points out the more promising criteria to earn more credits for projects located in
Turkey. In this way, the design team during the certification process can focus on these
criteria to increase the likelihood of higher certification rate. However, indoor environmental
quality, energy & atmosphere, and material & resources categories are essential for designing
and constructing a greener project, and further attention should be paid by the practitioners
to improve the performance of their projects in categories [54].

The low percentage of credit achievement in particular categories implies the lack of proper
green building development incentives and binding regulations by the policymakers to
increase the opportunities to obtain higher certification level and consequently greener
projects.

4. CONCLUSIONS

In the last decade, interest towards implementing green construction practice and the number
of certified green buildings in the Turkish market has increased. In this study, a general
overview of 287 certified green buildings was provided. Furthermore, the average credit
achievement of 127 LEED new construction certified projects was investigated based on
project types and assessed categories. Some of the key findings are:

= The examples of green buildings were mostly concentrated in densely populated and
industrialized cities, especially in the western part of Turkey but in the eastern part of
Turkey, the examples of green projects are rare.

= Project types characterized by high operational costs showed a higher certification level.

= The investigation performed for 127 certified projects under LEED v.2009 NC scheme
indicated fewer credits earned categories and revealed the problematic criteria that
hinder the acquiring of higher certification level.

= Even though the number of certified projects in Turkey has increased, the comparison
of the present study results with the available ones demonstrated there is no
improvement of average credit achievements in related categories.

= The categories showing lower average percentages in credit achievements for indoor
environmental quality, energy & atmosphere, and material & resources are 52, 41, and
40%, respectively.

= Some criteria such as brownfield redevelopment, low-emitting materials, on-site
renewable energy, materials reuse etc., are denoted as no inconsiderable level of credit
achievements.

Knowing the updated LEED-certified projects performance at a country level orientates the
policymakers to establish proper green building development incentives and binding
regulations. Also, it can be implied from the results that further effort should be made by the
practitioners during design stage to improve the performance of their projects in important
categories such as indoor environmental quality, energy & atmosphere, and material &
resources.
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ABSTRACT

Analysis of the scientific literature has demonstrated that the risk of collapse or deformations
of flexible retaining walls has not been the object of in-depth examination so far. The article
presents an analysis of the main geotechnical risks, focusing on the installation of flexible
retaining walls according to analysis by construction participants and their experiences. A
case study was conducted to identify the risks of flexible retaining walls. In order to
determine the risks of installation of flexible retaining walls, the authors of the article
employed a face-to-face interview approach. Investigation of the data obtained during the
face-to-face interview was based on brainstorming and the cause and effect diagram: five
professionals who had monitored most of the risks were selected with the help of the face-
to-face interview. The results of the investigation showed, that for specific and complicated
projects the team of professionals should be composed of specialists from different fields of
construction. Additionally, the respondents agreed with the opinion that the greatest loss in
the given situation would be caused by a breakdown in the pressure pipe and pollution of the
natural environment by wastewater. The novelty of the article on investigating the
possibilities for identifying the risk of installation of flexible retaining walls and on
suggesting risk identification steps.
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Geotechnical Risk Identification: Case Study of Flexible Retaining Walls Installation

1. INTRODUCTION

The article analyzes risk identification when installing flexible retaining walls. The article
considers this problem, taking into account that not all risks are always assessed within the
process of installing flexible retaining walls, which may result in collapse or deformations.

To determine and analyze risk, the concept has to be defined. Risk considers the probability
of an event occurring and the consequences of the event, should it occur [1]. Emerging risk
can be defined as the likelihood of loss, that is, the probability that a certain consequence will
occur in a specific time and space under specified or insufficiently specified conditions [2].
This article adopts the definition of risk as the ‘effect of uncertainties on objectives’ given
by ISO 31000:2009 [3]. The definition provides that uncertainties include events (that may
or may not happen) and are caused by ambiguity or lack of information. It also includes both
negative and positive impacts on objectives [3]. The article reports only negative effects.

Geotechnical risk has been analyzed in a number of scientific articles. Duncan [4]
investigated safety and reliability in geotechnical engineering. Special attention was paid to
uncertainty about the factors involved in safety against sliding. As an example, the stability
of a cantilever retaining wall with silty sand backfill was analysed. Gibson [5] explored and
compared four probabilistic methods for slope analysis and design. Brown [6] reviewed risk
assessment and management practice in underground rock engineering. Swannell et al. [7]
analysed the geotechnical risk management approach to boring machines tunnelling under
squeezing ground conditions. Lacasse [1] showed how the concepts of hazard, risk, and
reliability could help with making more secure decisions. The article shows examples of
calculation taken from a wide range of geotechnical problems, including the hazard and risk
of collapse related to railway traffic, mine slopes, and soil exploration. Mishra et al. [§]
analysed tools for geotechnical real-time risk assessment and management and proposed a
geotechnical risk management workflow diagram of intelligent deep mines. Xia et al. [9]
focused on the issue of model uncertainty and differences in risk consciousness with different
decision-makers in tunnel and underground engineering and proposed a risk decision model
based on sensitivity analysis and tolerance cost, which can improve decision-making
efficiency. Haddad et al. [10] performed a study based on the failure and stability of gravity
retaining walls, which can be categorized into three different modes of failure in sliding,
overturning, and foundation-bearing capacity. They introduced a relatively simple method of
probabilistic analysis of the dimensions of gravity retaining walls which might lead to a more
accurate understanding of failure. Risk management in the architecture, engineering, and
construction industries remains a global issue. Lack of adequate risk management may cause
difficulties in implementing the objectives of a project and negatively affect spatial planning
and urban spatial design in the future. Yang et al. [11] analysed risk management in the field
of health and safety using Building Information Modelling (BIM) and other BIM-related
technologies. Li et al. [12] analysed site selection for underground petroleum storage. To
reduce construction risk and cost during the construction of underground petroleum storage,
they proposed a new site selection model for large underground petroleum storage based on
the analytic hierarchy process (AHP) method and ideal point theory. Xue at al. [13] analysed
rockburst hazard, which is an important issue affecting safe production at coal mines in
China. They paid attention to the influence of the backfilling roadway driving sequence on
coal pillar stability. Ahmasi et al. [14] presented a comprehensive framework to manage the
main risk events of highway construction projects within three stages: (1) identification of
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potential risks; (2) assessment and prioritization of identified risks based on fuzzy FMEA;
(3) identification of appropriate response. Authors suggested the new expert system for
identifying an appropriate risk response strategy for a risk event based on risk factor, control
number and risk allocation. The proposed methodology is demonstrated for management of
risk events in a construction project of Bijar-Zanjan highway in Iran. Valipour et al. [15]
applied hybrid SWARA (Step-wise Weight Assessment Ratio Analysis) -COPRAS
(COmplexPRoportional ASsessment) method for risk assessment in deep foundation
excavation project through introducing new criteria for risk assessment. A case study of deep
foundation excavation in Shiraz (Iran) was presented. The results have shown that the risks
involving construction safety, unfavourable geological conditions, shortage of managerial
experience, incomplete emergency plan and subsidence of ground are the most significant
risks excavation projects in Shiraz.

To sum up, the risk of collapse or deformations of flexible retaining walls has not been widely
examined.

This paper aims to identify the most common risks of installing flexible retaining walls. The
analysis performed involves the face-to-face interview approach, brainstorming, and a cause
and effect diagram. The article discusses a specific case of installing flexible retaining walls.
This case study has been selected with reference to the results of the face-to-face interviews,
showing that the parties involved in construction most frequently fail to assess the risk of
installing the flexible retaining wall, which causes some problems in geotechnical
applications in Lithuania. Identification of risks is important for risk analysis in order to
reduce the number of emergencies. The face-to-face interview approach and the
brainstorming method were chosen for analysis, as the knowledge and experience of experts
in the field of installing flexible retaining walls allow a more thorough identification of
possible risks. The major finding of the face-to-face interview approach was that the greatest
loss is caused by breakdown in the pressure pipe. When analysing the case of installing the
flexible retaining wall using the cause and effect diagram, all possible risks leading to the
breakdown in the pipe are shown graphically.

The novelty of this article is investigating the identification of possible risks when installing
flexible retaining walls and suggests risk identification steps in the risk management flow of
the flexible retaining wall installation process.

The structure of the article is built as follows. Section 2 analyses geotechnical risks. The
authors of the article present the case study and risk identification by applying the face-to-
face interview approach in Section 3. Having analysed the data obtained during the face-to-
face interview and clarifying the possible causes of breakdown in the pipe, brainstorming and
the cause and effect diagram were used. Section 4 deals with risk identification in the risk
management flow of the flexible retaining wall.

2. GEOTECHNICAL RISK IDENTIFICATION

Risk identification is very important in the risk management cycle. Once the risk has been
identified, a decision has to be made regarding whether to take the risk if it is acceptable or
to make some changes to reduce it if it is unacceptable.
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To identify risk, the Swedish Geotechnical Society (SGF) [16] recommends employing
methods for detecting hazards and considering possibilities. When opting for techniques and
organizing a risk management team, one has to adhere to the following principles:

Risk identification is considered to be an engineering task:
e anyone who may be of benefit to the work should be engaged in it;
o the goals of the project have to be considered first;

e a unified approach should prevail, and therefore all aspects of the project have to be
studied;

e necessary information should be collected;

e both hazards and consequences have to be investigated and distinguished from each other;
e risk should be analysed without emotions;

o there should be concentration on risk rather than on solving related problems.

The result should be documented so that it can be used for the entire project.

The geotechnical risk of the project is a part of the risk of a construction project and is
frequently one of the most controversial parts of the technical risks. ‘Geotechnical risk — is
the risk to buildings and construction work created by the site ground conditions’ [17].
However, this is only one of many risks that are specific to geotechnical projects. Table 1
presents the specific risks and hazards of geotechnical projects. In general understanding, a
hazard is something that can cause harm, e.g. electricity, chemicals, working up a ladder,
noise, stress, etc. A risk is the chance, high or low, that any hazard will actually cause
somebody harm. The geotechnical hazard can be named as building collapse, landslides and
etc.

Table 1 - Specific risks and hazards of geotechnical projects (adapted by authors from
Baynes’ [18]).

Type of geotechnical risk Hazard
Project management Poor management of the entire geotechnical process
Poor management of site investigation and contractor
Contractual .
documentation
Unreasonable analytical model selected
Analytical Nonconformity of the structural scheme with design drawings
Nonconformity of the structural scheme with construction stages;
technological effects are not assessed
Technical Properties Unreasonable design values selected
. Inherently hazardous ground conditions
Geological -,
Unforeseen ground conditions
. Invalid construction type selected
Construction )
Invalid technology selected
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Based on the experience gained in the field of designing and constructing geotechnical
objects, the authors of the article propose five categories for analysing geotechnical risks, as
depicted in Figure 1: water, soil, seismology, surrounding buildings and structures, and
technological processes used during construction.

The first three types of risks are natural and most uncertain.

The risk of breakdown of the structure(Figure 1) took into account geotechnical research,
design, and Eurocodes and standards for specific geotechnical works.

The analysis of water level and its variations in terms of time shows that the groundwater
level is not constant in nature and is subject to various factors such as seasonal changes,
floods, tides, and so on. Frequently, the maximum possible rise in groundwater is calculated
according to standardized diagrams that may not meet local conditions.

External
geotechnical risks

—1

I Y T 1
. . Technological processes Surroundin
|Selsmology | sl during construction buildings an%l
I I 1 [ - 1 structures
Water effect Soil Sensitivity of
Water levels| i . . i i Layers -
| A ggressiveness| on soil | properties soil properties y Tocation =
properties to destruction Condition

considering a

n designed building
. During Mechanical
investigation

In the plan

Deformations;

Dunng Physical
construction
During section
operation

Figure 1 - External geotechnical risks

Structural
resistance

The following variations in water level may occur during construction:
o blocking the natural flow of water will result in a rise;
o the water flow may be artificially decreased if it interferes with construction processes.

Variations in soil moisture change the physical and mechanical properties of the soil more or
less, which has a direct impact on the foundation works.

The soil is a naturally occurring dispersion substance whose properties are subject to the
processes and conditions of formation, conditions of the study, and variations in those
conditions. During testing, the mechanical and physical properties of the soil are determined
by employing field (in situ) and laboratory methods. However, it should be noted that the test
results largely depend on the qualifications and diligence of the staff involved in the
investigation. Any inaccuracies in taking, transporting, preparing, and testing a specimen
under laboratory conditions may cause serious distortion of the results. Thus, geotechnical
studies often use accumulated information about the properties of similar soils and compare
the findings with the results obtained. When in doubt, such results should be verified by
additional testing. Attention should be drawn to the fact that soil properties are determined
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only at separate points of the soil matter. Hence, it is important that attention is paid to the
selection of representative specimens when describing the characteristics of a single layer.

Variations in the characteristics of soil exposed to the effects of cold or mechanical or
dynamic factors are accepted as one of the soil properties. Therefore, soil properties described
-in the geotechnical report can only be applied on the condition that the structure of the soil
will not be destroyed during construction and afterwards.

Soil characteristics appear to be one of the greatest sources of risk (see Table 2). Information
on the layout of soil layers during engineering geological explorations and the preparation of
a geotechnical report is limited. The placement of layers is directly investigated in separate
places in the construction site by drilling, and information can be indirectly obtained through
the Cone Penetration Test (CPT), Standard Penetration Test (SPT), or other methods. Only
at tested points are the soil boundaries and type known. Between the tested points, only
assumptions can be made. Therefore, only at the time of construction, when excavating the
foundation pit, is it possible to verify whether the soil and the depth of the soil conform to
the geotechnical report.

Table 2 - Sources of foundation-related risk in construction [17].

Risks related to %
Soil boundaries 22
Soil properties 20
Groundwater 13
Contamination 11
Obstructions 10
Site investigation 9
Services 6
Detailed design 5
Other 4

The seismic effect on the specific construction site cannot be measured. This is the most
uncertain geotechnical external effect. Designing seismic districts is one of the greatest risks,
and the assessment of these risks may lead to fundamental changes in geotechnical solutions.
This effect is strictly regulated by separate normative standards.

For the rest of the risks related to the environment, the size of uncertainties greatly depends
on the ability to collect information about the surrounding buildings and structures. Those
opportunities will certainly be better if the builder's relations with neighbours are good and
if the builder convinces them that the risk to their property will be reduced during
construction by the provision of such information. In this case, there is a need for effective
communication with neighbours in order to avoid frightening them about possible risks. Lack
of communication is due to the fact that everyone treats risk differently [19].
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The selected technological processes of construction can determine the level of risks. From
a geotechnical point of view, efficient technological processes can increase risks on the
construction site. For example, hammering or vibrating a sheet pile wall results in producing
dynamic effects that will lead to the occurrence of thixotropic processes, the soil will
dissolve, and the surrounding structures may lose their foundations in silty sand saturated
with water. Therefore, at the engineering feasibility stage, one of the essential tasks is to
select the most appropriate technological processes taking into account the risks involved.

The risks of the construction project have to be assessed at all stages of its development. Each
of these stages addresses different problems of risk manageability [20]. Figure 2 shows a
diagram describing the risks under consideration during the stages of developing a
geotechnical project. Risk identification and analysis is a continuous process, because each
of the steps may result in additional data that will reveal new risks. The earlier the risk is
identified, the easier its management will be.

To solve geotechnical problems, as the first step, the designer has to collect as much
information as possible about the site itself and about the immediate environment that can
affect the building being designed. This will allow potential risks to be assessed at the initial
stages of the project (planning stage and engineering feasibility stage). Based on the analysis
of the initial information, the project manager will also be able to decide on the extent of the
required geotechnical exploration for the planned facility.

1 Stage 1 Content

E Planning Stage 1 | Identification of potential extremely high risk

i- Engineering -i Comparison of the risk for different schemes in
1 Feasibility Stage1 | terms of designs and construction methods

1
_________ ]

Manageability of Risk

I Detailed ]3e;sl_g_n-i Identification of high risk for selected project
P _Siagg ___ 1| scheme; Establishment of pre-wamning measures
{ Construction | Dynamic risk management during construction

1 Stage 1

- B
1 ration | . . . .
\/ 1 Ope 1| Risk management in operating environment

Figure 2 - Scheme for lifetime risk assessment by Huang and Zhang [20].

In different Member States of the European Union, investigation volumes are subject to the
geotechnical category assigned to the object. This can be done using the process shown in
Figure 3.

Subject to the category, the investigation volume and methods are regulated. A few
geotechnical categories may form the object, which will depend on conditions for variations
in the site and design constructions. It should also be considered that the situation must be
monitored to determine whether there is a need to adjust the established geotechnical
category during the whole construction process [22].
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yes
Are ground conditions
known from comparable
local experience to be
sufficiently straight forward—ob
that routine methods may
be used for foundation
design and construction?
yes |
If excavation below the
water table is involved,
does comparable local
experience indicate that it
will be straightforward?
yes ¢

>

no

Is there negligible risk in no
terms of overall stability or >
ground movements?

yes

Category 1

Is the structure small and | no —»]
relatively simple?

Is the structure very large or unusual? HLes—b
noy
\ Does it involve abnormal risks? }—YQD
noy
Is there unusual or exceptionally difficult es
‘ ground?
noy
Are there unusual or exceptional loading es
‘ conditions?
noy
\ Is the structure in a highly seismic area? H&b
noy
Is the structure in an area of probable site es
‘ instability or persistent ground movements?
no y
Category 2 e.g.:
Spread foundations, raft foundations, pile A 4

foundations, walls and other structures retaining or
supporting soil or water, excavations, bridge piers
and abutments, embankments and earthworks,
ground anchorages and other tie back systems,
tunnels in hard, non fractured rock not subjected to
special water tightness or other requirements.

Category 3:
Structures or parts of
structures which do
not fall within the
limits of Geotechnical
Categories 1 and 2

Figure 3 - The general decision tree for selecting a geotechnical category by Simpson and
Driscoll [21].

However, even following recommendations can reveal some uncertainties. As a rule, for the
objects of the second and third geotechnical categories, the mechanical properties of the soil
are determined by laboratory tests. For example, in determining the indicators of the shear
strength of the soil, their magnitude is subject to available comparable experience (see Table
3), according to EN 1997-2 [23]. Yet documents do not provide information on the type of
comparable experience.

Table 3 - Direct shear test. The recommended minimum number of tests for one soil stratum

[23].

Recommended number of tests?

Variability in strength envelope Comparable experience
Coefficient of correlation on regression curve None Medium Extensive
Coefficient of correlation < 0.95 4 3 2
0.95 < coefficient of correlation < 0.98 3 2 2
Coefficient of correlation > 0.98 2 2 1b

2 One recommended test means a set of three individual specimens tested at different normal
stresses.

b A single test and classification tests to verify compatibility with comparable experience. If the
test results do not agree with the existing data, additional tests should be run.

To identify geotechnical risk, specific geotechnical issues that are not always successfully
solved by referring to regulatory documents about this particular field of construction need
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to be considered. Extensive experience of the parties involved in construction has to be taken
into account. Thus, Chapter 3 applies the face-to-face interview approach followed by the
construction participants analysing a certain case study and identifying the main problems
using a cause and effect diagram.

3. RISK IDENTIFICATION APPLYING THE FACE-TO-FACE INTERVIEW
APPROACH

3.1. Data Collection

The authors of this article mainly focus on identifying risks arising from the installation of a
flexible retaining wall. Thus, to achieve this goal, the face-to-face interview approach, which
is one of the methods recommended by ISO / IEC 31010: 2009 [24] was preferred, based on
the argument that it has a lower non-response rate than other methods of surveying.

Furthermore, compared to other cases, the questioning technique enhances the opportunity
to obtain more information and reduces the amount of time required to obtain the information.
The face-to-face interview approach, being flexible, allows data collection using strictly
structured to unstructured questions and very short to long answers [25].

The authors of this article conducted face-to-face interviews of 14 respondents with no time
limit; each interview lasted approximately 30-50 minutes. All of the interviews were
administered by the same person, who had 22 years of work experience in the field of
designing geotechnical structures.

The types of experiences of the respondents and length of experience in their present
positions and in total are listed in Table 4, below.

