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Abstract
The New Zealand wine industry contributes more than NZ$1.7 billion per year to the national economy,
with the average annual growth in New Zealand wine exports over the last two decades being 17%. The
2013 Seddon earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw 6.6), and the 2016
Kaikōura earthquake (Mw 7.8) in New Zealand caused substantial financial losses to the Marlborough
region wine industry, with wine storage tanks sustained the largest damage. The principal objective of
research reported herein was to do a comprehensive investigation on seismic resilience of wine storage
tanks.
The first stage of this study was to collect comprehensive earthquake-related damage data for wine
storage tanks. Using post-earthquake damage assessment data collected from the recent earthquakes in
New Zealand, the largest damage database to ever be reported for flat-based and legged wine storage
tanks was introduced and analysed. Analysis of earthquake-related damage data allowed for extensive
parametric comparison of the seismic performance of wine storage tanks. As part of analysis of
earthquake-related damage data for wine storage tanks, an extensive in-field earthquake damage
database related to catwalks was also reported. Key learnings from earthquake damage data for wine
storage tanks were further provided in the current research, with the extensive technical observations
providing a basis to guide the future technical design standards for wine storage tanks. Furthermore,
remedial options recommended by the structural engineers for wine storage tanks with earthquakerelated damage was investigated.
In the second stage of research presented herein, fragility curves were developed utilising the collected
damage data for flat-based and legged wine tanks in this research. Damage states for these wine tanks
were developed in accordance with the repair that was recommended by the structural engineers at the
time of post-earthquake damage assessment of the affected wineries and the repair costs for wine tanks.
A parametric study was also conducted, considering fragility curves for tanks with different capacities
and different percentage of wine contents.
Lastly, an experimental investigation of the dynamic behaviour of anchored flat-based wine storage
tanks in a winery located in Marlborough was conducted. Six wine storage tanks with different
capacities and anchorage systems were instrumented with accelerometers for approximately six weeks
following the 2016 Kaikōura earthquake, providing an opportunity to report a parametric study on the
dynamic response of wine storage tanks when subjected to 37 aftershock earthquakes. Finally the
measured dynamic responses obtained from instrumentation of two of the largest sized wine tanks using
accelerometer devices are compared with the forecast response obtained from FE modelling.
i
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Introduction
1.1 Research motivation
The New Zealand wine industry contributes more than NZ$1.7 billion per year to the national economy.
The average annual growth in New Zealand wine exports over the last two decades was 17% [1], making
it one of the fastest-growing industries in New Zealand. Over two-thirds of all New Zealand wine
production is under the care of Marlborough wine producers [2], with Marlborough being a region
located at the north-eastern tip of the South Island.
Winery facilities typically consist of four important infrastructure elements including buildings, storage
tanks, catwalks and barrel racking systems. Wine storage tanks form a significant element of winery
facilities and mostly consist of 2-6 mm thick stainless-steel sealed cylindrical tanks, with height to
radius aspect ratios (H/R) between 3 to 5 [3]. Wine tanks are typically categorised into two different
types according to their ground supporting condition: (i) plinth mounted or flat-based tanks and (ii)
legged tanks. Flat-based wine tanks typically have higher storage capacity compared with the legged
wine tanks. Flat-based wine tanks are typically anchored to the concrete slab through different
anchorage types, while the legged tanks can be anchored or un-anchored to the concrete slab and
typically are relocatable within the winery. Wine tanks are typically composed of different parts,
including anchorage system, skirt, barrel, cone, and turret. Catwalks are another type of infrastructure
in wineries and are lightweight steel structures used to provide access to the upper portions of tanks.
Catwalks are categorised into