Table 4 - The demographics of the participants

Experience in the Experience in

Respondent Type of Professional Experience present position total
(years) (years)
1 Associate Professor 37 37
2 Associate Professor 8 12
3 Architect 5 13
4 Geotechnical Designer 7 17
5 Geotechnical Designer 3 3
6 Geotechnical Designer 10 10
7 Geotechnical Expert 24 40
] Structur_al Designer — Structural 15 20
Project Manager (SPM)
9 Structur_al Designer — Structural 4 13
Project Manager (SPM)
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Table 4 - The demographics of the participants (continue)

Experience in the Experience in

Respondent Type of Professional Experience present position total
(years) (years)

10 Structural Designer — Structural 10 19
Project Manager (SPM)

1 Structural Designer — Structural 1 16
Project Manager (SPM)

12 Structural Designer — Structural 3 9
Project Manager (SPM)

13 Expert in Maintenance 8 12

14 Construction Manager 15 25

The interviewees were asked to list the types of geotechnical structures they designed based
on the frequency and level of contribution of their experience.

In response to this enquiry, the top three types of geotechnical structures designed were
revealed to be pile foundations (30%), retaining walls (26%), and shallow foundations (23%).
The distribution of the geotechnical structures designed by the respondents is as depicted in
Figure 4.

Figure 4 - Geotechnical structures most frequently designed by the respondents:
1 - shallow foundations; 2 - pile foundations, 3 - retaining walls, 4 - excavations, slopes,
dikes; 5 - anchors, 6 - other types of geotechnical structures (floor, foundation
underpinning, roads, collectors).

As can be seen from Figure 4, the most commonly used structure is pile foundations and the
second choice is retaining walls.

The most commonly encountered problems identified by the respondents were related to
retaining walls, loose soil, and water. However, very often, respondents related these
problems to insufficient geological exploration, limited information about surrounding
structures and engineering infrastructure, and their assessment at all stages of construction.
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It is worth noting that underground barriers were mentioned as problems only by geotechnical
engineers. The frequency of problems encountered in geotechnical structures as reported by

the respondents is given in Figure 5.
6;5%
7;4%
8;4%

Other; 10% 9;2%
10;2%
\ 11;2%

Figure 5 - Frequency of problems encountered related to:

1 - retaining walls; 2 - loose soil; 3 - water, 4 - limited information about surrounding
structures and engineering networks, 5 - small number ground test; 6 - shallow
foundations, 7 - foundation underpinning; 8 - dynamic loading; 9 - underground barriers;
10 - interaction between geotechnical and overhead structures; 11 - overall stability.

When answering the questions about quality mismatches specific to geotechnical structures
and the usual reasons for their occurrence, 10 out of 14 respondents identified quality
mismatch as a deviation inherent in geotechnical structures. Others mentioned sediment,
insecure reinforcement in the project, insufficient depth, inadequate waterproofing, and
concrete works.

The most significant reason for the appearance of poor-quality geotechnical structures,
according to the respondents, was the geological conditions and their poor assessment or
insufficient geological explorations. Workplace culture on the construction site and errors in
design took second position. Errors in design were often (two times out of four) related to the
inadequacies of technological processes with computational schemes. Also, tight work
deadlines, incorrectly applied technology, misunderstandings, and corruption were also
pointed out. The reasons for poor quality of the finished work and their respective weights
are shown in Figure 6.

Insufficiency of geological and engineering investigations was cited as the most common
cause of poor-quality work. Therefore, an additional enquiry was carried out with the aim of
determining the causes of and reasons for complementary investigations in the design and
construction stages. Only 11 of 14 interviewees responded to this line of enquiry: three
respondents carried out the exploration when the properties of the soil at the site at the time
of construction did not match the data provided in the report; six respondents did so when
they lacked data in the design stage (insufficient depth of exploration, unspecified mechanical
properties of the soil, filtration coefficient, etc.); two of them commissioned additional
studies to clarify the characteristics of the loose soil for a reliable and cost effective design
(Figure 7).
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Number of responses
o = N w H wv [e)] ~N
|

1 2 3 4 5 6 7
The main reasons

Figure 6 - The main reasons for low-quality geotechnical structures:
1 - workplace culture; 2 - geological conditions or poor evaluation of geological
conditions; 3 - busy work schedules; 4 - incorrect application of technology; 5 - errors in
design; 6 - misunderstandings, 7 - corruption.

Number of responses
S = N W kA W N2

lIE

Non-compliance Lack ofdatain Spread ofaloose
with naturalsoil ~ theproject soil

Figure 7 - Reasons for conducting additional geological and engineering investigations.
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Figure 8 - Confidence in the experts
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Geotechnical experts are frequently invited to participate at all stages of construction;
however, the effectiveness of these sessions depends on the mutual trust between
construction participants. Thus, the respondents were asked to assess their confidence in the
experts, specifically confidence in experts from related companies and those from unrelated
companies, that is, outsiders. Respondents were asked to rank their confidence levels using
a 1 to 5 scale where 1 means ‘no trust at all” and 5 means ‘trust blindly and do not check the
statements made’. The outcome of this enquiry is shown in Figure 8.

All respondents felt more confident when experts were independent, because they could more
objectively assess the situation without ‘linking’ their opinions to a particular solution or the
solutions of a particular company.

As ‘other’ answers, two options were distinguished:

e in the first option, regardless of the considered issue being discussed with the expert
company, the experts were evaluated on an individual basis from 1 to 4 subject to the
company and the designer;

o the second option was related to the companies: 1 to 3 (depending on the situation whether
a decision or requests made by the expert have an effect on the selection of a geotechnical
company and a certain type of foundation).

The provided answers suggest (see Figure 8) that extreme degrees of confidence in experts
are rare: total mistrust never occurred and absolute confidence was a rare occurrence.

3.2. Geotechnical Risks of Installing Flexible Retaining Walls—Case Study

This section analyses the geotechnical risks of installing flexible retaining walls. Flexible
retaining walls started to be applied in residential construction in Lithuania approximately 20
years ago. This was due to growing demand for the creation of underground parking space
in developed urban areas. Therefore, it is no coincidence that the flexible retaining wall
appears as the most common problem-related geotechnical structure. During the last 10 years,
two accidents involving soil excavation and retaining walls have occurred on construction
sites in Lithuania.

The second part of the interview was dedicated to the geotechnical risk of the stages in the
installation of flexible retaining walls. The enquiry was aimed at determining the risks
involved and the consequences incurred.

Assessment of the construction practice of flexible retaining walls led to the identification of
seven stages of construction (Tables 5-9):

e Stage 1 — driving an H-beam into the designed position;

e Stage 2 — first-level excavation;

e Stage 3 — installing an anchor;

e Stage 4 — excavation up to the designed position;

e Stage 5 — installing piles next to the wall;

o Stage 6 — installing the first overlay;

e Stage 7 — installing the second overlay.
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3.2.1. Interviews for the geotechnical risk of the steps in the installation of the flexible
retaining wall

The respondents were asked to assess the compliance of the calculation scheme with the
technological one and to identify the relevance of the aforementioned risks, consequences,
and likely conditions to be observed at each stage and to recommend preventive measures to
be undertaken to mitigate the risks.

Analysis of the calculation schemes showed that only two respondents underlined that

pressure tubes sometimes formed intermediate cast-in-place that should affect the
calculations of flexible retaining walls. Therefore, it was necessary to assess whether the load
from the pipe could affect the retaining wall at all stages. As for the other stages, half of the
respondents pointed out the following:

o in Stages 2 and 4, the calculated depth of the excavation has to be taken into account when
estimating the possible inaccuracies of the excavation rather than accepting a standard
size;

e in Stage 5, cast-in-place formation opposite the wall destroys the foundation of the
retaining wall and therefore it is necessary to estimate this in the calculation scheme
(Figure 9).

Stages1,3,6and 7

Stages 2 and 4 \
load on the pipes

——————————— ]

load on the pipes

load on the pipes

cast-in-place
opposite to the wall

excavation depth

Figure 9 - Comments on the compliance of calculation schemes with technological
schemes.

The tables below (Tables 5-9) show the summarized answers to the questions about risks
arising and their consequences and conditions for the emergence of hazards occurring in each
stage. The numbers in brackets next to the risks and conditions for risks indicate the number
of respondents who named them.

The smallest number of risks were identified in Stages 6 and 7 (Table 5).
The most frequent ones involve the following:
e too-deep excavation (Stages 2 and 4, Tables 8 and 9);

e deviations from designed anchors and beam anchors or insufficient bearing capacity
(Stage 3, Table 6);

o foundation weakening caused by anchor installation (Stage 5, Table 7);

e H-beam deepening and related risks (Stages 1 to 3, Tables 6 and ).
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Table 5 - The analysis of risks, consequences, and conditions in the case study. Stages 6

and 7.
Stage 6 — Installing the 1% overlay
Scheme / risk of the Calculation scheme / Description / conditions
technological process consequence
Concrete is poured on the grate,
wall and overlay above formed
cast-in-place
g In 28 days after laying concrete,
2 temporary anchors are released
s
o
Loosening anchors will | Collapse or deformations of Poor contact between the
- move the wall (3) the retaining wall = crack | overlay and retaining wall (2)*
;"J) in the pipe Calculation scheme does not
g correspond to the actual
é situation of the overlay (1)
Overlay design did not consider
horizontal loads (2)
Stage 7 — Installing the 2" overlay
Overlays are produced
following concrete hardening
(in 28 days after laying
‘ concrete)
.S H 00 One-story wall is concreted
5]
=
o
% | The overlay will not accept | Collapse or deformations of Poor contact between the
g horizontal loads (3) the retaining wall = crack overlay (2) and retaining wall
2 in the pipe Overlay design did not consider
& horizontal loads (1)

*The brackets next to risks and conditions for risks indicate the number of the respondents who named

them.

10099




Geotechnical Risk Identification: Case Study of Flexible Retaining Walls Installation

The most common opinion about potential risk was obtained by analysing Stage 4;
foundation weakening within the process of forming cast-in-place pile was identified as a

risk (Table 9).

Table 6 - The analysis of risks, consequences, and conditions in the case study. Stage 3.

Stage 3 — Installing an anchor

Scheme / risk of the technological
process

Calculation scheme /
consequence

Description / conditions

Beam anchors connecting two
neighboring H-beams are
installed.

Anchors the roots of which
make ~ 20 cm in diameter are
installed
In 28 days, the anchors are
pressed in up to the force

anchor installation (1)

provided in the project
Section A-A
o Anchor
.S
5]
=
\_Anchor beam connecting H
beam profile
View A
Insufficient bearing Collapse or deformations of Clogged soil (1)
capacity of the anchor (3) the retaining wall = crack Inappropriate anchor installing
in the pipe technology (2)
Error in the project (1)
g Spoiled material (1)
g, Anchors are fitted at a larger
§ angle to protect pipes (1)
Pipes damaged during Crack in the pipe Clogged soil (1)

Inaccurate information about
the location of the pipe (1)

Deviations from the project (2)
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Inappropriate anchor installing
technology (1)

Big deformations or
collapse of the beam anchor

®)

Collapse or deformations of
the retaining wall = crack
in the pipe

Deviations from installing H-
beams: distance are too large
@

Too small profile of beam
anchors has been selected (3)
H-beams are interconnected
only in pairs not using a
continuous beam anchor

&)

Excessive deformations or
collapse of H-beams (2)

Collapse or deformations of
the retaining wall = crack
in the pipe

Looser soil than that found
during investigation (2)
H-beams are interconnected
only in pairs not using a
continuous beam anchor (5)

Table 7 - The analysis of risks, consequences, and conditions in the case study. Stage 5.

Stage 5 — Installing piles next to the wall

Scheme / risk of the technological

process

Calculation scheme /
consequence

Description / conditions

Question

Section B-B

i i

=== L=
O O
Bored pile

Calculations of the retention
walls of stage 4 are used

Formed cast-in-place bearing
vertical loads of the retention
wall are erected

Responses

The foundations opposite
the retention wall are
weakened (7)

Collapse or deformations of
the retaining wall = crack
in the pipe

Cast-in-place formation is very

close to the H-beam (2)
Inappropriate cast-in-place
formation technology, cast-in-
place forming weakens the
foundations (6)
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Loss of overall stability =
crack in the pipe

Cast-in-place formation is very
close to the H-beam (2)
Inappropriate cast-in-place
formation technology, cast-in-
place formation weakens the

foundations (6)

Table 8 - The analysis of risks, consequences, and conditions in the case study. Stages 1

and 2.

Stage 1 - H-beam deepening into the designed position

Scheme / risk of the
technological process

Calculation scheme / consequence

Description / conditions

Construction site
enclosed by the fence

City street
St e

e

The site is enclosed
inserting H-beams into
the designed situation

=
8 I ;
:‘"j igh pressure
8, sewage networkis
D=400 mm
H-beam profile
between
U them1,00 m
Designed deepening is not Collapse of the retaining wall or Clogged soil (1),
achieved (2)* deformations = crack in the pipe | inappropriate types of soil
(strong clay, rubble) (1)
H-beam inserted into the crack in the pipe
pipe (1)
Deviations of H-beams Project correction = increase in
72}
ﬂé from the plan (2) costs
% Solidified soil under the Deformations of the foundation Vibration (6)
o pipes (2) under the pipes = crack in the

pipe

Solidified soil under the

Deformations of the foundation

road (1) under the road = deformations of
the road
Collapse of pipe Crack in the pipe

connections (1)

10102




Danute SLIZYTE, Natalija LEPKOVA, Rimantas MACKEVICIUS

Stage 2 — 1st level excavation

Level 1 is excavated to be
fitted with anchors

To prevent sand

wall = deformations of pipe
foundations = crack in the pipe

E ©0 crumbling, planks are
* oo embedded between H-
i beams
=
B
5}
=
O U
Beam fixing the plank He=1.1H
but not exceeding
He=H+0.5
Cavities form between Soil moves behind the retaining Crumbly, dry soil,
planks and soil matter form wall =deformations of pipe recommendations are
(2) foundations = crack in the pipe neglected when work is
done’ (3)
Larger load than that Collapse or deformations of the The project does not
expected in the road zone retaining wall = crack in the pipe | provide the possibility of
1) carrying heavy loads,
transport weight is not
limited (1)
Separate H-beams can enter Collapse or deformations of the H-beams are not
the layer of the unexpected | retaining wall = crack in the pipe interconnected,
3] looser soil insufficient soil
= . L
% 3) investigation (4)
~ Planks break (2) Soil moves behind the retaining Distances between H-

beams are larger than
those provided in the
project (2)
Heavier load acting on the
planks than that provided
in the project (3)

The excavation is deeper
than that provided in the
calculation scheme (4)

Collapse or deformations of the
retaining wall = crack in the pipe

Improper control during
construction (1)
Misunderstandings
between the construction
parties (5)
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Table 9 - The analysis of risks, consequences, and conditions in the case study. Stage 4.

Stage 4 — Excavation up to the designed position

Scheme / risk of the
technological process

Calculation scheme /
consequence

Description / conditions

Hd

Hd=1.1H
but not exceeding
Hd=H+0.5m

Excavated up to the altitude
of the designed foundation

pit

Excavation is deeper than that
provided in the computation
scheme (5)

Collapse or deformations of the
retaining wall = crack in the
pipe

Improper control during
construction (5)
Misunderstandings between
the parties of construction

@)

Loss of overall stability (2)

Collapse or deformations of the
retaining wall = crack in the
pipe

Too short anchors (1)

Anchors are installed at a
sharper angle of inclination

than that provided in
calculations (1)
Overall stability is not
verified (1)

On requesting recommendations regarding preventive measures that could be taken to reduce
risks, experts’ comments regarding all the design and construction stages of the retention
wall involved remarks indicating that having a detailed project and sufficient time to prepare
it, the collection of sufficient data on the environment and geological conditions, permanent
structural monitoring, and close cooperation between all construction participants are the
aspects that have a powerful effect on work quality and the reduction of errors. Reducing or
eliminating pressure to decrease stress in the pipes was mentioned as a specific requirement
for this structure during construction.

Additional preventive measures distinguished by stages are as follows:

Stage 1 includes the application of other technology for the installation of the retention wall,
maintaining a safe distance to the pipes, conducting geotechnical studies of sufficient scope,
and collecting a substantial amount of relevant data on the location and condition of the pipes.
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Stage 2 covers control of the depth of the excavation and the careful installation of planks to
minimize soil crumbling.

Stage 3 involves the process of making a continuous beam anchor that integrates H-beams
and anchors into the common system; all anchors must be tightened and tested in accordance
with the requirements for normative documents, the depth of the pipelines must be adjusted,
a sufficient distance from the borehole for the anchor to the bottom of the pipeline must be
maintained, the drilling angle must be monitored, and the designed injection area must be as
far as possible beyond the pipelines.

Stage 4 keeps control of the excavation.

Stage 5 embraces the selection of cast-in-place formation technology that should minimally
damage the foundations of H-beams and form cast-in-place as far from the H-beams as
possible. The stage also points to forming cast-in-place with pauses to reduce temporarily
weakened areas.

The interview was informal and had no time limit. Although the face-to-face interview
approach was used and assisted in clarifying the situation, there was no respondent who
should focus on all the risks listed in the table.

One of the respondent designers (Structural Project Manager) described situations and
calculation schemes as logical and thoughtful and therefore did not face any risks in the
process of installing flexible retaining walls. The surveyed architect, project manager (PM)
distinguished only deviations from the design situation as risks that could affect architectural
decisions.

The respondents agreed with the opinion that the greatest loss in the given situation would
be caused by a breakdown in the pressure pipe and pollution of the natural environment by
wastewater. Also, breakdown in the pressure pipe was mainly mentioned when assessing the
final consequences of the risk.

3.2.2. Drawing the Cause and Effect Diagram

One of the major outcomes identified in the interviews was breakdown in the pressure pipe,
which would lead to the greatest loss. After scrutiny of the data obtained from the interviews,
to further clarify the possible causes of breakdown of the pressure pipe, a brainstorming
session was held. Five experts who cited the majority of risks during interviews (one
geotechnical expert, one designer (Structural Project Manager), two geotechnical designers,
and one construction manager) were selected as participants. First, the participants were
briefed about the case of breakdown of the pipes, and six categories of causes, namely
technology, time, management, environment, people, and structures (geotechnology), were
identified. Then they were asked to come up with as many causes of such an incident as
possible. Finally, all the possible causes cited for the breakdown of the pressure pipe (the
effect) were used to construct the cause and effect diagram (see Figure 10). The findings are
summarized below:

Structural-geotechnical causes
= structural members of retention walls (H-beams, soil-retention planks, anchors);

= technological processes related to the installation and testing of structural members
(vibration, cast-in-place formation opposite the retention wall technology);
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= pit excavation (information included in the project, match with the calculation
scheme, control over altitudes);

= initial information and the project (geological and engineering investigations, the
place of the pipes in space, project finalization and application of technology used,
the accuracy of calculation schemes, the amount and accuracy of all information).

Environmental causes
= accuracy and content of geological and engineering investigations;
= information on the surrounding buildings and structures;
= Joads and impacts (e.g. transport, seismic, technological).
Technological causes

= technologies used in the construction of structures and their negative effects on the
structures or their members.

Managerial causes
= poor organization;
= frequent changes in projects;
= excessive workloads;
= insufficient experience of installing BIM systems.
Time-related causes
= busy work schedules that disregard technologies.
Staff-related reasons:
= poor communication between stakeholders;
= Jack of staff;
= errors in taking control of the project;
= errors in developing the geotechnical project.
Brainstorming disclosed that answers to the question of ‘why it might happen’ were based
on:
= experience gained in the individual’s and company's projects or acquired by analysing
past failures in other projects;

= theoretical knowledge obtained during studies or on training courses;

= directions provided by regulatory documentation describing investigation, design, and
installation.

Although the aim of the participants was to identify the risks of installing retaining walls and
determining their causes while placing major focus on the retention wall as a geotechnical
structure, other causes of risks related to technology, time, management, environment, and
human resources were identified too. The selected team has to ensure the representation of
all stakeholders and participants of construction- the composition of the team needs to be
adjusted according to the intended goals. In this way, the project can be analysed in more
detail.

Based on these observations, one can conclude that the proper selection of brainstorming
participants can lead to good results when analysing geotechnical structures with respect to
risks.
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Figure 10 - The cause and effect diagram according to the information collected during
brainstorming.
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4. DISCUSSION

Based on the analysis carried out, the authors of the paper proposed risk identification of
flexible retaining walls using a risk management flow based on Mishra et al. [8] and ISO/IEC
31010:2009 [24]. In the future, this chart (Figure 11) can be verified by analysing other
geotechnical structures. For the effective application of risk identification in flexible
retaining wall risk management flow, a well-prepared team representing all interested parties
should be created.

Data collected on the investigated structure. A detailed project, including calculation
schemes, descriptions of technology, and the work order, is developed, and all information
on adjacent buildings and structures and data of geological engineering exploration are
obtained.

The collected information assists in establishing the content, thus allowing the risk
management objectives, criteria, and assessment programme to be identified and coordinated.
If the required information is missing, data are added before proceeding to the next stage.

The purpose of risk assessment is to help make decisions based on the results of risk analysis,
define the risks to be reduced, and set risk reduction priorities. Risk assessment includes one
or a few options for changing risk and implementing these options.

First, the risks are identified, which involves all pre-selected construction participants and
interested persons, for example, by applying the face-to-face interview approach.
Brainstorming is used to identify risks. To facilitate risk management, the installation of the
flexible retaining wall should be divided into technological stages.

The selection of the interested parties of
construction for risk identification
A

Collect the data

< > <hi
> Establishing the context P—b

A 4
Risk identification

Risk analysis

A
A 4

Risk reduction

Communication and consultation
A
\ 4
Risk assessment
Monitor in real - time and review

Y YES

Risk acceptable

NO
-ﬂ Treat the risk and analyse reliability k—T

L

Figure 11 - Risk identification in flexible retaining wall risk management flow according to
ISO/IEC 31010:2009 [24] and Mishra et al. [8]

-
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At the stage of risk analysis, the probability of occurrence of the appropriate type of risk is
estimated. The consequences established at the risk identification stage are also assessed; that
is, their impact on the project and its related activities is evaluated.

The stage of selecting preventive measures, reducing risk, and analysing the reduced risk
completes the risk assessment. Thus, the question of ‘whether the risk is acceptable’ arises.

The authors of the article propose that if the risk is not acceptable, the data collection stage
should be performed again to acquire new data. It may involve material for additional
geological engineering exploration or any other bonus information that may affect the risk of
installing the retaining wall. Then, everything is repeated again. At the risk assessment stage,
the processes of risk identification, analysis, and reduction are very closely interrelated and
therefore have to complement one other.

The participants must be involved in information exchange, tutorials, risk monitoring, and
review within the whole process. In order to identify risk, first of all, the selection of all
construction participants involved has to be made. They may analyse geotechnical risks and
related problems. The proposal is based on the analysis carried out in this article and on the
observation that not all construction participants having experience in the field of
construction - are able to identify geotechnical risk (see Section 3).

5. CONCLUSIONS

Analysis of the scientific literature with reference to the topic of the article shows that the
risk of collapse or deformations of flexible retaining walls has not been widely analysed.

In order to determine the risk of installing flexible retaining walls, the authors of the article
used the face-to-face interview approach, brainstorming, and a cause and effect diagram. A
specific case study is presented.

The examination of the specific case (interviewing) demonstrated that the respondents
identified risks and proposed additional preventive measures. The respondents expressed the
same opinion about the given situation and agreed that the greatest loss would be caused by
breakdown of the pressure pipe and pollution of the natural environment with wastewater.
Also, breakdown in the pressure pipe was the most frequently mentioned option when
assessing the final consequences of risks.

Investigation of the data obtained during the face-to-face interview was based on
brainstorming and the cause and effect diagram: five professionals who had monitored most
of the risks were selected with the help of the face-to-face interview. The thoughts expressed
during brainstorming were used as the basis for drawing the cause and effect diagram.

The study found that the face-to-face interview approach could only be applied to risk
identification in simple cases and was suitable for preliminary screening of the respondents
involved in brainstorming. Thus, the face-to-face interview approach should provide an
identical or similar situation in order to independently assess the competence of would-be
respondents considering a particular issue.
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Geotechnical experts are more trusted than other construction participants when expressing
their positions on objects not related to it or the company that employs them. Cooperation is
also smoother if reasoned statements are made.
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ABSTRACT

Natural disasters, especially major earthquakes, cause widespread devastation in the built
environment. Hence, the major component of the recovery in its aftermath constitutes a chain
of projects starting at different times, having different costs and durations. In this study, the
post disaster recovery curve modelled through a mathematical approach taking into account
these properties of the projects. The approach followed is based on the project S-curve
concept that provides the opportunity to simulate the progress by outlining the project
spending. Well-known mathematical functions are adapted to model the project spending and
the handover processes. Monte Carlo simulation is performed to evaluate the general
behavior of the recovery curve using the model developed. Weibull distribution is used to
generate the model’s parameters. Results of Monte Carlo simulation demonstrate that the
recovery process exhibits an S-shape; the duration of initial portion and the slope of the bulk
portion being significantly governed by the level of preparedness of the community.

Keywords: Disaster, recovery curve, mathematical modelling, S-curve, Monte Carlo
Simulation.

1. INTRODUCTION

Ever since, Bruneau et al (2003) introduced the model conceptualizing the resilience and the
recovery of the societies following a major disaster, the model has found wide acceptance
among both the academicians and administrators [1]. In their work, researchers presented a
mathematical framework that paved road for the development of methodologies to measure
the resilience also. Hence, possibly owing to the simplicity of the model, various approaches
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to measure resilience have been developed and put in use (e.g. Cimellaro et al, 2010a&b)
[2,3]. A comprehensive review of these studies can be found in the book on urban resilience
by Cimellaro (2016) [4].

The model of Bruneau et al simply indicates that a sudden drop, namely a loss, in the
functionality of the built environment and the society will take place in a disaster which will
then be recovered in a period # = ¢ty through some path (Figure 1). In Figure 1, # and ¢,
correspond to the event date and the date total recovery is achieved, respectively. Likewise,
in the same figure, F; indicates the remaining functionality following the disaster.
Subsequently, the area above the recovery curve between times # and ¢. signifies the loss of
resilience, R, with respect to a specific disaster. Whereas, the area below the recovery curve
is a measure of the resilience of the disaster hit community. Hence, the recovery curve is an
important element in the resilience studies. Also, both the extent of loss, 100%-F; and the
recovery period, #, as well as the shape of the recovery curve are important parameters in
modeling and assessing the resilience and recovery of a community after a disaster.

100 |
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Figure 1 - Conceptual representation of resilience (adapted from Bruneau et al 2003)[1]

Bruneau et al (2003) proposed that resilience has four components, namely technical,
organizational, social and economic [1]. They involve many parameters of different difficulty
levels to quantify. Researchers indicated that the first two components are related to the
resilience of critical physical systems such as hospitals and lifelines. While, the last two
components are more related to the affected community, such as housing. Thus, the term
resilience covers a wide spectrum of topics ranging from human care to reconstruction and/or
repair of the built environment. Generally, the major portion of the devastation by a disaster,
regardless of its nature, is in the built environment. Therefore, to a great extent, full recovery,
namely full functionality of the disaster hit community will require the revival of the built
environment to the standards and scope prior to the disaster, including and of course but not
limited to the satisfaction of housing needs.

Thus, another angle to look into the subject of functionality is the level of damage incurred
in the built environment. This is especially true in the case of earthquakes. During a major
earthquake, extensive damages and collapses in the built environment takes place [5]. Yet, it
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is very difficult to estimate the extents and composition of the structures and facilities
damaged before the disaster [6]. While some structures will become functional with minor
or major repairs, others may be in a condition beyond repair. Furthermore, the damaged
structure can be a structure with low replacement cost and short implementation time or a
facility with high replacement cost and duration [7]. The common point among all these
efforts is that, they all are projects of different cost magnitude and duration. Hence, the major
component of the recovery from a disaster will constitute a chain of projects starting at
different times, having different costs and different durations. In this respect, if the full
recovery of the damaged inventory is considered as a “project”, the projects in the chain can
be termed as “sub-projects”. In other words, all sub-projects will have the objective to make
good some function lost in the built environment during the disaster. Therefore, the shape of
the recovery curve will be analogous to the progress curve of the overall recovery project,
i.e. the chain of sub-projects.

Cimellaro et al (2006) suggested that the recovery curve can be represented by three different
forms, namely linear, exponential and trigonometric [8]. In their work, the linear recovery is
attributed to the recovery of an average prepared community. They also stated that if the
community is well prepared the recovery curve will take the form of the exponential (convex)
curve, while the recovery of an unprepared community will follow a trigonometric (concave)
path (Figure 2).

100 -
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=
S F,
B --Linear
E —Triangular
-«:Exponential
0 _
l‘!':J . tr
Time

Figure 2 - Recovery functions (adapted after Cimellaro et al (2006, 2010) [2,3,8])

In project management, especially in construction project management, the cash flow of
projects, in general, follow a curve known as S-curve. In other words, it can be stated that an
S-curve is a mathematical form to represent the cash flow of a project (Kenley, 2005) [9]. By
analyzing the S-curves, the management team can identify visually if a project is on time or
delayed and in or over budget. In this respect, the S-curve constitutes one of the basic
concepts in project management. The use of estimated S-curves is a common practice among
the owners, contractors and administrations in project planning, especially for forecasting the
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cash flow. With this token, assuming that the recovery process in the aftermath of a disaster
consists of a number of small projects, i.e. sub-projects, one can construct the project
spending curve by combining the S-curves and subsequently the functionality contribution
of the sub-projects, as named earlier.

The objective of this study is the investigation and assessment of the trend of the disaster
recovery curve using a mathematical model based on the project S-curve. The form of the S-
curve is selected in accordance with the earlier S-curve models developed. Then a Monte
Carlo simulation type analysis is performed to observe the general behavior of the recovery
curve based on the hypothesized model.

2. THE MATHEMATICAL MODEL

Researchers analyzing past data have determined that cumulative cash flows during the
course of a project, especially in construction projects, display an S-shaped curve. A typical
S-curve of a construction project starts gradually with a small slope basically covering the
mobilization and initial works, such as excavation (Figure 3). Then the curve has a higher
slope when the bulk of the production takes place, such as structural works, interior finishes
and the facade works. Finally, the rate of increase of the curve slows down nearing the end
of the project when most of the efforts at site are devoted to finalizing various cost items and
the commissioning activities of the facility.
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Figure 3 - Typical Project S-curve

Although, this shape generally applies to most of the projects, it should be noted that some
variations can exist having impact on the shape of the curve, namely the cumulative cash
flow curve at completion of a project may not be as smooth as the one shown in Figure 3.
However, historical data prove that the spending at most of the projects closely follows a
trend signified by the S-curve. In this respect, analyzing historical data researchers have
proposed various mathematical expressions for the S-curve (Hudson &Maunick, 1974; Peer,
1982; Kenley & Wilson, 1986; Miskawi, 1989; Khoshrowshahi, 1991; Bousbaine and Elhag,
1999) [10,11,12,13,14,15,16]. Amongst various curves proposed, a well-known curve is the
one developed by The Department of Health and Security of the United Kingdom (DHSS)
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based on Hudson’s studies on the subject (Hudson, 1978) [17]. A detailed treatment of the S-
curve, including comparison of generic S-curves derived by various researchers, is given in
the book on construction financing by Kenley (2005) [9]. A graphical summary of some the
S-curves proposed by various researchers are given in Figure 4. Obviously, some differences
exist between the proposed curves due to factors such as the composition and characteristics
of the data set used, business culture of the country data collected. For instance, the DHSS
curves are based on the construction of health care facilities with total value of about 12m £
at the time of the study. On the other hand, Miskawi and Khoshrowshahi curves represent
some upper and lower bounds, which require selection of a parameter particular to the method
for the determination of a project specific curve.

100

80

== =This study (b=0.02)

— This study (b=0.03)

=== This study (b=0.04)
Peer (1982) Combined
Peer (1982) Housing

== = Khoshrowshahi (1991) lower

=== Khoshrowshahi (1991) upper
Bousbaine & Elhag (1999)
Miskawi (1989) (a=0.1)
Miskawi (1989) (a=0.5)
Miskawi (1989) (a=0.9)
DHSS (1978) 12m £
DHSS (1978) 40k £
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Figure 4 - S-curves proposed by various researchers

For the purposes of this study, a generic S-curve, assumed to be valid for all projects, namely
the sub-projects, as defined earlier, is used. This curve is mathematically represented by the
so-called logistic function in the following form,

Egp(t) = —2 (1)

1+ae~bt

Where a andb are constants. Constants ¢ andd determine the rate of increase and the shape
of the curve. The limiting value Ci, is the total expenditure for the sub-project. If 4 is positive,
as in our case, the curve will demonstrate an increasing trend. Time passed from the incision
of the project, evaluated as the percentage of the total duration of the sub-project, appears as
¢ in the equation. If the abscissa values, expenditure Eg,(?), are normalized with respect to
total sub-project expenditure, Cy, and the horizontal axes values, time ¢, normalized with
respect to the total sub-project duration, we obtain a normalized generic S-curve in terms of
percentages of progress and total project duration. The logistic curve has a single inflection
point. The curve has two equal regions of opposite concavity with respect to this point. The
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. . . . Ina C . . .
coordinates of the inflection point are %,%]. Further detailed information about the
properties of the logistic curve can be found in books on calculus and differential equations.

If variable a is equal to unity than the point of inflection of the S-curve will be at zero time
and at half the expenditure of the sub-project conserving the concave symmetry around the
abscissa. Hence, the S-curve calculated in this fashion is then shifted in the positive direction
by half the duration of the sub-project. The S-curves for different combination of values of
variable b and a is constant and equals to unity are given in Figure 5.
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Figure 5 - Normalized generic project S-Curve

The curves for 5=>0.06 are asymptotic with negligible values at 0 and 100% points in time,
while for lesser values of b curves exhibit some finite value at these ends. Namely, these
curves are asymptotic near the 0 and 100% and above. On the other hand, the curves with
b=>0.08 have sustained negligible progress value for time percentages less than 30% and
higher than 70%, which is not usual for the projects rolling normally. However, the curves
in real life are not asymptotic at the beginning and at the end of a project as demonstrated in
Figure 4. Hence, b value for the generic S-curve needs to be =<0.04; the abscissa values of
the curves 5=<0.04 can be adjusted by prorating to 100% expenditure. The S-curves adjusted
in this fashion with $=0.02, 0.03 and 0.04 are demonstrated in Figure 4 together with the
curves proposed by others. The curve with b=0.03 matches very closely with the DHSS curve
for 12m £ projects as well as exhibits an average trend with respect to the other curves.

Furthermore, cash flow data of 38 different disaster recovery projects realized in Turkey were
analyzed. These projects were constructed by The Housing Development Administration of
Turkey between 2007 and 2014. Each individual project consists of a number of apartment
buildings, social and technical infrastructure as well as landscaping. The average completion
cost of the projects were about 20.0 million USD. It is also important to note that groups of
several projects were constructed for the recovery of different earthquakes. The percent of
realization vs percent of time graphs of these projects are shown in Figure 6 together with
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their average. The generic S-curve with »=0.03 is also included in this figure. The close match
of the »=0.03 curve with the average percent of realization vs percent of time of the recovery
projects is remarkable. Therefore, considering the closeness of match with the DHSS curve
and the average curve of the 38 earthquake recovery projects, b=0.03 was set to be used in
generic S-curve definition.

100~
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Figure 6 - Comparison of the b=0.03 S-Curve with data from projects realized in Turkey

The project progress curve or the recovery curve will be the summation of the n number of
sub-projects necessary for full recovery. This can be mathematically represented as,

E(t) = X Eqy, () = X7 —2bn_ )

11+ape—bnt

As shown in the equation, each sub-project will have different values for variables a, b and
Cy, signified by subscript #. Furthermore, each sub-project will have a different start time
and duration that will be reflected by variable for time, ¢.

For the simulation purposes, the sub-project costs Cs, can be randomly determined using
an appropriate distribution function. Similarly, one can determine the start time and the
duration of each sub-project randomly. Subsequently the function £(2) can be evaluated using
a=1 and b=0.03 (as determined earlier), which then can be shifted to the interval between ¢
to ¢ + sub-project duration.

The achieved functionality rate of each sub-project will not be the same also. Based on their
contracts, while in some projects the commissioning of the project is at the end of the project
duration, in some projects partial handovers to the owner can take place during the course of
the project. Hence, the expenditure curve obtained by Eq. 2 will not be the same as the
progress of functionality. This can be achieved by multiplying Eq. 1 of each sub-project by
a function, such as an exponential function of the following form,

H(t) = est 3)

10119



Assessment of the Disaster Recovery Progress through Mathematical Modelling

where, s is a constant that determines the rate of increase, in turn the shape of the curve. ¢ is
time as before. The handover curves for s=0.05 and s=1.0 is shown in Figure 7. The s=1.0
curve can be considered for the handover at the end of the project as in the case of single
buildings. Similarly, s=0.05 curve can be considered as the gradual handover almost from
the start. The rate in the analysis will be selected between these values randomly.
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Figure 7 - Handover function

Now, we can write the functionality equation for each sub-project as,
Fip,(8) = Egp,, (t) * Hgp, (£) (4a)

or for the entire recovery process as,

F(t) = X2 Eqp (8) * Hyp (£) = X7 —2_ 4 Sut (4b)

11+ape—bnt

As noted above, Weibull distribution is used to determine distribution of the variables in this
case. Weibull distribution is a flexible distribution model that can be characterized by two
parameters, namely shape and scale factors, to display different probability distribution
functions (Figure 8). When the shape factors approaches to 1.0, the probability density curve
takes the form of an exponentially decaying curve. While on the other when the shape factor
is greater than 1.0, the probability density function will be approaching towards a normal
distribution with the mean depending upon the scale factor.

Rules about the ranges of the variables should also be set so that they reasonably replicate
the real life cases. Thus, it is essential to observe the following limiting conditions regarding
the sub-project S-curves,

e The total value of the sub-projects cannot exceed the total expenditure for recovery as
given in Eq. 2

e  The duration of each sub-project cannot exceed the overall recovery period,
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e The completion date of any sub-project cannot be after the full recovery date
e The start date of each individual sub-project cannot be earlier than the disaster date

Considering these limitations, two sample cases were evaluated assuming that 250 and 1000
sub-projects are needed for full recovery. Furthermore, for each case Weibull distribution
with shape factors 1.0 and 2.0 were used to determine the sub-project cost, time of start of
each sub-project and the duration of the sub-project. The resulting curves are displayed in
Figure 9. Another constraint used in the analysis is that the sub-projects will have durations
0f 3.0-90.0% of the total recovery period. The 3% duration will correspond to approximately
1-2 months for recovery periods 3-5 years, which is a reasonable period when repair projects
are considered.

1.5
—Shape fac.=1.0
—Shape fac.=2.0
1.0 S % | ---Shape fac.=3.0

0.0 1.0 2.0 3.0

Figure 8 - Probability density curves for Weibull distribution (Scale factor =1.0)
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Figure 9 - Expenditure (left pane) and recovered lost functionality (right pane) curves
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3. MONTE CARLO SIMULATION AND DISCUSSION OF RESULTS

A Monte Carlo simulation study is conducted to observe the behavior of the recovery curve
proposed by Eq. 4 with respect to the variations in the distribution of cost, duration and the
start time of the sub-projects. Monte Carlo simulation is a computer based mathematical
technique. It allows the user to account for the variability of the factors in the process. Hence,
the process involves a variation analysis by constructing models of possible results through
the substitution of a range of values for any variable or factor that has inherent uncertainty.
Afterwards, each time using a different set of random values from the probability functions
results are calculated for a large number of times.

Table I - Case combinations considering Weibull shape factors for cost, duration and start
time of the sub-projects

Weibull shape factor

Sub-project

Sub-project

Sub-project

Case id . .
cost Duration start time

111 1.0 1.0 1.0
112 1.0 1.0 2.0
122 1.0 2.0 2.0
222 2.0 2.0 2.0
221 2.0 2.0 1.0
211 2.0 1.0 1.0
212 2.0 1.0 2.0
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Figure 10 - Progress (left pane) and Functionality (right pane) curves (scale factor for sub-
project duration taken as 1.0)
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Figure 11 - Progress (left pane) and Functionality (right pane) curves (scale factor for sub-
project duration taken as 5.0)

For the seclection of the sub-project monetary sizes, two different random distribution
schemes by varying the shape factors were employed. The combinations based on these
parameters are determined and tabulated (Table 1). On the other hand, the shape factor was
only varied for the sub-project duration, namely by using 1.0 in the first analysis set and by
using 5.0 in the second set. For all cases, the simulations were made for 2500 trials and the
mean curves calculated for the two different shape factors of the sub-project duration (Figures
10 and 11).

The observations and findings from the results of the simulations can be summarized as
follows,

e All fourteen simulation cases, utilization of different statistical distributions of sub-
project values yielded very similar shaped average recovered functionality curves with
respect to the recovery period. They all yielded S-shaped curves, as would be expected.
Earlier results, either analytically derived or recorded from actual case studies, reported
in a number of valuable studies support this trend of the recovery period (e.g. Ouyang
and Wang, 2015; Zobel, 2013; Porter, 2016) [18,19,20]. However, a variation in the
spread of curves exists.

e  The curves seem to accumulate in two groups regardless the scale factor (Figures 10 and
11). The common factor in each group is the shape factor of the sub-project value. The
group with the shape factor=1.0 for the subproject values displays a faster recovery curve
as compared to the other group with shape factor=2.0 for the sub-project values. The
shape factor of the sub-project duration and the start time seem not to have a significant
effect on the outcome. This is indeed reasonable and an expected outcome. Because
shape factor=1.0 for the sub-project values reflect that majority of the sub-projects will
have relatively low budget activities, i.e. repair or small projects. Whereas the shape
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factor=2.0 can be deemed to represent less number of repair works and higher number
higher budget sub-projects.

e  Furthermore, to investigate the possible impact of number of sub-projects two additional
simulations were made using 25 and 500 sub-projects for the cases 111 and 222 with
shape factor=2.0. Both the expenditure and the recovered lost functionality curves had
coincided with the previous simulations with 250 sub-projects.

e The build-up of recovery of lost functionality curve starts slowly and grows faster in the
later stages. It is important to note that the generic recovery curve includes the impact of
the sub-projects only and excludes the preparatory works, such as planning and
contracting works. In that respect, it should be expected that the initial slow period will
be extended accordingly. However, this extension will be closely related to the
preparedness of the community to deal with the processes after the disaster.

e Towards the end of the recovery period, the curves display a slower progress. That is
basically due to the commissioning and handover processes of the sub-projects. In this
respect, it can be hypothesized that at the curvature point, around 90-95% recovery,
“substantial recovery” is achieved.

e Hence, the S-curves can be split into three parts considering the curvature points,
concave and convex of these curves. The three parts can be identified as the initial period,
the main recovery period and the substantial recovery period.

e Assuming that at the substantial recovery period stage, the community has returned back
to almost full functionality, the main governing factors of the recovery curve are the
duration of the initial period and the slope of the main recovery period. Based on the
findings above, both the length of the initial period and the main recovery period will be
mainly governed by the monetary sizes of the sub-projects. Hence, for instance at places
where the risk of a major earthquake exists, it will be appropriate to strengthen first the
structures within the modal monetary value group of the risky stock in the built
environment. Such a strategy will increase the resilience of the community and shorten
the overall recovery period.

4. CONCLUSION

In this study, the recovery curve of a community, in the aftermath of a destructive event such
as a major earthquake is evaluated through mathematical modelling. The mathematical model
used is based on the project S-curve concept that is widely accepted and widely utilized in
the project management community, especially in the construction industry.

Results of Monte Carlo simulation demonstrate that the recovery process exhibits an S-shape,
the duration of initial portion and the slope of the bulk portion being significantly governed
by the level of preparedness of the community. Namely, the higher the level of preparedness,
the shorter will be the recovery process. Hence, a viable strategy in increasing the pace of the
recovery, namely resilience, to be considered would be the strengthening of the group of
structures (including infrastructure) that are in the modal monetary value group among the
risky sub-projects. Thus, by reducing the damage of these structures in the event of a major
disaster, the recovery process can be significantly expedited. Furthermore, the recovery of
the community will start earlier as compared to less prepared cases.
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Symbols
a, b = constants
Cy = Total expenditure (cost) for the sub-project

E()

= Expenditure function of project

Eq(t) = Expenditure function of sub-project

Fq = Remaining functionality following disaster
H(t) =Handover function of sub-project

R = lost resilience

S = a constant that determines the rate of increase
t = Time

to = Event date

tr = Date total recovery achieved

t = Total duration of recovery
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ABSTRACT

In many countries, incredible investments have been made in constructing roads that require
conducting periodic evaluation and timely maintenance and rehabilitation (M&R) plan to
keep the network operating under acceptable level of service. The timely M&R plan
necessitates accurately predicting pavement performance, which is an essential element of
road infrastructure asset management systems or Pavement Management Systems (PMS).
Consequently, there is always a need to develop and to update performance prediction models
embedded in PMS applications. This study focuses on developing distress prediction models
for flexible pavements located in non-freeze climatic zone, which represent most of the
Middle East countries using data extracted from the Long-Term Pavement Performance
(LTPP) program. Six distress performance prediction models were developed in this study
for both wet- and dry-non-freeze climatic zones, which are Fatigue (Alligator) cracking,
longitudinal cracking, transverse cracking, raveling, bleeding, and rut depth models. These
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1. INTRODUCTION

Road network represents the powerful engine of economy to all countries, which requires
conducting periodic evaluation and timely maintenance and rehabilitation (M&R) plan to
keep the network operating under acceptable level of service [1, 2]. The timely M&R plan
necessitates accurately predicting pavement performance, which is a key element of road
Pavement Management Systems (PMS). The performance models calculate the future
conditions of pavement based on which PMS optimizes several M&R treatments and
estimates the consequences of maintenance operations on the future pavement condition
during the life-span of the pavement [3, 4]. At the network level, pavement performance
prediction is needed for programming M&R activities, while at the project level it is needed
for determining the most appropriate M&R actions to be taken for a specific project, such as
preventive maintenance, rehabilitation, or reconstruction [5, 6].

Consequently, there is always a need to develop and to update performance prediction models
embedded in PMS applications. Early PMSs did not have pavement performance curves
rather they evaluated only the current pavement condition. Later, the simplified pavement
performance curves were introduced based on the engineering opinions on the expected
design life of different M&R actions [7]. The only predictive variable of these performance
curves was the pavement age. The development of pavement performance is explicitly
complicated as the pavement performance is subjected to a large number of parameters of
pavement performance. There are two streams of pavement performance modeling, which
are deterministic and stochastic approaches. The major differences between deterministic and
stochastic performance prediction models are model development concepts, modeling
processor formulation, and output format of the models [8].

There are different types of deterministic models, such as mechanistic models, mechanistic-
empirical models, and regression models. The mechanistic models draw the relationship
between response parameters such as stress, strain, and deflection [8]. The mechanistic-
empirical models are often developed in connection to design systems and therefore have not
been widely applied in PMS but have the potential to be applied at a network level. On the
other hand, the regression models draw the relationship between a performance parameter
(e.g., pavement distresses) and the predictive parameters (e.g., pavement thickness, pavement
material properties, traffic loading, and age) [8, 9].

This study focuses on developing regression models through deterministic approach to
predict pavement performance. These prediction models allow highway authorities to predict
the pavement performance and consequently identifying the M&R timely activities. Several
performance prediction models have been introduced over the years, some of which are
simple and others are quite complex. Many of these models are developed for application in
a particular region or country under specific traffic and climatic conditions; hence, they
cannot be directly applied in other countries or conditions. Therefore, this study comes to
target specific climate condition. Table 1 shows selected published pavement distress models.

Hence, this study comes to develop pavement distress prediction models for roads located in
wet- and dry-non-freeze climatic zones, which represent most of the Middle East countries
using data extracted from the Long-Term Pavement Performance (LTPP) program.
Therefore, the developed models can be utilized in the Middle East region experiencing the
same climatic condition. This study is considered as a crucial attempt to develop such models
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for the Middle East region due to lack of resources led to unavailability of such models in
most of the Middle East countries. However, calibration of the developed models is
recommended using local pavement performance data, whenever performance data is

available.
Table 1 - Selected Pavement Distress Prediction Models
Model Formula Abbreviations Reference
_ vvNsublayers _j RD = Rut Depth, mm
RD = Zi:l si)hi €l = plastic stlzain ARA,
P
h; = layer thickness, mm 2004 [ 1 O]

LnRD 4y=0.681 +0.114 (Ln KESAL) + KESAL = Standard Traffic Axle loads,

R o thousands Naiel,

0.007 (D > 32 C°) A
D> 32 C° = Number of days maximum 2010 [6]
temperature > 32 C°

Ln RD ye= 0.9 +0.19 (AC %) - 0.077 RD = Rut Depth, mm .

(SN) +0.063 (Ln KESAL) SN = Structural Number Naiel,
KESAL = No. of Standard Traffic Axle 2010 [6]
loads

rat _ 1 rut X Nrut;oo = the average annual ESALSs per

Ni0o = §os33xraroozos* (5P lane
rut = the total rutting on the surface Goransson
used to define failure, mm. and Den
a, b = parameters estimated from FWD
test as the surface curvature index Svenska,
SCI300 in [pm] measured during the 2009 [1 1]
fall (autumn), first time after the
pavement structure is built.

Nf=0.00432 xpfl xC Nf = the maximum allowable number

X(i)3.291 x Bf2 (l) 0.854 x Bf3 of repetitions

= E Bfl, Bf2, Bf3 = calibration factors AL 1982
C = laboratory to field adjustment ?
factor [ 1 2]
g - critical tensile strain
E = the stiffness of the AC surface layer
. P 0.021 FC = fatigue cracking in percent of Ali and

[ B —

/o Fatlgue crackmg 0.027 + e(—0.851x Df) entire lane area, (%). Tavabii
Df = cumulative fatigue damage 1 9%]9 [1’3]

(FC)wet = exp(-6.539 +0.078 x age + FC = fatigue cracking in percent of

. ire 1 0

0.00187 x KESAL + 0.000673 x precip + thee e ;;e) .

. = pav > Y/ .
+ +

0.0914 x temp + 15097 x epsilon.t KESAL — the yearly ESALS,

0.0272 x ft) thousands. Keret al.,
precip = mean annual precipitation, 2007 [14]

mm.

temp = mean annual temperature, °C
epsilon.t = the critical tensile strain.
ft = yearly freeze-thaw cycle
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Table I - Selected Pavement Distress Prediction Models (continue)

Model Formula Abbreviations Reference
(FC)dry:eXp(_48.41 1+0.119 age + 0.025  FC = fatigue cracking in percent of

X precip + 1.774 x temp + 2729 x epsilon.t ~ cMirclanearea, O6) Keretal,
+0.0272 x ft) epsilon.t = the critical tensile strain. 2007 [14]
. ft = yearly freeze-thaw cycle
(FO)freeze = 6Xp(—5.944 +0.00583 x Visco = viscosity of the AC layer, p.
precip + 41.768 x epsilon.t - 0.002 x visco trange = the difference of maximum Ker et al.,
and minimum mean annual
+ 0.4 x trange) temperature, °C 2007 [14]
(FC)nonfreeze = exp(-7.87 + 0.102 x age ~ FC = fatigue cracking in percent of
+0.00219 x KESAL + 0.00102 x precip + emﬁ“ff;*%fnt o Ker et al.,
0.0472 x temp + 15172 x epsilon.t + cpsTTonL = e elilea Tenste STam. 2007 [14]

ft = yearly freeze-thaw cycle

0.0476 x ft)

Such models would help highway authorities, located in non-freeze climatic zones, to
precisely predict pavement performance and hence using these predictions in identifying the
M&R activities. Based on the data available in the LTPP, six distress prediction models were
developed in this study, for both wet- and dry-non-freeze climatic zones, as follows:

—  Fatigue Cracking model

— Longitudinal Cracking model

—  Transverse Cracking model

— Raveling model

— Bleeding model

—  Rut depth model

The precision and accuracy of the distress prediction models are affected by the type of the
mathematical model. Therefore, a comprehensive statistical analysis should be performed to
get a model with high accuracy. A stepwise regression analysis was conducted to come up
with the most effective factors that could affect such models. Consequently, a Statistical
Package for Social Science (SPSS) program was used to develop such models. To check the
reliability of the model, some measures of the statistical accuracy are used as follows [15,
16]:

e The Standard Error (SE), which is a measure of the statistical accuracy of an

estimate,

e The coefficient of determination (R?), which is defined as the proportion of the
variance in the dependent variable that is predictable from the independent
variable(s).

In statistics, normality tests are used to determine if a data set is well-modeled by a normal
distribution and to compute how likely it is for a random variable underlying the data set to
be normally distributed. If the data is normally distributed, analysis of variance (ANOVA)
test is used. However, Kruskal-Wallis or Mann-Whitney tests is used for non-normal data.
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2. BACKGROUND OF LTPP

The Long-Term Pavement Performance program (LTPP) is the largest pavement
performance research program ever undertaken, gathering data from more than 2,000
pavement test sections over a 20-year test period. The single most significant product of the
LTPP program is the pavement database - the largest and most comprehensive collection of
research-quality performance data on in-service highway pavements ever assembled.

The Long-Term Pavement Performance program is one of the significant research regions of
the Strategic Highway Research Program (SHRP). The initial five years of the LTPP program
were finished under the subsidizing and course of SHRP. Since 1991, the Federal Highway
Administration (FHWA) has proceeded with the administration and subsidizing of the
program. The LTPP program is overseen by the LTPP Team under the Office of
Infrastructure Research and Development [17, 18, 19].

The LTPP program has two complementary experiments to meet the objectives. First, the
General Pavement Studies (GPS) use existing pavements as originally constructed or after
the first overlay and focus on the most commonly used structural designs for pavement. The
second set of LTPP experiments is the Specific Pavement Studies (SPS) whose test sections
allow critical design factors to be controlled and performance to be monitored from the initial
date of construction. The results will provide a better understanding of how selected
maintenance, rehabilitation, and design factors affect pavement performance. The
consolidated GPS and SPS programs comprise of more than 2,500 test segments situated on
all through North America built in four climate zones: wet-non-freeze, dry-non-freeze, wet-
freeze, and dry-freeze. The LTPP program screens and gathers asphalt execution information
on every single dynamic site. The gathered information incorporates data on seven modules:
Inventory, Maintenance, Monitoring (Deflection, Distress, and Profile), Rehabilitation,
Materials Testing, Traffic, and Climatic. The LTPP Information Management System (IMS)
is the focal database where every one of the information gathered under the LTPP program
are put away. This database is persistently being produced as more information is gathered
and handled [17, 18].

3. OBJECTIVE AND METHODOLOGY

The main objective of this study is to develop pavement distress prediction models for
flexible pavements located in wet- and dry-non-freeze climatic zones, which represent most
of the Middle East countries using LTPP database. This study focuses on developing such
models for the Middle East countries experiencing wet- and dry-non-freeze climatic zones,
to be used in their PMS; while calibration of the developed models is recommended based
on local condition of a country whenever the pavement performance data is available.

Therefore, four main steps were conducted to achieve the objective of this study. Data
collection and preparation using LTPP database was the first main step. The second step was
statistical analysis that came to play the role of judgment on all possible factors that could
affect developing such models as well as their significance. Developing and optimizing the
pavement distress prediction models using SPSS software were the third step. The validation
process was the last essential step.
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4. DATA COLLECTION AND PREPARATION

The LTPP dataset was the main source of data in this study, which includes data until year
2016. Therefore, LTPP sites, located in wet- and dry-non-freeze climatic zones, were selected
to obtain the required data according to specific criteria as follows:

—  Sites located in wet- and dry-non-freeze climatic zones.
—  Only overlaid sections were chosen to simulate newly constructed pavement.
— Rural sections were selected to represent main roads.

—  Design period or data range was selected for 25 years, starting from 1991.

Accordingly, 43 and 57 LTPP sites were selected for wet- and dry-non-freeze climatic zones,
respectively. Data collection step was then started. There are numerous factors related to the
occurrence of the pavement problems. However, this study selected some factors that are
considered as the most important factors related to pavement problems especially for fatigue
cracking, longitudinal cracking, transverse cracking, raveling distress, bleeding distress, and
rutting distress. These factors are summarized as follows:

—  Air temperature (Ta), °C
— Pavement age since overlay (PA), years
—  Traffic loading represented by Equivalent Single Axle Load (ESAL), No. of Axles
— Annual Precipitation, mm
— Available pavement distresses, area (sq.m.) or length (m)
— Asphalt pavement thickness (T), mm
—  Material characteristics:
— Resilient modulus of subgrade soil (Mr), MPa
— % Passing the #200 sieve (0.075 mm) of subgrade soil (P2o0),
— % Air voids of asphalt mix (V,),
— % Asphalt content in the mix (Py)
— % Moisture content of base/subbase courses (MCy),
— % Moisture content of subgrade soil (MCs), and
—  Plasticity index of subgrade soil (PI)

All data were collected on different dates during the 25-year data range. The collected data
have been filtered through a screening process to come up with feasible data that could be
used to develop the required models. The criteria for screening process are selected as
follows:

1. Unavailability and/or insufficient of some distresses data
2. Absence of material characteristics data

Abnormal data patterns, e.g. distress density should be increased with time not
decreased.
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Site ID State Site ID State
Wet-Non-Freeze Climatic Zone

12-3997 Florida (FL) 28-2807 Mississippi (MS)
12-3996 Florida (FL) 28-3081 Mississippi (MS)
12-4106 Florida (FL) 37-1024 North Carolina (NC)
12-4107 Florida (FL) 37-1030 North Carolina (NC)
12-4108 Florida (FL) 37-1802 North Carolina (NC)
12-4097 Florida (FL) 40-1017 Oklahoma (OK)
12-9054 Florida (FL) 40-4163 Oklahoma (OK)
13-4096 Georgia (GA) 40-4087 Oklahoma (OK)
13-4112 Georgia (GA) 40-4161 Oklahoma (OK)
13-4113 Georgia (GA) 40-4165 Oklahoma (OK)
13-4111 Georgia (GA) 45-1025 South Carolina (SC)
13-4420 Georgia (GA) 5-3048 Arkansas

1-1021 Alabama (AL) 48-3729 Texas (TX)

1-4126 Alabama (AL) 48-1113 Texas (TX)

1-4129 Alabama (AL) 48-1116 Texas (TX)

1-1001 Alabama (AL) 48-1093 Texas (TX)

1-1019 Alabama (AL) 48-1068 Texas (TX)
24-1632 Maryland (MD) 48-1060 Texas (TX)
28-1001 Mississippi (MS) 48-3609 Texas (TX)
28-3028 Mississippi (MS) 51-1023 Virginia (VA)
28-3091 Mississippi (MS) 51-2021 Virginia (VA)
Dry-Non-Freeze Climatic Zone

4-1002 Arizona (AZ) 35-0108 New Mexico (NM)
4-1003 Arizona (AZ) 35-0103 New Mexico (NM)
4-1006 Arizona (AZ) 35-0104 New Mexico (NM)
4-1007 Arizona (AZ) 35-0106 New Mexico (NM)
4-1015 Arizona (AZ) 35-0105 New Mexico (NM)
4-1017 Arizona (AZ) 35-1112 New Mexico (NM)
4-1021 Arizona (AZ) 35-0107 New Mexico (NM)
4-1024 Arizona (AZ) 35-0109 New Mexico (NM)
4-1025 Arizona (AZ) 35-0110 New Mexico (NM)
4-0113 Arizona (AZ) 35-0112 New Mexico (NM)
4-1062 Arizona (AZ) 35-0101 New Mexico (NM)
4-0160 Arizona (AZ) 48-1111 Texas (TX)

4-1065 Arizona (AZ) 48-1061 Texas (TX)

4-6055 Arizona (AZ) 48-1076 Texas (TX)

6-8151 California (CA) 48-3769 Texas (TX)

6-2004 California (CA) 48-6060 Texas (TX)
35-0101 New Mexico (NM) 48-1048 Texas (TX)

Sites to be selected for validation process
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Consequently, 42 LTPP sites out of 43 were selected for wet-non-freeze climatic zone; and
34 LTPP sites out of 57 were selected for dry-non-freeze climatic zone, as shown in Table 2.
Furthermore, fatigue cracking, longitudinal cracking, transverse cracking, raveling distress,
bleeding distress, and rutting distress were selected for model development. The unit of
distress data recorded in the LTPP database is based on the distress types. The unit of area is
accounted for fatigue, raveling, and bleeding; on the other hand, the unit of length or depth
is accounted for longitudinal, transverse, and rutting distress. In addition to the collected
distress data, distress density was calculated by dividing the length or area of distress by the
area of examined section based on the PAVER system [20].

Comprehensive database was then created to be used for model development and validation
process. The database was split into two categories of dataset. The first category is for model
development, which represents 79% of all databases, and the second category is for validation
process, which represents 21% of all database, as shown in Table 2. The validation data of
21% is considered reasonable statistically and the validation sites were selected to represent
most of the original data and most of the sites. It is noteworthy that the developed models
should not be exposed to the validation dataset while developing the models.

5. DEVELOPMENT OF PAVEMENT DISTRESS PREDICTION MODELS

This part deals with the process of developing fatigue cracking, longitudinal cracking,
transverse cracking, raveling distress, bleeding distress, and rutting distress models. Since
ESAL is a function of time or age, either ESAL or age would be selected as independent
variable in the developed models. Sample of collected data is shown in Table 3 and Table 4
for wet- and dry-non-freeze climatic zones, respectively, for different LTPP sites shown in
Table 2.

Table 3 - Sample of Collected Data using Wet-Non-Freeze LTPP Sites for Different LTPP
Sites

Ta, PA, Mr, P200
Ce Years MPa (%)

Fatigue Cracking Model

% Density %Va %MC, %MCs Pl

0 24.30 4 114 - - 4 7 -
6.67 19.40 14 73 3.50 - 4 7 2
16.67 21.90 16.16 65 9.40 - 3 15 -

Longitudinal Cracking Model

0 24.29 4 114 - - 4 7 -
0.05 19.29 5.83 124 30.7 - 9 10 -
17.0 18 6.42 95 - - - - -

Transverse Cracking Model

0 20.00 0.18 - - - 15 -

0.7624 16.40 4.52 - 83.00 - 15 4 6
7.8756 20.30 7.02 25 15.60 - 14 - -

10134



M. M. RADWAN, M. A. ABO-HASHEMA, H. B. FAHEEM, M. D. HASHEM

Table 3 - Sample of Collected Data using Wet-Non-Freeze LTPP Sites for Different LTPP
Sites (continue)

wDensity v yer o :f,;“)‘)’ %Va %MC» %MCs Pl
Raveling Model
0 1350 0.12 20 2540 4.593 18 12
125041 1940 47 73 350 6993 2
369383 2430 13 - - ; -
Rutting Model
Annual
Rufnelp th TC% PA, Years ESAL Precipitation, %Va
mm
6 1580 592 711 1778.5 7.091
1689 153 59 167930 5.823
10 15.60 12 40 1290.30 7.09
15 1979 9.66 106 141859  3.993

Table 4 - Sample of Collected Data using Dry-Non-Freeze LTPP Sites for Different LTPP

% Density C?” PA, Years 13[/[;;
Fatigue Cracking Model
11.8 17.6 15.5 87
36.67 19.1 15.58 37
37.7 18.5 17.41 114
Longitudinal Cracking Model
2.84 - 15.5 88.6
6.45 - 16 72.3
8.17 - 17.1 64.4
Transverse Cracking Model
0 - 0 5794
2.84 - 15.5 88.6
4.18 - 18.09 101.8
Bleeding Model
0 - 1.2 45
7.21 - 8.21 105.5
27.37 - 12.58 75

Sites

P200
(%)

29.5
23.6
22.8

51
29.5
28.5

24.9
28.5
9.6

%Va

1.87
3.62
12

9

221
533
63.5

%MCy

%MCs

11

PI
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Table 4 - Sample of Collected Data using Dry-Non-Freeze LTPP Sites for Different LTPP
Sites (continue)

Rutting Model

Annual
Rut Depth
WOP - Ta by Vears ESAL  Precipitation, %Va
mm C
mm
4 16.10 8.416 12 294.6 6.12
17.70 15.5 4 343.4 6.12
7 23.10 16.58 768 41 16.3
11 22.70 18.25 925 121.9 16.3

5.1. Stepwise Regression Test

Stepwise regression test was performed within 95% confidence interval to come up with the
most effective factors that could affect fatigue cracking, longitudinal cracking, transverse
cracking, raveling distress, bleeding distress, and rutting distress. The decision would be
made based on p-value for all considered factors. A small p-value (typically < 0.05) indicates
strong evidence against the null hypothesis, so the null hypothesis is rejected. A large p-value
(> 0.05) indicates weak evidence against the null hypothesis, so fail to reject the null
hypothesis [21]. Table 5 and Table 6 depict the results of p-value of the considered factors
for wet- and dry-non-freeze climatic zones, respectively.

Table 5 - P-value using Wet-Non-Freeze LTPP Sites

Fatigue Longitudinal Transverse Raveling Rut
Cracking Cracking Cracking Distress Depth

Ta 0.54337 0.42071 0.97183 0.27308 0.46982
PA 0.01447 0.89778 0.52564 0.03860 nil
ESA 0.02762
L nil nil nil nil
Mr 0.66094 0.03473 0.49485 0.88260 0.79112
P200 0.66620 0.14896 0.95062 0.30984 -
Va 0.87726 0.14831 nil 0.01427 0.05558
T 0.98640 0.28561 nil nil 0.90004
MGy 0.79172 0.00194 0.03165 0.66059 nil
MCs 0.00960 0.61107 0.10406 0.24776 nil
PI 0.57023 0.26024 0.04055 0.12184 nil
Py nil nil nil nil nil

nil means that this factor is not considered in testing

10136



M. M. RADWAN, M. A. ABO-HASHEMA, H. B. FAHEEM, M. D. HASHEM

As shown in Table 5, fatigue cracking model is affected by pavement age and moisture
content of subgrade soil for wet-non-freeze climatic zone. On the other hand, pavement age,
air temperature, and plasticity index of subgrade soil are the factors that affect fatigue
cracking model for dry-non-freeze climatic zone, as shown in Table 6. It could be concluded
that moisture condition-related factors of subgrade soil affect the occurrence of fatigue
cracking.

On the other hand, longitudinal cracking model is affected by resilient modulus of subgrade
soil and moisture content of base/subbase courses for wet-non-freeze climatic zone while
pavement age and % passing the #200 sieve (0.075 mm) of subgrade soil are the factors
affecting longitudinal cracking model for dry-non-freeze climatic zone. It could be concluded
that too much fine aggregate experiences this type of crack.

Table 6 - p-value using Dry-Non-Freeze LTPP Sites

Fatigue Longitudinal Transverse Bleeding Rut
Cracking Cracking Cracking Distress Depth

Ta 0.00740 nil nil nil 0.00111
PA 0.01515 0.00000 0.00351 0.00003 nil
ESA nil nil nil
L nil 0.00010
Mr 0.43891 0.93581 0.14276 0.93685 0.14071
P20o nil 0.01896 0.12448 0.54376 -
Va nil nil nil 0.01832 0.00000
T 0.38696 nil nil nil nil
MCb 0.28823 0.66000 0.82018 0.17165 nil
MCs 0.17819 nil nil nil nil
PI 0.01646 0.75348 0.26137 0.22060 nil
Py nil nil nil nil 0.53185

nil means that this factor is not considered in testing

For transverse cracking model, it is affected by moisture content of base/subbase courses and
plasticity index of subgrade soil for wet-non-freeze climatic zone while pavement age is the
only factor affecting transverse cracking model for dry-non-freeze climatic zone.

Raveling and bleeding distress models are affected by pavement age and % air voids of
asphalt mix for wet- and dry-non-freeze climatic zones, respectively. Finally, rut depth is
affected by ESAL and Va for wet-non-freeze climatic zone. On the other hand, ESAL, Ta
and V, are the factors that affect rut depth for dry-non-freeze climatic zone.
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5.2. Regression Analysis

Multiple regression analysis technique was applied to develop fatigue cracking, longitudinal
cracking, transverse cracking, raveling distress, bleeding distress and rut depth prediction
models for wet- and dry-non-freeze climatic zones using SPSS software. Several trials were
made to develop the required models that best represent the relation between the distresses
with related factors. Table 7 shows regression analysis for developed models using non-
freeze LTPP sites.

Table 7 - Regression Analysis for Developed Models using Non-Freeze LTPP Sites

Parameters

Distress Climate Estimate R? df Mean
Model A B C D Squares
Value  -10356 1936 1.422 -

Wet 0.884 3  488.633
Fatigue SE 2263 0359 0.251 -
Cracking Value 45281 9260 2.101 6.135
Dry 0465 4  482.729
SE 120.087 20.856 8.318 4.457
Value 14201  -5320 0.365 -
Wet 0.318 3 7.152
o SE 116.202 38.766 0.698 -
Longitudinal
Cracking Value  24.258 22.118 N -
Dry 0.078 0478 4 31.956
SE 7389  0.109 7.385 -
Value -10.725  1.146 - -
Wet 9.164 0980 3 0.072
Transverse SE 1.851 0.188 1.873 -
Cracking
Value 0.048  0.203 - -
Dry 0755 1  420.013
SE 0.147 0.11 - -
Reveling Value 2075 -0.902 0.823 -
i Wet 0323 3 19.273
Distress SE 1.924 1.037  0.468 -
Bleeding Value 4708  1.042 1.203 -
) Dry 0.820 3 1588.807
Distress SE 8933  0.283  0.299 -
Value 10.097 -0.987 0.478
Wet - 0233 3 693.294
SE 2664 0474 0.229
Rut
Depth Value  21.338  0.009 N 0.255
Dry 1.055 0479 5  411.999
SE 0317 0210, o, 0002
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5.2.1. Fatigue Cracking Model

Table 7 indicates that the model has R? value of 0.884 and 0.465 based on the obtained data
from LTPP for wet- and dry-non-freeze climatic zones, respectively. Therefore, the proposed
distress model of fatigue cracking could be written as follows:

Wet-non-freeze zone:
%Fatigue Cracking = o(~10.356+1.936VPA+1.422,/MCs) (1)
Dry-non-freeze zone:

%Fatigue Cracking = e(~4528+926VPA+2.1VPI) 4 6 14 cosTa )

5.2.2. Longitudinal Cracking Model

Table 7 indicates that the model has R? value of 0.318 and 0.478 based on the obtained data
from LTPP for wet- and dry-non-freeze climatic zones, respectively. Therefore, the proposed
distress model of longitudinal cracking could be written as follows:

Wet no-freeze zone:

%Longitudinal Cracking = e(~22896-0.185logMC}~28.073VMr) (3)

Dry no-freeze zone:

%Longitudinal Cracking = 24.258 + 22.118 sinvVPA — 0.078Py, 4

5.2.3. Transverse Cracking Model

Table 7 indicates that the model has R? value of 0.980 and 0.755 based on the obtained data
from LTPP for wet- and dry-non-freeze climatic zones, respectively. Therefore, the proposed
distress model of transverse cracking could be written as follows:

Wet no-freeze zone:

%Transerve CT'Clei?’lg — e(—10+1.1465inP1—9.164CosMCb) (5)
Dry no-freeze zone:
%Transverse Cracking = 0.048 + 0.203 PA (6)

5.2.4. Raveling Distress Model

Table 7 indicates that the model has R? value of 0.323 based on the obtained data from LTPP
for wet-non-freeze climatic zones. Therefore, the proposed distress model of raveling distress
could be written as follows:

Wet no-freeze zone:

%Raveling = —2.075 — 0.902 sin PA + 0.823Va @)
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5.2.5. Bleeding Distress Model

Table 7 indicates that the model has R? value of 0.820 based on the obtained data from LTPP
for dry-non-freeze climatic zones. Therefore, the proposed distress model of bleeding distress
could be written as follows:

Dry no-freeze zone:

%Bleeding = 4.708 + 1.043 PA + 1.203 V, (8)

5.2.6. Rut Depth Model

Table 7 indicates that the model has R? value of 0.233 and 0.479 based on the obtained data
from LTPP for wet- and dry-non-freeze climatic zones, respectively. Therefore, the proposed
rut depth model could be written as follows:

Wet no-freeze zone:

Rut Depth = 10.097 — 0.987 Ln(ESAL) + 0.478V, ©)
Dry no-freeze zone:

Rut depth = 21.39 + 0.009ESAL — 1.05Ta + 0.255V, (10)
6. VALIDATION PROCESS

Once the models were developed, validation process should start using LTPP data sets
different from the database used in the development process. The second category of dataset
was used for validation process, which represents 21% of entire database.

Predicted values were calculated using the developed models; however, the actual or
measured values were obtained from the selected LTPP sites. Table 8 and Table 9 show the
results of measured and predicted values of fatigue, longitudinal, transversal, raveling,
bleeding and rutting for wet- and dry-non-freeze climatic zones, respectively. The results
indicate that the predicted values are fairly close to the measured values at the corresponding
LTPP sites.

Table 8 - Measured and Predicted Distress Density for Wet-Non-Freeze LTPP Sites

%Fatigue %Longitudinal %Transverse oRavelin Rut
Cracking Cracking Cracking ’ & Depth, mm
M P M P M P M P M P

0.00 0.01 0.00 0.23 0.10 0.0531 0.14 0.74 4 4.77
0.59 039 | 000 0.00 0.00 0.3756 0.00 0.63 12 12.09
746 829 | 0.00 0.00 0.00 0.00 9.83 6.81 6 8.56
0.00 0.04 | 2.18 1.27 0.00 0.00 0.35 0.59 7 9.43
0.00 0.05 | 0.00 0.00 0.00 0.10 0.00 0.00 17 13.71
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Table 8 - Measured and Predicted Distress Density for Wet-Non-Freeze LTPP Sites

Y%Fatigue
Cracking
223 1.64
1.79  2.48
20.56 24.35
0.00  0.02
13.32 9.54
0.00 4.12

%Longitudinal
Cracking
0.00  0.00
0.00  0.005
0.00  0.00
0.00  0.00
13.52  1.03
0.134  .006

M: Measured values
P: Predicted values

(continue)
%Transverse

Cracking
0.00 0.02
3.34 0.06
6.82 0.01
0.00 0.00
0.41 0.40
0.30 0.40

%Raveling

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 2.4
245 3.17

Rut
Depth, mm
12 10.54

9 8.01
6 5.29
5 4.19
6 5.06
12 13.71

Table 9 - Measured and Predicted Distress Density for Dry-Non-Freeze LTPP Sites

%Fatigue

Cracking

M P
4.18 435
3.60 4.11
578 499
508 524
458 5.94
4.18 5.06
432  4.89
4.87 3.38
544 485
388 3.76
4.02 492
487 7.51
273 2.61
1.50  2.02
1.56  0.99
348 435
1.78 142
1.30 1.21
1.35 1.76

%Longitudinal
Cracking
M P
2.69 2.54
8.17 8.01
11.31  10.52
334 3.0
4.48 3.75
7.66  7.02
6.45 6.44
11.02  11.46
3.64 321
687 621
8.99 8.36
4.01 4.56
5.08 6.75
6.57  6.03
322 425
13.67 13.42
10.51  10.22
11.41 10.68
6.12 5.88

M: Measured values
P: Predicted values

%Transverse
Cracking
M P
2.55 431
3.14 541
234 392
4.01 5.68
3.65 6.08
3.78 5.48
6.89  9.28
4.52 6.61
844 998
4.85 6.73
1.48 3.5
3.12 5.31
6.51 8.17
0.51 2.68
999 12.17
8.64 10.59
3.93 5.88
512 7.59
4.61 6.51

%Bleeding Deplt{hlftmm
M p M p
1354 10.11 8 745
221 201 3 516
532 6.15 7 642
014 017 6 606
2463 2861 7 130
225 258 8 5091
431 492 7 593
13.14 1146 6 595
0.15 16 5 531
1541 15.64 6 664
654 627 7 67
3041 30.08 6 615
4417 48.73 6 537
5015 54.65 3 663
3971 35.69 6 765
242 19.99 7 511
700 7.09 7 637
1524 1529 5 541
046 056 6 679
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7. COMPARISON WITH AVAILABLE PUBLISHED MODELS

The developed models of fatigue and rutting, which are considered the most important
structural pavement failure, were compared with the available published models as follows
and as shown in Figure 1, Figure 2, Figure 3 and Figure 4:

o Fatigue wet-non-freeze zone: model developed by Ker et al., 2007 [14] as shown
in Table 1 versus the developed model of Equation (1). The comparison is shown in
Figure 1.

e Fatigue dry-non-freeze zone: model developed by Ker et al., 2007 [14] as shown
in Table 1 versus the developed model of Equation (2). The comparison is shown in
Figure 2.

e Rut depth wet-non-freeze zone: model developed by Naiel, 2010 [6] as shown in
Table 1 versus the developed model of Equation (9). The comparison is shown in
Figure 3.

e Rut depth dry-non-freeze zone: model developed by Naiel, 2010 [6] as shown in
Table 1 versus the developed model of Equation (10). The comparison is shown in
Figure 4.

= Developed Fatigue-Wet Model (This Study) A Keret.al. Model (Fatigue-Wet)

w
«

----- Equality Line ’/,/’

25 o

w
o

% PREDICTED FATIGUE CRACKING IN WET

0 5 10 15 20 25 30 35
% MEASURED FATIGUE CRACKING IN WET

Figure 1 - Measured vs. Predicted Values using Different Fatigue-Wet Models

It can be clearly noticed that the developed models of fatigue and rutting in this study predict
better than the available published models. The developed model of fatigue-wet generally
overestimated the values; however, the Ker et al. model overestimated in case of %fatigue
less than 7% and underestimated when %fatigue is more than 7%. On the other hand, the
developed model of fatigue-dry overestimated the values when %fatigue is less than 2% and
underestimated over 2%. However, the Ker et al. model overestimated when %fatigue is less
than 3.5% and underestimated over 3.5%.

For rut-wet model, the developed model in this study overestimated the rut depth when the
depth is less than 11.5 mm and underestimated over this value. However, the model
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developed by Naiel overestimated the rut depth when the depth is less than 7.5 mm. On the
other hand, the developed model of rut-dry overestimated the rut depth in case of rut depth
less than 6.5 mm. However, the model by Naiel generally underestimated the values.

In conclusion, the average % error of fatigue and rutting models developed in this study is 4
times less than the average % error obtained from the available published models.

7 -
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z B Developed Fatigue-Dry Model (This Study) A Ker et. al. Model (Fatigue-Dry) /I”
& 6 T
2 T =T
[C] Pag -
2 5 P
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2 3 e
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& 1w _=
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0 1 2 3 4 5 6 7 8 9

% MEASURED FATIGUE CRACKING IN DRY

Figure 2 - Measured vs. Predicted Values using Different Fatigue-Dry Models
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Figure 3 - Measured vs. Predicted Values using Different Rut-Wet Models
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® Developed Rutting-Dry model A Naiel, AK. Model (Rut-Dry) - - - Equality Line

= =
0 o N
\
\
| ]

PREDICTED RUT DEPTH IN DRY, MM
o

MEASURED RUT DEPTH IN DRY, MM

Figure 4 - Measured vs. Predicted Values using Different Rut-Dry Models

8. CONCLUSIONS

The main objective of this study is to develop pavement distress prediction models for main
roads located in non-freeze climatic zones, which represent most of the Middle East
countries, to be used in pavement management system. Six pavement distress prediction
models were developed for fatigue cracking, longitudinal cracking, transverse cracking,
raveling distress, bleeding distress and rut depth using data extracted from the Long-Term
Pavement Performance (LTPP) program. It was found that pavement age factor is sensitive
to most of the developed models while plasticity index and air temperature are very sensitive
to fatigue cracking. Additionally, %passing the #200 sieve (0.075 mm) of subgrade soil is
sensitive to longitudinal cracking, which indicates that too much fine aggregates in the mix
could result longitudinal cracking. On the other hand, %air void of asphalt layer is sensitive
to bleeding distress. Validation process was performed using Long-Term Pavement
Performance data sets different from the database used in the model development process.
The results indicate that the predicted values are fairly close to the measured values at the
corresponding LTPP sites. A comparison is also made between the developed models and
the available published models for fatigue and rutting models, which are assumed the most
important pavement distresses. This study is considered as a crucial attempt to develop such
models for the Middle East region due to lack of resources led to unavailability of such
models in most of the Middle East countries. However, calibration of the developed models
is recommended based on local conditions of a country whenever the pavement performance
data is available.

9. FUTURE WORKS AND RECOMMENDATIONS

The results of this study are very important to the Middle East countries experiencing similar
climatic conditions. However, calibration of the developed models is recommended based on
local conditions, whenever pavement performance data is available. Furthermore, elastic
modulus of AC layer shall be considered as possible factor that could affect the developed
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models especially for fatigue, longitudinal, and transverse cracking. On the other hand, layer
thickness and % voids in mineral aggregate should also be considered as possible factors that
could affect rut depth models.

List of Abbreviations

ESAL : Traffic loading represented by Equivalent Single Axle Load

MCb
Mr
MCS
P200
PA
Pb
PI

Ta
Va

[2]

[3]

[6]

: Moisture content of base/subbase courses

: Resilient modulus of subgrade soil

: Moisture content of subgrade soil

: % Passing the #200 sieve (0.075 mm) of subgrade soil
: Pavement age since overlay

: % asphalt content in the mix

: Plasticity index of subgrade soil

: Asphalt pavement thickness

: Air temperature

: % Air voids of asphalt mix
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Artificial Neural Network Model to Predict Anchored
Pile-Wall Displacements on Istanbul Greywackes

Ozgiir YILDIZ!
Mehmet M. BERILGEN?

ABSTRACT

The greywackes are the common soil formation of Istanbul locally known as the Trakya
Formation. It is mostly weathered and extensively fractured. The stress relief induced by deep
excavations causes excessive displacements in horizontal direction. As a result, predicting
excavation-induced wall displacements is critical for avoiding collapse. The aim of this study
is to develop an Artificial Neural Network (ANN) model to predict anchored-pile-wall
displacements at different stages of excavation performed on Istanbul's greywacke
formations. A database was created on excavation and monitoring data from 11 individual
projects. Five variables were used as input parameters, namely, excavation depth, maximum
ground settlement measured behind the wall, system stiffness, standard penetration test N
value of the soil depth, and index-of-observation. The proposed model was trained, validated,
and tested. Finally, two distinct projects were numerically modeled by applying the finite
element method (FEM) and then used to test the performance of the ANN model. The
displacements predicted by the ANN model were compared with both the computed values
obtained from the FEM analysis and in situ measured displacements. The proposed ANN
model accurately predicted the displacement of anchored pile walls constructed in
greywackes at different stages of excavation.

Keywords: Artificial neural network, anchored pile walls, finite element method, wall
displacement, Istanbul greywackes.

1. INTRODUCTION

Because of the increase in urban populations, deep excavations are often required in
metropolitan areas. Such excavation projects rely on rigorous analyses based on geotechnical
investigations and laboratory experiments. Changes in excavation-induced stress trigger
horizontal and vertical ground movements in and around the excavation area. Therefore,
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accurate prediction of displacements becomes crucial to ensure the safety and serviceability
of surrounding properties.

In some of the earliest works, Peck [1] investigated ground-surface settlements around
excavations and subdivided the ground settlements according to the soil type and
workmanship. Later, Mana and Clough [2] provided a simplified method to predict
movements for braced cuts in clay and provided a relation between wall movements and the
safety factor against basal heave. Finno et al. [3] investigated the performance of deep
excavations in clay, and Clough and O'Rourke [4] carried out an in situ investigation of wall
movements using a database containing information on conventional and new earth-retaining
systems. Whittle et al. [5] applied a finite element analysis on braced excavations to predict
excavation-induced soil deformations and applied the MIT-E3 effective stress soil model to
describe the behavior of clay. They found that post-construction deformations led to
differences between predicted and measured wall movements. Hashash and Whittle [6]
performed an extensive set of numerical experiments to investigate deformations of a braced
diaphragm wall in a deep clay deposit. One result of their study is that the effects of
excavation depth and support conditions on ground movements are now given in design
charts. Hsieh and Ou [7] proposed a method that provides good predictions of ground-surface
settlements. Long [8] used a database containing several case histories to examine ground
movements due to deep excavations and deduced remarkable conclusions for retaining walls
in stiff and soft soils with different levels of safety factors against basal heave. Hwang et al.
[9] studied the performance of wall systems by focusing on toe movements and reducing wall
displacements using buttresses. Wang et al. [10] studied the relationship between ground
settlements and wall displacements. Bolton et al. [11] studied ground movements and
provided a set of design charts giving soil deformability, wall stiffness, and excavation
geometry as a function of the soft soil depth.

The accuracy of current ground movement predictions depends on the accuracy of the soil
behavior models and the parameters used [12]. In some cases, soil parameters are poorly
defined, the behavior models do not reflect the in situ soil conditions, and/or the problem is
too complex to be described in mathematical form. Researchers overcome such problems by
using experimental data in computational processing methods. Modern techniques such as
fuzzy systems and neural networks have been used to develop data-based models, which are
capable of learning and recognizing trends in data patterns [13]. For example, Ghaboussi et
al. [14] developed an auto-progressive algorithm to extract material behavior by exploiting
force and displacement measurements, and Jan et al. [12] developed a neural network model
to predict displacements of diaphragm walls. The model developed by Jan et al. [12] was
based on training using wall-displacement data from 18 case histories and considered
excavation stages and accurate predictions of wall displacements obtained from simulations
at different stages of the excavation. Hashash et al. [15] developed a neural-network-based
model to estimate ground deformations in a staged construction of a deep excavation. In
another work, Hashash [16] used a self-learning simulation system to extract soil information
from lateral wall deformations and surface-settlement measurements of deep excavations.
Song et al. [17] used an inverse analysis approach that combined synthetically generated
measurements including lateral wall displacements with surface settlement to extract soil
behavior. Yildiz et al. [18] developed a neural-network approach to estimate the total lateral
thrust on strip-loaded retaining walls. Johari et al. [19] established a genetic-based model to
estimate lateral wall displacements of retaining walls using a database including 240 cases.
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In recent years, many high-rise buildings, underground parking lots, and subway stations
have been constructed in Istanbul mainly in the local soil formation-known as Istanbul
greywackes. Greywackes are characterized by a high degree of weathering, with intercalated
sandstone, siltstone, and claystone layers. Excavations in greywackes induce excessive wall
movements, causing major problems. Although researchers have already applied artificial
neural network (ANN)-based models to predict movements in soft soils, here we present an
ANN-based model to predict displacements of anchored pile walls constructed on Istanbul's
greywackes. In this study, a database containing information and monitoring data from 11
independent excavation projects in Istanbul was established and an ANN model was
developed to predict lateral wall displacements. Four parameters that influence the
performance of anchored pile wall as well as the index-of-observation were used as input
variables. The created database was then used to train, validate, and test the model. The
accuracy of the proposed prediction model was evaluated on the basis of mean square error
(MSE) and correlation coefficient (R) values. Finally, two excavation projects not included
in the database were used as testing cases. The wall displacements for these testing cases
were predicted by applying the developed ANN model, and then, the excavation cases were
also numerically modeled by the finite element method (FEM). The lateral displacements
predicted by the ANN model were compared with the computed values obtained from the
FEM analysis and in situ measurements to examine its performance.

2. CHARACTERIZATION OF THE GREYWACKES

A detailed geotechnical survey was carried out by the Istanbul Metropolitan Municipality to
identify geological formations in Istanbul [20], in 2007. As a result of this comprehensive
work, 24 different local soil and rock formations were identified. The Trakya formation
encountered in the study area is known to have been affected by intense tectonic events and
has a variety of strike-slip faults, folds, fractures, and joints every few meters. This formation
is characterized by a sedimentary greywacke containing intercalated yellowish-brown-to-
dark-gray sandstone, siltstone, and claystone. The Trakya formation can be seen as highly
fractured and weathered and exhibits closely to moderately spaced discontinuities. The
strength properties of the rock material are in the range of weak to strong. Sandstone is the.

Table 1 - Average characteristic properties of formations.

Local Definition of ¢ o) b 4 E v
name formation (kPa) ©) v (kN/m?)  (kN/m?)

Fill New and old, man-made material 5 28 0 0.2 20.000 18

Avcilar  Sand/sand-stone, clay/clay-stone 0 41 10 0.2  65.000 22

Fresh/slightly weathered greywacke 157 39 0 0.2 300.000 27
Moderately weathered greywacke 68 32 0 0.2 90.000 24
Completely weathered greywacke 5 28 0 02 15000 19

¢’: effective cohesion, @': effective friction angle, ¥: dilatancy angle, v : Poisson’s ratio, E: deformation
modulus,y: unit weight

Trakya
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most common rock type in this formation, and limestone and conglomerate interbeds or
lenses are occasionally found between the layers. The thickness of the formation varies
between 600 and 1700 m [21]. The overlying deposits, which are variously distinguished as
the Gurpinar, Cukurcesme, and Gungoren Formations, have collectively been named as a
single unit recently, namely the Avcilar Formation [22]. This formation starts with a basal
conglomerate layer and continues upwards with intercalated layers of sand/sandstone and
clay/claystone. The properties of the soil formations encountered in the selected project sites
are given in Table 1

3. CASE HISTORIES

In this study, a database was created on the basis of projects supervised by the Istanbul
Metropolitan Municipality. In this context, excavation and monitoring data from seven
concourse structures of metro stations, three underground parking lots, and a gymnasium
building were collected. Anchored pile walls were used as retaining systems in the
investigated excavations. The excavation depth of the cases varied between 11.5 to 35 m.
The excavations were supported by 65 cm and 80 cm diameter pile walls having 13 m to 36.5
m length. Ground anchors served as the supporting system. The bond lengths of the anchors
varied between 6 to 10 m, and the total lengths were in the range of 10 to 28 m. The vertical
and horizontal spacings of the anchors varied between 1 to 2.5 m and 1.3 to 5 m, respectively.
The average inclination of the anchors is 15°. The number of anchor rows used in the projects
varied between 2 and 17. Three to four 0.5” and 0.6” diameter tendons were used.
Inclinometers were used to measure the lateral displacement through a borehole casing in the
walls. The number of inclinometers used in the projects depended on the geometric
configuration of the sections. The excavation-induced settlements were measured by
settlement markers installed on the ground behind the wall. The local formations encountered
at the project sites were artificial fill layers overlying the Avcilar and Trakya formations.
Figure 1 shows the typical geometry of an anchored pile wall and the displacement features,
along with the notation used.
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Figure I - Definition of variables used to describe the anchored pile walls.

10150



Ozgiir YILDIZ, Mehmet M. BERILGEN

4. ARTIFICIAL NEURAL NETWORKS

ANNSs consist of logical software developed to perform basic functions by imitating the
working mechanism of the human brain [23]. They can derive new information by learning,
remembering, and generalizing. ANNs use their ability to generate new information to
produce adaptive solutions to problems that cannot be solved by using a certain algorithm or
formulation. The learning ability of ANNSs is dependent on different learning algorithms that
improve the information at each iteration, thereby achieving more accurate results. [24]

ANNSs consist of interconnected process elements called neurons, and each interconnection
has a weight. There are different types of ANN architectures. A widely used one is the feed-
forward network, in which information flows in one direction along the connections, from
the input layer via the hidden layer to the output layer. The processing data are fed forward
to avoid generating feedback connections [25].

Once a network is structured for an application, it must be trained. In this process, initial
weights are chosen at random before the training process begins. Two types of training rules
exist, namely, supervised and unsupervised. For supervised training, both inputs and outputs
are provided to the network, whereas only inputs are provided for unsupervised training [24].
A feed-forward network is commonly trained using a backpropagation learning algorithm,
which is used for applications, and training a neural network with such an algorithm consists
of two stages: The first one is the data feed-forward stage in which the output of a neuron is
calculated. The output is defined as

net, =) W0, +4, (1
i=l

0, = f(net,), )

where Wj; is the weight associated with the input element i in the previous layer to element j

in the current layer, o; is the output of element i in the previous layer, ¢, is the threshold of

element j in the current layer, and f is the activation function that processes inputs to
determine outputs. The activation function f is usually a nonlinear function. Herein, the
sigmoid function is used as activation function because it is continuous and differentiable. Its
nonlinearity makes it the most frequently used function in ANN applications. The function f
generates a value between 0 and 1 for each input. It is given by

1
1+e™

Sf(x) = 3)

In the second stage, after the feed-forward network processes the inputs, the backpropagation
algorithm compares the resulting outputs with the desired outputs. The errors are then
propagated back through the system, and weights are adjusted. The error function for the
system is given by
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& =d,—yy, (4)
1

E=22D 4. ©
2 =l k=1

where dl-k is the desired output of node k for instance i and );, is the calculated output of node

k for instance i. The backpropagation algorithm serves to minimize the fitness function, and
since this function depends on the network weight, the algorithm consists of processes to
optimize the weights. The backpropagation algorithm, which uses the gradient-descent
approach to optimize the weights, is defined as

OE(w)
=77 = (6)

i

where the learning rate v is a constant between 0 and 1 [26].

5. ESTABLISHING THE ANN MODEL

Stress changes induced by a deep excavation inevitably trigger displacements. Herein, an
ANN model is developed to predict the displacements in anchored pile walls constructed on
Istanbul greywackes by learning from the monitoring data. The displacement data cover 39
sections of 11 anchor-supported pile walls, each section being treated individually. As
proposed by Jan et al. [12], each anchored pile wall is discretized into 18 uniform intervals
with 19 nodal points. An index-of-observation, R, is defined as the ratio of the depth of the
observed segment to the wall length. Altogether, 741 (39 x 19) instances were generated to
train, validate, and test the network. The primary reason for applying the ANN model was to
predict displacements of anchored pile walls constructed on Istanbul greywackes prior to
construction as well as during the early and later stages of the activity. A properly established
ANN model will accurately predict the wall displacements at each excavation stage. A
flowchart of the ANN model is given in Figure 2.

The multilayer perceptron ANN model consists of three layers: an input layer, a hidden layer,
and an output layer. The input layer contains five input parameters, namely, the depth of
excavation (Hexc); measured maximum ground settlement behind the wall (8y max); wall
stiffness (EI); the SPT-N value of the observed soil depth; and the index of observation (R).
The number of hidden layers can be changed according to the network, but the time required
for the calculation and the complexity of the network both increase with the number of hidden
layers. Accordingly, one hidden layer was used in this model. A series of trial-and-error
processes with different numbers of neurons (between 5 and 40) was tested to find the
optimum number of neurons in the hidden layer. The best performance was obtained with 15
neurons. The output layer consists of one neuron; & max, the maximum lateral displacement
of the observation point. The available data were divided into three subsets, that is, training,
validation, and testing sets. In this study, 80% of the 741 samples (593 randomly selected
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’ Define input and output paramateres }

| Get data for training and validation ‘

D‘ Specify the architecture of ANN ‘

1.

2.
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Modify:

[ Train the network |

Number of hidden layers
Number of neurons in hidden layers | Validate the network ‘
Learning rate

Activation function

[ Testthe network |

4— Results are satisfied?

Yes

‘ Generate model for the best architecture ‘

Figure 2 - Flowchart of the ANN model.

FEED FORWARD

Input Layer Hidden Layer Output Layer

—> 8y max

ERROR BACK-PROPAGATION

Figure 3 - Typical architecture of a feed-forward network with one hidden layer.
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data) was used for training, 10% (74 randomly selected data) for validation, and 10% (74
randomly selected data) for testing of the developed network to predict the lateral
displacements. The most commonly preferred algorithm [27], the feed-forward back-
propagation algorithm, was used during the training process. The Levenberg—Marquardt
algorithm, which is fast and has stable convergence and provides numerical solutions to
nonlinear functions, was used in the training stage. In the hidden layer, the best performance
of the model was obtained with the sigmoid function, which is a continuous and nonlinear
function. The optimal ANN model was determined on the basis of the MSE and R values.
Figure 3 shows the architecture of the developed feed-forward network.

6. COMPUTATIONAL RESULTS FOR THE ANN

A database containing 11 case histories of deep excavations was used to train, validate, and
test the developed ANN model. The accuracy of the predicted wall displacements was
determined by comparing them with the results of in situ measurements. Figure 4 shows the
regression curves obtained for the network at the training, validation, and testing stages as
well as during the entire process. The in situ measurements are shown on the x-axis, labeled
as “Target,” whereas the predicted displacements are given on the y-axis, labeled as
“Output.” The linear output demonstrates the success of the prediction model. The correlation
coefficients between the maximum measured wall displacements and the predicted wall
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Figure 4 - Regressions curve obtained for the network at the training, validation, and
testing stages as well as during the entire process.
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displacements for the training, validation, and testing stages were 0.9099, 0.9347, and
0.8865, respectively, whereas the cumulative correlation coefficient for all the stages was
0.9101. The high correlation coefficients between the measured and predicted settlements
obtained for all the data sets demonstrate that the adopted model performs well. The MSE
values determined for the training, validation, and testing stages were 15.15, 9.65, and 17.44,
respectively, showing a close relationship between the measured and ANN-predicted
displacement values. The best validation performance obtained at epoch 20 (Figure 5).
Ranges of test parameters with basic statistics used for ANN modelling can be seen in Table
2.

Best Validation Performance is 9.6528 at epoch 20

— Train
Validation
Test

--- Best

Mean Squared Error (mse)
=

0 5 10 15 20 25
26 Epochs

Figure 5 - MSE vs. number of epoch for validation phase

Table 2 - Ranges of test parameters with basic statistics

Number Testin:
of & Maximum Minimum Mean STD
Parameters
datasets
741 Hexe. (m) 35 9 19.5 6.2
samples 5 @ (mm) 44 2 9 11
SPT-N >50 5 27 12
EI (kNm?/m)  3.110.000 115.000 2.510.000 534.000
R 32 0 1.60 3.1
7. TESTING CASES

Excavation sites not included in the database were used to validate the performance of the
developed ANN model. In this context, the excavations of the two metro stations were
selected as testing cases. The lateral displacements for these two stations were first predicted
by the developed ANN model and then calculated by numerical modeling using the FEM
method.
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Table 3 - Testing cases used to evaluate the ANN model.

Project Section Wall fostzllla- Soil H. H, Hemp Sumax  Shmax( (kEI .
name type tion profile (m) (m) (m) (mm) mm) mr)“
2A Multi 25 26 1 5 26

anchor
Case-I 4c ol Avaly,  Weathered g9 22 55 30 21
> claystone, 5 115000
— bored Trakya
SE pile, 65 mudstone 195 20 05 38 5
6 cm 30.5 36 5.5 9 11
Multi
anchor
2G od 16.5 19 2.5 45 27 115000
bored
pile, 65
cm
80 cm Weathered,
Case-II 6A diameter  Trakya  fractured 165 19. 3 4 15 312500
bored sandstone 5
pile
Multi
anchored
10 bored 21.5 25 4.5 44 20 115000
pile, 65
cm

In order to observe the ground profile and to determine the excavation support system, at the
project sites of case I and case II, 3 boreholes for each with the depth of 35 m and 30 m were
performed, respectively. A set of laboratory and in situ tests were performed to determine the
geotechnical parameters. Both testing cases were constructed on Istanbul greywackes, and
anchored pile walls were used as retaining systems in these projects. The plan for case I was
rectangular (length: 61.65 m, width: 35.65 m, Figure 6.a). The excavation was completed in
eight stages, and the final excavation depth varied between 19.5 and 30.5 m. Cut-and-cover
construction method was applied, and according to the geometric configuration of the
excavation, four different pile sections with different excavation depths and wall lengths were
identified. The diameter of the pile wall was the same for each section, and the installation
angle of the anchors ranged from 15° to 30°. The soil profile at the site consisted of an
artificial fill layer between 0 and 1.50 m, a sandy-clay layer between 1.50 to 3.50 m, a clayey-
sand layer between 3.50 and 6.50 m, a clayey-gravel-and-sand layer between 6.50 to 10.50 m,
and an intercalated layer (containing claystone and mudstone) between 10.5 and 32 m. The
groundwater table was measured at 8.15 m (Figure 7.a). Case II excavation was 21.72 m
long and 27.15 to 15.05 m wide (Figure 6.b), and cut-and-cover construction method was
applied here as well. In this case, the excavation was carried out in seven stages, and the final
depth of excavation varied between 16.5 and 21.5 m. Three sections with different geometric
configurations were modeled. The diameter of the piled wall varied depending on the
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Table 4 - Properties of the anchored pile walls for the excavation of testing cases I and II.

Allowable
Anchor .
Project Sy Sh I\qukaer leneth Tend EA tensile
Ol anchor cn, enaon .
name (m) (m) , & (kN/m) capacity
(VA (m) (kN)
Case-1 1.5-2.5 1.5-2.0 6-12 13-26 4x0.6" 104000 804
Case-11 2 1.75 3-8 14-28 4x0.6" 84000 603
y )
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Figure 6 - Plans of the excavations showing the placements of the inclinometers: (a) case I
and (b) case IL.
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Figure 7 - Soil profiles for the testing cases: (a) case I and (b) case II.
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geometric configuration of the section. The installation angle of the anchors ranged from 15°
to 25°. The soil profile at the site consisted of a concrete layer between 0 and 0.40 m, a fill
layer between 0.40 and 5.70 m, and a weathered and fractured sandstone layer between 5.7
and 35 m. The groundwater table was measured at 8.00 m (Figure 7.b). Table 3 summarizes
the excavation data for cases I and II, and the anchor properties for both cases are given in
Table 4. Inclinometers and ground-settlement markers were used to monitor the excavation
areas. Six inclinometers were used for case I and three for case II. Typically, the
inclinometers were denoted as “02-INCL-01,” where “02” is the number of the metro station
and “01” is the number of the inclinometer. Figure 6 shows plans with the placements of the
inclinometers marked for each test case.

8. FINITE ELEMENT MODEL

The test cases were modeled by applying the 2D plane strain finite element analysis approach
employing the PLAXIS 2D v.2018 software package. The boundaries of the finite element
models were extended beyond the zone of influence induced by the excavation, in accordance
with procedures recommended by Hsieh and Ou [7]. 15-node triangular elements were used
in the finite element mesh, and to determine the optimum size of the elements and get precise
results in a minimized time, different meshing patterns were analyzed. Since the results using
fine and very fine meshes were similar, a fine meshing pattern was used. The pile wall was
modeled using an elastic plate element, whereas the anchor was modeled as an elastic spring
element with the far end having a fixed node. The hardening soil material model, which is an
advanced model for simulating the behavior of different types of soil, was utilized. The
strength parameters were obtained from laboratory test results, and the engineering
parameters used in numerical analysis are given in Table 5. The vertical boundaries of the
models were supported by roller fixities to prevent displacements perpendicular to the
boundary, whereas the base was supported by hinges. The analyses were performed following
the in situ excavation procedures, and the construction was modeled utilizing the staged
construction sequence of the software. The soil—pile wall interaction was modeled by the
zero-thickness interface element. Along the length of the piled wall, joints were assigned to
obtain lateral displacements and displacement profile. Meshed views of the finite element
models for both cases are given in Figure 8.

Table 5 - Engineering parameters used in numerical modeling.

Case-1 Case-I1
Parameter Soil Layer Soil Layer
1 11 1 v \% 1 11 1
EEef(kPa) 10000 15000 30000 40000 75000 50000 12000 90000
Erf, (kPa) 10000 15000 30000 40000 75000 50000 12000 90000
Eref(kPa) 30000 45000 90000 120000 225000 | 150000 36000 270000
cref(kPa) 5 5 25 30 79 200 7 90
¢'(°) 26 21 30 37 39 35 26 40
Y(°) 0 0 0 7 9 5 0 10
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Table 5 - Engineering parameters used in numerical modeling. (continue)

Case-1 Case-11
Parameter Soil Layer Soil Layer

| I I 1A \% | I I

Ysat (KN/m?) 17,5 17 19 22 25 24 22 25
Yunsat (KN/m?) 17,5 17 19 22 25 24 22 25
K, 0,3 0.4 0,40 0,45 0,56 0.6 03 0.6

v 0,3 0,2 0,25 0,25 0,2 0,2 0.3 0.2

Cinit 0,5 0,5 0,5 0.5 0.5 0.5 0,5 0.5
R; 0.50 0,50 0,65 0,70 0,70 0,67 0,50 0,70

ELS': secant stiffness, EZSh: oedometer loading stiffness, EXS": unloading-reloading stiffness, c.s: effective
shear strength, ¢": effective friction angle, ¥': dilatancy angle, v, saturated unit weight, yynse: unsaturated unit
weight, K,: pressure coefficients, v: Poisson's ratio, ej,;: initial void ratio, R;: stiffness reduction factor

etormed mesh [l (2t 1rue e} Ovtormed mash [l (t e seale]
Matmum valus = 091311 m (Element 10 st Mt 17STT) Matrmm valus = 0.03085 m I emem 903 st N 13225)

Case-l - Section 2 26.03.2019 Case-ll - Section 28 26.03 2019
Case-l 48 |Istanbul Metropolitan Municipality Case-ll 32 |Istanbul Metropolitan Municipality

(a) (b)
Figure 8 - Meshed views of the finite element models: (a) case I and (b) case II.

9. RESULTS

The lateral displacements predicted by the ANN model for the two testing cases were
validated by comparison with calculated values from the FEM analysis and field
measurements.

9.1. Case I

Figure 9 shows the wall displacements predicted by the ANN model, together with those
computed by FEM analysis and measured by the inclinometers as a function of the excavation
depth during the initial, middle, and final stages of the excavation. Five inclinometers
measured lateral displacements at different sections of the excavation, and for each case, it
was seen that as the excavation proceeded, the measured displacements increased and the
wall gradually developed a bulging profile. The depths at which the maximum measured
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Figure 9 - Measured, ANN-predicted, and FEM-computed wall displacements for case 1.

displacements occurred were not consistent, and the maximum lateral displacements were
measured at different locations along the longitudinal axis. Some of the maximum
displacements appeared above the excavation stage, whereas others occurred below it. At the
initial excavation stage, in the upper parts of the wall, the displacements measured by the
inclinometers were higher than those predicted by the ANN model and obtained from the
FEM analysis. The FEM analysis gives the highest displacement values in the middle and
lower parts of the wall, whereas the ANN predictions are the lowest ones in this area. The
ANN model underestimates the wall displacements in the upper parts of the wall but shows
a better performance in the lower parts. The differences between the measured and ANN-
predicted displacements at the upper part of the wall can be attributed to the cantilevering
excavation stage effect. At the middle excavation stage, the ANN-predicted displacements
were very close to those measured by the inclinometers. Also, the displacement profiles
matched well for all the inclinometers. In the lower parts of the wall, the displacements
calculated by FEM analysis were higher than those measured by the inclinometers, which
may be due to poorly defined soil parameters that do not completely reflect in situ conditions.
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At the final excavation stage, the magnitudes of the displacements reached the highest values
among all the inclinometers. The ANN-predicted displacements were very close to those
measured by INCL-01, INCL-02, and INCL-06, whereas slight differences were observed
between the predicted values and the displacements measured using the INCL-04 and INCL-
05 instruments. However, a sudden increase in the displacement at 18 m wall depth
(measured using INCL-05 and caused by a discontinuity in the extensively fractured
greywackes) was successfully predicted by the ANN model. In general, the displacements
calculated by FEM analysis were slightly higher than the ANN-predicted and measured
values, which may be the result of a lack of reliance of the parameters used in numerical
analysis. Overall, the ANN model provides acceptable predictions of the wall displacements.
The maximum measured and predicted wall displacements and the shape of the displacement
curve match well with the results obtained using all the inclinometers.

Table 6 summarizes the maximum displacements predicted by the ANN model, computed
by FEM analysis and measured by the inclinometers. The ANN predicted displacements are
very close to those measured by INCL-02 and INCL-04, whereas minor discrepancies were
observed between the predicted values and the displacements measured using the INCL-1,
INCL-05 and INCL-06. The depths at which the maximum displacements occurred were
predicted with high accuracy. The maximum displacements calculated by FEM analysis
provide satisfactory agreement with the field measurements.

Table 6 - Summary of the displacement data for Case-1

Case-1
Method INCL-01 INCL-02 INCL-04 INCL-05 INC-06

Depth Oh max Depth Oh max Depth Oh max Depth Oh max Depth Oh max
(m) (mm) | (m) | (mm) | (m) | (mm) | (m) | (mm) | (m) | (mm)
Measured 1 15.5 12 20 15 6.5 18 14 12 18.5

ANN 17 14.5 12 20,1 18 6.6 17 11,5 13 16

FEM 16 15.2 11 20,5 16 7.5 14 13 13 19

9.2. Case I1

Figure 10 shows the wall displacements predicted by the ANN model, together with those
computed by FEM analysis and measured by the inclinometers as a function of the excavation
depth during the initial, middle, and final stages of the excavation. Three inclinometers were
used to measure the lateral displacements at three distinct sections of the excavation. At the
initial excavation stage, the measured wall deflections were slightly larger than the predicted
ones for all the inclinometers, regardless of the depth of excavation. The maximum difference
between predicted and measured displacements of about 5.5 mm was observed for INCL-01.
Except for the top parts of the wall, the displacements calculated by FEM analysis were
usually higher than both the ANN-predicted and measured ones. The differences between
FEM results and measured displacements may have been caused by the selected geotechnical
parameters that do not fully reflect the field conditions. At the middle excavation stage, the
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Figure 10 - Measured, ANN-predicted, and FEM-computed wall displacements for case II.
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ANN-predicted wall deflections were lower than the values obtained from the field
measurements for the upper parts of the wall, but very close to them for the lower parts. The
relatively low predicted displacements could be due to the cantilever excavation stage, which
sometimes causes excessive deformations. In the middle and lower parts of the wall, the
displacements calculated by FEM analysis were slightly higher than the measured and
predicted ones. At the final excavation stage, the differences between the predicted and
measured deflections were markedly lower than those observed at the initial and middle
stages. Despite the slight differences at the upper parts of the wall, the ANN-predicted
displacement profile demonstrates a striking resemblance to the measured displacement
profile at the lower parts of the wall. As in the previous excavation stages, the FEM analysis
gives higher displacements at the lower parts of the wall compared with the field
measurements and the ANN predictions. This is not the case for the upper wall parts. Overall,
the wall displacements predicted by the ANN model match well with the maximum measured
wall displacements over the entire range of excavation depths.

Table 7 summarizes the maximum displacements predicted by the ANN model, computed
by FEM analysis and measured by the inclinometers. The maximum displacements predicted
by ANN model agree well with those measured by inclinometers. The depths at which the
maximum displacement occurred were successfully predicted. Also, the maximum
displacements calculated by FEM analysis are very close to the field measurements.

Table 7 - Summary of the displacement data for Case-11

Case-11
Method INCL-01 INCL-02 INCL-03

Depth 6h max Depth 6h max Depth 5}1 max
(m) (mm) (m) (mm) (m) (mm)
Measured 3 22.9 3 15.1 10 15.5
ANN 3 21.8 1 13.5 12 13.6

FEM 8 21.4 3 15.3 11 16

10. CONCLUSIONS

We have developed an ANN model for predicting the displacements of anchored pile walls
constructed in Istanbul's greywackes. The new system was trained, validated, and tested using
the data collected from excavation projects in Istanbul, conducted by the Istanbul
Metropolitan Municipality. The excavations of two distinct metro stations were numerically
modeled by FEM, and the computed lateral displacements obtained from this analysis as well
as the results of field measurements were used to validate the performance of the ANN
prediction model.

The conclusions of our work can be summarized as follows:

1. The developed ANN model can accurately predict the magnitude as well as the
location of the maximum wall displacement of anchored pile walls at different stages
of excavation.
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Some discrepancies observed between the measured and ANN-predicted
displacements at the initial stages can be explained by cantilever stage effects.

Despite the slight differences between the ANN predictions and the results of the FEM
analysis, the performance of the ANN-based model for predicting lateral
displacements in Istanbul's greywackes was satisfactory, showing that this procedure
can serve as a complementary method to FEM analysis.

With the ANN model being trained, tested, and validated using data from previous
excavations, this method can be applied to predict anchored pile wall displacements
for future projects. Predictions based on initial stage can thus be applied to excavations
at subsequent stages.

The satisfactory performance of the developed model on Istanbul greywackes confirms
the potential of ANN in the field of geotechnical engineering. The proposed model
enables learning from previous regional excavations and can be applied to new projects
in these areas.
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ABSTRACT

Mechanically stabilized earth walls are among the most commonly used soil-retaining
structural systems in the construction industry. This study addresses the optimum design
problem of mechanically stabilized earth walls using a recently developed metaheuristic
optimization algorithm, namely adaptive dimensional search. For a cost efficient design,
different types of steel reinforcement as well as reinforced backfill soil are treated as discrete
design variables. The performance of the adaptive dimensional search algorithm is
investigated through cost optimization instances of mechanically stabilized earth walls under
realistic design criteria specified by standard design codes. The numerical results
demonstrate the efficiency and robustness of the adaptive dimensional search algorithm in
minimum cost design of mechanically stabilized earth walls and further highlight the
usefulness of design optimization in engineering practice.

Keywords: Mechanically stabilized earth walls, optimum design, adaptive dimensional
search, cost optimization, discrete variables, metaheuristics.

1. INTRODUCTION

Civil engineering projects usually require construction of soil-retaining structural systems.
In general, these structures can be classified into two main groups, namely externally and
internally stabilized systems. In-situ walls and gravity walls are typical instances of
externally stabilized walls while reinforced soils as well as in-situ reinforcements can be
categorized as internally stabilized soil-retaining systems which have been utilized since
1960 [1]. Basically, the rationale behind the use of internally stabilized systems is to enhance
the tensile behavior of soil which is obviously negligible compared to its high load bearing
capacity under compression. For instance, mechanically stabilized earth (MSE) walls are
among the most popular internally stabilized soil-retaining systems which are constructed
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through reinforcement of soil by placement of reinforcing members such as metallic strips,
geotextiles, or geogrids.

Generally, the basic components of MSE wall systems can be listed as reinforcements,
backfill soil, facing elements and connection parts [2, 3]. These soil-retaining structural
systems are mainly low-priced compared to the conventional reinforced concrete retaining
structures especially under poor foundation conditions. Although the cost of MSE walls may
vary as a function of several independent parameters, it mainly depends on the cost of its
principal components i.e. facing system, backfill material, placement, reinforcing material,
etc. According to Ref. [2], typical relative costs of main components of MSE walls are
outlined in Figure 1. Since decision making on the type of reinforcing material as well as
backfill soil has a significant effect on the final cost of MSE walls, these design parameters
are investigated in the present study using an optimization based approach.

e

/

= Erection of panels and contractor's profit (20% to 30% of total cost)

= Facing system (20% to 40% of total cost)
Reinforcing materials (15% to 30% of total cost)

= Reinforced wall fill including placement (30% to 60% of total cost)

Figure I - Typical relative costs of main components of MSE Walls

One of the challenges in engineering design optimization is to develop efficient design
optimization tools that can be used by designers to achieve cost-effective yet feasible final
designs. Similarly, for optimum design of MSE walls, it is fruitful to adopt a suitable
optimization method capable of handling the design variables as well as problem constraints
[4-5]. Stochastic optimization techniques or the so called metaheuristics have found plenty
of engineering design applications in the past decades [6-12]. The predominant
characteristics of metaheuristics can be outlined as their independency on gradient
information, capability of handling both discrete and continuous solution variables, and
global search features to locate the optimum or near optimum solutions for challenging
engineering design problems. These advantageous characteristics of stochastic search
techniques make it possible to avoid cumbersome formulations of traditional structural
optimization approaches, namely mathematical programming [13] and optimality criteria
methods [14]. The state-of-the-art reviews of metaheuristic algorithms and their practical
applications in engineering design can be found in Refs. [15, 16].
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Adaptive dimensional search (ADS) algorithm is a recently developed metaheuristic
algorithm for minimum weight design of truss structures [17]. This population based
optimization technique is working based on an evolutionary approach where at each iteration,
after generation and evaluation of candidate designs, the best design found is used to generate
a new population of candidate designs. In this algorithm, in order to adjust the explorative
and exploitative features of the technique, the search dimensionality ratio is adaptively
updated during the optimization iterations. Regarding the promising performance of the ADS
demonstrated in Ref. [17] in the present study the algorithm is revised for minimum cost
design of MSE walls under realistic design constraints. For a cost efficient design, different
types of steel reinforcement as well as reinforced backfill soil are considered as discrete
design variables. The performance of the ADS is investigated through different cost
optimization instances of MSE walls under realistic design criteria. The obtained numerical
results clearly indicate the usefulness of the ADS algorithm in minimum cost design of MSE
walls.

An outline of this paper is as follows. The second section provides the design procedure of
MSE walls under standard code considerations. The mathematical formulation of the tackled
optimization problem is stated in the third section. In the fourth section the employed
metaheuristic optimization technique is described in detail. The numerical examples of MSE
walls are investigated in the fifth section. A summary of the present study as well as some
concluding remarks are provided in the last section.

2. DESIGN OF MECHANICALLY STABILIZED EARTH WALLS

This section outlines the main steps for design of MSE walls as recommended in Refs. [2-3]
and AASHTO (2010) [18] specifications. Generally, in order to design the MSE walls, two
main stability analyses, namely external and internal stability evaluations are to be
performed. The external stability analyses include the checks against sliding on the base,
overturning about the toe, bearing capacity of the foundation soil, settlements of the structure,
and overall stability failure. In addition to external stability checks commonly used in design
of retaining walls, internal stability analyses, including the check against rupture and pullout
of the reinforcements within the reinforced backfill zone, must be accomplished as well.

2.1. External Stability Analyses

In order to evaluate the external stability of MSE walls, sliding, limiting eccentricity
(overturning), bearing capacity, and settlement checks are carried out according to AASHTO
(2010) [18] design specifications. With respect to the acting forces on the MSE walls (Figures
2 and 3) the nominal and factored resisting and sliding forces are determined along the base
of the wall in order to assess the MSE wall for sliding.

Here, the vertical traffic load or live load surcharge is not included in the external forces due
to the stabilizing effect. According to Refs. [1, 2, 18] the earth pressure from retained backfill
F; and live load surcharge F, for MSE wall with level backfill and traffic load (Figure 2),
are determined using Egs. (1-2). Furthermore, the earth pressure from retained backfill Fy
for MSE wall with sloping backfill (Figure 3) is calculated through Eq. (3) as follows.
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Figure 2 - External stability analysis: nominal earth pressures for MSE walls with level
backfill and traffic load

FT
< Reinforced backfill

g

! L

-]

h/3

Figure 3 - External stability analysis: earth pressure for MSE walls with sloping backfill
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where, ¥, and g are moist unit weight of the retained backfill soil and the uniform live load
surcharge, respectively. H is the height of the retaining wall and h is defined as the summation
of the total height of the wall, H, and the slope at back of the reinforced zone. K,;,is the active
earth pressure coefficient for the retained backfill calculated according to Egs. (4-5).

sin?(0+9'p)

Kab = Sz @ysinco—a) v
_ sin(@'p+8)sin(@’ p—B)~ 2
r=@a +\/ sin(6—48)sin(8+p) ) ®

where 5, 6 and 6 are nominal slope of backfill behind the wall, angle of friction between
retained backfill and reinforced soil, and inclination of the wall, respectively. Here, @'}, is the
effective friction angle of retained backfill in degrees. In the present study, the factored
horizontal driving forces for MSE walls are computed according to Eqs. (6).

Py = yeuF1 v F, (6)

In this equation P; denotes the factored horizontal driving force for MSE wall with level
backfill and uniform live load, where ygy and y;, are the load factors for different load
combinations presented in Table 1. In case of MSE walls with sloping backfill P; will be
determined as follows.

Py = VeuFu (7
Fy = Frcosp (®)

where Fy is the horizontal component of earth pressure from retained backfill, Fr. After
calculation of driving forces, nominal (R,) and factored resistance (Rz = @,.R,) against
sliding are calculated. Generally, resistance factors (@) depend on the wall type, stability
mode, material type and loading conditions. In this study the corresponding resistance factors
for bearing resistance and sliding are set to 0.65 and 1.00, respectively AASHTO (2010) [18].

Table I - Summary of load factors used for design [3]

Load combination Ysv VEH YiL
Strength I (max) 1.35 1.50 1.75
Strength I (min) 1.00 0.90 1.75
Service | 1.00 1.00 1.00

Furthermore, the factored resistance for MSE walls with sloping backfill is calculated using
Eq. 9).

R ={yveyv (Vi + Vo) + vgu Frsinf}u ©)
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In Egs. (9), u is the tangent of the minimum friction angle, 8 is the inclination of the sloping
backfill. Here, V; and V, are the vertical loads at the base of the MSE wall due to the
reinforced soil zone and sloping backfill, respectively (Figure 3). In case of MSE walls with
level backfill and uniform live load surcharge, Rr is computed using the following equation.

Ry = vev V1 1t (10)

Regarding the factored loads and resistance forces, the capacity demand ratio (CDR) for
sliding is then determined based on the ratio of the factored resistance forces to the computed
factored loads. It is apparent that the factored resistances must be greater than the factored
loads i.e. CDR>1.

The eccentricity limit criterion is another external stability check that must be considered.
Here, the eccentricity of the MSE walls is calculated by dividing the net moment, which is
the difference between the driving and resisting moments with respect to the toe of the wall,
by the vertical load. With respect to the type of foundation, two different eccentricity criteria
are considered in the present study for soil and rock foundations. Accordingly, the maximum
eccentricity (e,,4,) 18 limited to 1/4 and 3/8 of the base width for soil and rock foundations,
respectively [18].

Another external stability check is to investigate the bearing capacity of foundation soil.
Bearing capacity evaluations are carried out for strength as well as service limit states. Here,
for strength limit state calculations, factored loads and resistances are considered, whereas in
case of service limit state calculations nominal forces and capacities are taken into account.
The vertical stress (0,,) due to the presence of the MSE wall is determined as follows (Eq.
11).

0= (11)

T L-2ep

In this equation, XV is the sum of factored vertical forces, L is the width of foundation, and
ep is eccentricity for bearing calculation. The bearing pressure at the base of the wall
computed using the factored loads are compared to the factored bearing resistance (qg)
(Eq.12).

qr = 9qn (12)

where, @ is the resistance factor, and g, is the nominal bearing resistance of the soil/rock
foundation. The capacity demand ratio (CDR) for bearing capacity is then calculated based
on the factored bearing resistance (gy) and factored bearing stress (a,,).

In this study, settlement analyses are also carried out and the results obtained are compared
to the allowable limits. Although conventional settlement analyses can be performed, the
settlement is evaluated at Service I limit state [2, 3]. For bearing capacity calculations based
on Service I limit state, the bearing stress at the bottom of the wall is limited to the nominal
bearing capacity of the soil. More specifically, through checking this criterion the settlement
under the footing is limited to 2.54 cm.
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2.2. Internal Stability Analyses

In case of internal stability analyses, two failure modes, namely breakage and pull out of the
reinforcement due to the tensile forces should be checked. For internal stability assessments,
the reinforced zone is divided into active and resistant zones based on a failure surface. In
the present study, inextensible metal strips are used to reinforce the MSE walls, and the
potential failure surface for walls with inextensible inclusions are depicted in Figure 4 based
on Ref. [18].

X Sloping backfill
I3

La Le |

)
Active zone | Resistant zone Retained

backfill

Reinforced
backfill

I [
I 1

Soil or rock foundation

Figure 4 - Internal stability analysis. potential failure surface for walls with inextensible
reinforcements.

The lateral pressure that is used to determine the maximum tension developed is determined
using the simplified method [2, 18]. As presented in Figure 5 the lateral stress ratio K,./K,
varies with depth. The active earth pressure coefficient, K, and the horizontal stresses, oy,
at each reinforcement layer within the reinforced soil zone for a vertical MSE wall is
determined using the Rankine equation (Egs.13-14).

K, = tan®(45 — 21 (13)

oy = Kr(av) + AUH (14)

where, @', is the internal friction angle of the reinforced fill, K, is the coefficient of lateral
earth pressure in the reinforced soil zone, oy, is the factored vertical pressure at the depth of
interest, and Aoy, is the supplemental factored horizontal stress due to external surcharges.
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Depth below top of wall, Z

v

Figure 5 - Variation of the coefficient of lateral stress ratio K, /K with depth for MSE
walls with ribbed steel strips [18].

The maximum tension (T;,,,,) in each reinforcement layer is determined by multiplying the
tributary area by horizontal stress. The factored reinforcement tensile and pullout resistances
are then compared with T, to finalize the reinforcement pattern. In the present work,
galvanized ribbed steel strips are used as reinforcement and their resistances are calculated
based on 75 years of design life. Regarding the recommendations of AASHTO (2010) [18],
the steel corrosion rates for the first two years are taken as 15 pm/year and thereafter 4
pm/year per side. The nominal tensile resistance (7;.) is also calculated based on the cross-
sectional area at the end of the service life and yield strength of the utilized steel. The tensile
resistance factor is taken as 0.75 [18] and the factored resistance (T}, is calculated by
multiplying the nominal resistance by this factor.

In the course of assessment for internal stability, the pullout failure check is also
accomplished. The nominal pullout resistance (B.) is determined based on the reinforcement
type, vertical stress acting on the reinforcement, and the factor F* (Figure 6). The factored
resistance (B..) is computed as follows [18].

P, = aF*(2b)(Lo) (Gpsoi )Viv (13)
P, = 0P, (9

In Egs (15-16), ©=0.90 is the resistance factor for soil reinforcement pullout, « is the scale
correction factor (set to 1 for inextensible reinforcements), F* is pullout resistance factor
calculated in any depth within the reinforced backfill (see Figure 5), b and L, are the width
and length of the reinforcement in the resisting zone, respectively. Here, 0,,_5,;; is the soil
load of the reinforced mass. Based on the maximum tension in each reinforcement, T,,,,,, the
factored tensile resistance, T, and the factored pullout resistance B, the number of strip
reinforcements are calculated and the reinforcement pattern is determined. Generally,
availability of different types of metal reinforcements as well as reinforced backfill soils
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arises the need for decision making on the best solution among the numerous candidate
designs for a MSE wall. Hence, to obtain a cost-effective design employing an optimization
technique seems to be fruitful.

1.2+logCu <2

F*

Depth below top of wall, Z

F* = tan ¢r

v

Figure 6 - F* parameter for MSE walls with ribbed steel strips [18].

3. OPTIMIZATION PROBLEM FORMULATION

Optimum design of structural systems entails decision making on the best values of the
involved design variables. Meanwhile, the final design must satisfy the design constraints
stipulated by a standard code of practice. Mathematically, the minimum cost design of a MSE
wall considering the cost of steel strip reinforcements as well as the reinforced backfill soil
can be stated as follows:

Find X" =[x,X,....%,,] (17)

such that X, including nv design variables, minimizes the following cost objective function,
C(X):

C(X) = Vsoileo[l + theelcsteel (18)

where Vy,;; is the total volume of the backfill soil, Cg,;; is the cost per unit volume of the
backfill soil, Wy, is the total weight of the steel reinforcements, and Cg;e; is the cost per
unit weight of the reinforcements. Here, the minimum cost design of MSE walls is subjected
to the design constraints described in the previous section. It follows that, an optimization
algorithm capable of handling the aforementioned constraints is adopted for an efficient
search in the solution space.
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4. ADAPTIVE DIMENSIONAL SEARCH ALGORITHM

Adaptive dimensional search was first presented in Ref. [17] for design optimization of truss
structures. This population based optimization technique is working based on an evolutionary
approach where at each iteration, after evaluation of the generated candidate designs, the best
design found is used to generate a new population of candidate designs. The robustness of
the adaptive dimensional search algorithm lies in the idea of updating the search
dimensionality ratio (SDR) parameter dynamically during the optimization process to
achieve a satisfactory balance between the exploration and exploitation features of the
technique. In general, SDR can be defined as the percentage of the design variables that are
perturbed probabilistically while generating a candidate solution from the current best design
as follows:

SDR =% (19)

m

where N, is the number of design variables perturbed for generating a new candidate design
and N,, is the total number of design variables. If SDR is different for each candidate design,
the average search dimensionality ratio for a population, (SDR) 4, can be determined using
the mean of SDR values of all the candidate designs, (Eq. 20).

N

> (SDR);
(SDR),,, = FIT (20)

ave —
pop

In Eq. (20), (SDR); is search dimensionality ratio for the solution j and Ny, is the size of
population. The general outline of the ADS algorithm is elaborated in the following steps.

Step 1. Initial population: Generate an initial population by randomly spreading candidate
solutions over the search space in a uniform manner.

Step 2. Evaluation: Evaluate the corresponding objective function value of each candidate
solution. The corresponding objective function values of the feasible solutions are computed
using Eq. (18). However, infeasible designs that violate the constraints of the optimization
problem are penalized, and their objective function values are determined based on Eq. (21).

C,(X)= cm{l ¥ p[z gﬂ @0

In Eq. (21), C(X) is the cost objective function defined in Eq. (20), C,(X) is the penalized
objective function, g; is the i-th problem constraint violation and p is the penalty constant
employed for constraint handling.

Step 3. Adapting search dimensionality ratio: Determine the value of (SDR),y,., for
perturbation of candidate designs in the next step, with respect to the success of the ADS in
improving the current best solution as follows.
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(SDR)s2

1 if the best solution is improved (22)
(SDR);" =

A(SDR)\™) if the best solution is not improved

Considering Eq. (22) if the best candidate solution found so far is improved in the current
iteration, (it), then the value of (SDR) .. is increased for the next iteration, (it+1), through
dividing its value by an adaptation factor, A (taken as 0.98 in this study), otherwise (SDR) zpe
is decreased through multiplying its value by A. The high values of SDR yield a more
explorative search strategy by enabling moves in the search space through the change of
many design variables at a time, resulting in large, yet relatively unfettered step sizes.
Meanwhile, the low values of SDR lead to a more explorative search by facilitating small,
yet more conservative moves in the design space. The rationale behind Eq. (22) is to promote
a more explorative search, if any of the moves in the previous iteration leads to an improved
solution. This way the search dimension is increased and the algorithm is encouraged to
discover new solutions in an extended region of the search space. On the other hand, if the
previous iteration leads to no improvement, diverse search is somewhat limited, and the
algorithm is biased towards sampling by small and judicious moves around the current
design. This way the SDR parameter is updated at each iteration to benefit from a more
explorative or exploitative search alternately for the most efficient optimization process. In
the present study the initial value of the (SDR) e is set to 0.25, and the upper and lower

bounds on the values of (SDR) 4., are set to 0.5 and NL, respectively, where N, is the number
of solution variables.
Step 4. Generation phase: Generate new candidate solutions based on the selected SDR in

the previous step. Here, Eq. (23) is used at each iteration to produce new solutions around
the current best solution.

Xinew — X‘( + round |:N(0)1)i(\/(Ximax _Ximin) _(\/(X:nax _Ximin) -1 it Ji| (23)

max_ it

where X{ is the value of i-th discrete design variable in the best candidate solution, and X"
and X/"** are its lower and upper bounds, respectively. N(0,1); is a random number
generated according to a standard normal distribution with mean (p) zero and standard
deviation (o) equal to one, it is the iteration number, and max_if is the maximum number of
iterations. It is obvious that in the generation phase, in order to take the value of SDR into
account, only some of the solution variables are selected and changed through Eq. (23).

Step 5. Elitism: Keep the current best solution in a separate place or as a member of the
population.

Step 6. Termination: Go to Step 2 until a termination criterion is satisfied. In this study, a
maximum number of iterations is considered as the termination criterion for the optimization
process. It is worthwhile to note that, to further improve the performance of the ADS,
different stagnation control strategies have been proposed in Ref. [17]. Here, the
aforementioned steps are followed for implementation of the algorithm.
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5. NUMERICAL EXAMPLES

This section covers the numerical experiments performed using practical examples of MSE
walls under different cases. In the first design example a MSE wall with sloping backfill is
optimally designed under the aforementioned design constraints. In the second example, a
MSE wall with level backfill is optimally designed under traffic load. Each test instance is
tackled in two different cases where in the first case (case-a) the MSE wall rests on a soil
foundation, whereas in the second case (case-b) the wall is assumed to be on a rock
foundation.

For design optimization, the ADS algorithm is executed using a population size of 25
individuals over 200 iterations. It is apparent that due to the stochastic nature of the
optimization algorithm it is expected to obtain different solutions from independent runs of
the algorithm. In this study, for each test instance the ADS optimization algorithm is
independently executed 100 times, and the best solution obtained is reported as the minimum
cost design. Here, a discrete optimization is performed where the algorithm selects the type
of ribbed steel strip and reinforced backfill soil form the available lists provided in Tables 2
and 3. For all the investigated examples the coefficient of uniformity of the reinforced
backfill soil is assumed to be C,=7. For practical requirements, the optimal spacing and
length of the strips are selected from multiplies of 0.02 m. For all the investigated MSE walls
a panel width of W,=1.5 m is chosen for the precast facing elements.

5.1. Example 1: MSE Wall with Sloping Backfill

The 9.14 m high vertical MSE wall shown in Figure 7 is considered as the first design
instance. The exposed height of the structure above the finished grade (H,) and its
embedment depth (d) are 8.61 m and 0.53 m, respectively. In this example, the ground surface
slopes behind the wall with an angle of f=26.56°. For reinforcing the wall, ribbed steel strips
as inextensible reinforcements are used in this example. Generally, in case of metallic
inclusions, corrosion resistance is an important parameter affecting the life of the structure.
Here, expecting a service life of 75 years for the MSE wall, galvanized ribbed steel strips
with zinc coating of 86um are utilized. As suggested in Ref. [2], the lower bound on the
length of steel strips is set to 0.8 H where H is the total height of the MSE wall. The material
properties and costs of the available ribbed steel strips are presented in Table 2.

Table 2 - Material properties and costs of the available ribbed steel strips

Stri . . b t Cost
typg Designation (mm) (mm) (ler]l;a) (tonp/m3) ($/kg)
1 ST-1 40 4 448.16 7.92 1.95
2 ST-2 40 4 509.87 8.12 2.00
3 ST-3 40 5 448.16 7.92 1.90
4 ST-4 40 5 509.87 8.12 2.00
5 ST-5 45 4 448.16 7.92 1.90
6 ST-6 45 4 509.87 8.12 2.10
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Table 2 - Material properties and costs of the available ribbed steel strips (continue)

Stri . . b t Cost

typg Designation | ) (mm) (1\/}1%3) (ton7m3) ($/kg)
7 ST-7 45 5 44316 | 792 1.95
8 ST-8 45 5 50987 | 8.12 2.05
9 ST-9 50 4 44816 | 7.9 1.90
10 ST-10 50 4 50987 | 8.12 2.00
T ST-11 50 5 44316 | 792 1.95
12 ST-12 50 5 50987 | 8.12 2.00
13 ST-13 55 4 50987 | 8.12 2.05
14 ST-14 55 5 50987 | 8.12 2.05
15 ST-15 60 4 50987 | 792 2.10
16 ST-16 60 5 50987 | 8.12 2.10

It is generally known that in the MSE walls the performance of reinforcement mainly depends
on the friction characteristics of the fill. It follows that the reinforced fill is preferred to be a
well-graded soil due to its favorable strength, drainage, placement, and compaction
properties. Here, the properties and costs of available soils to be used in the reinforced zone
are presented in Table 3. It is worthwhile to note that shear strength parameters of the retained
backfill -the fill material located behind the mechanically stabilized soil zone- are also
important in the design stage to determine the coefficients of earth pressure. In this test
example, friction angle and unit weight of the retained filled are taken as @,=30° and y,;=
19.64 kN/m?, respectively.

|
Sloping backfill
|

= g Reinforced backfill Retained
i

f_’]' o% £ backfill
o T
I o |0
as) TS

I

o —— Metal strip

|
I L
=

Soil or rock foundation

Figure 7 - MSE wall system of test example 1.
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Table 3 - Properties and costs of the available reinforced backfill soils

. Yr

llj:clﬁglﬁ;ie Designation b (KN/m?) (;ﬁg)
1 RB-1 34° 18.06 17.5
2 RB-2 36° 18.22 17.5
3 RB-3 38° 18.54 18.0
4 RB-4 40° 19.48 18.5
5 RB-5 42° 19.95 19.5

This test problem is solved in two different cases where in the first case (case-a) the MSE
wall rests on a soil foundation, whereas in the second case (case-b) the wall is assumed to be
located on a rock foundation. In case-a the foundation soil has a friction angle of @ =30°,
and a unit weight of y;4=19.64 kN/m’. The factored bearing resistance of the foundation soil
is assumed to be 359 kPa and 502 kPa for service and strength limit considerations,
respectively.

Minimum cost design of the MSE wall with sloping backfill is performed using the ADS
algorithm and the results obtained for case-a are summarized in Table 4. As presented in the
table the ADS algorithm finds a promising final design with a cost of $ 418539.25 in case-a.
In the optimum solution obtained, RB-2 is selected as the reinforced backfill soil type, and
ST-2, with a length of L=7.32 m and a vertical spacing of S,= 0.88 m, is adopted as the steel
reinforcement for the investigated MSE wall. As given in Table 4 the horizontal spacing of
strips (Sy,) may vary for different strip layers.

320000

315000

310000

305000

300000

295000

Cost objective function ($)

290000

285000

280000

0 25 50 75 100 125 150 175 200

[teration

Figure 8 - Cost optimization history of test example 1-case (b)
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As already noted, in case-b the foundation is selected as rock. Base on this assumption, the
internal friction angle and allowable bearing pressure of the rock foundation are taken as 45°
and 10 MPa, respectively. It should be noted that in case-b the lower bound on the length of
steel strips is set to 0.4H where H is the total height of the MSE wall [2]. The numerical
results of optimization in case-b for the MSE wall with sloping backfill are tabulated in Table
5. In this case a minimum cost of $ 280219.13 is obtained for the final design. For the
optimum solution the ADS finds RB-4 as the reinforced backfill soil type, and ST-9, with a
length of L=4.60 m and a vertical spacing of S,= 0.85 m, as the steel reinforcement of the
wall. The average cost optimization history of 100 independent runs of the ADS are plotted
in Figure 8. The comparison of final results obtained in two different cases indicates a
reduction of 33% in the cost of the MSE wall in case-b compared to case-a.

5.2. Example 2: MSE Wall with Level Backfill And Traffic Load

Minimum cost design of the MSE wall depicted in Figure 9, with level backfill and traffic
load, is considered as the second test example. Here, similar to the previous test example in
case-a the foundation soil has a friction angle of @ =30°, and a unit weight of y;;=19.64
kN/m?. The factored bearing resistance of the foundation soil is also assumed to be 359 kPa
and 502 kPa for service and strength limit considerations, respectively. In this case, the lower
bound on the length of steel strips is set to 0.7H where H is the total height of the MSE wall

[2].

Live load surcharge
(Traffic load)

£ =) Reinforced backfill Retained
—
3 2le backfill
S | on
1] o | N
jas) T | o
I
o —— Metal strip

i .
e

Soil or rock foundation

Figure 9 - MSE wall system of test example 2

Cost optimization of the MSE wall with level backfill and traffic load is carried out using the
ADS algorithm and the numerical results for case-a are tabulated in Table 6. As shown in
this table the algorithm locates a cost-effective design with a cost of $ 323727.76 in case-a.
In the obtained optimum design, RB-2 is adopted as the reinforced backfill soil type, and ST-
9, with a length of L=6.40 m and a vertical spacing of S,,= 0.84 m, is selected as the steel
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reinforcement for the investigated MSE wall. As shown in Table 6 the horizontal spacing of
strips (Sp,) may vary for different strip layers. Figure 10 shows the average cost optimization
history of the ADS algorithm in case-a.
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Figure 10 - Cost optimization history of test example 2-case (a)
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Figure 11 - Cost optimization history of test example 2-case (b)
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As mentioned before, in case-b the foundation is selected as rock. Accordingly, the internal
friction angle and allowable bearing pressure of the rock foundation are taken as 45° and 209
10 MPa, respectively. In this case the lower bound on the length of steel strips is set to 0.4H
where H is the total height of the MSE wall [2].

The cost optimization results of case-b for the MSE wall with level backfill and traffic load
are presented in Table 7. As can be seen from the table, in this case a minimum cost of $
266275.54 is obtained for the final design. For the optimum solution, the ADS finds RB-4 as
the reinforced backfill soil type, and ST-5, with a length of Z=4.83 m and a vertical spacing
of S,= 0.84 m, as the steel reinforcement of the wall. The average cost optimization history
of the ADS algorithm in case-b is plotted in Figure 11. It is worth mentioning that the
comparison of final results obtained in two different cases shows a reduction of 18% in the
cost of the investigated MSE wall in case-b compared to case-a.

6. CONCLUSIONS

In the present study, cost efficient design optimization of mechanically stabilized earth walls
is performed using a recently proposed metaheuristic algorithm, namely adaptive
dimensional search. For a minimum cost design, different types of steel reinforcement as well
as reinforced backfill soil are considered as discrete solution variables. The performance of
the adaptive dimensional search algorithm is evaluated through design examples of
mechanically stabilized earth walls under realistic design criteria stipulated by standard
design codes. The obtained numerical results indicate that the ADS algorithm can be
efficiently employed for cost optimization of mechanically stabilized earth walls in real world
applications. Furthermore, comparison of the final designs obtained in different test cases
reveal that improving the foundation properties may be considered as an alternative way to
further reduce the total cost of the mechanically stabilized earth walls in practical
applications.
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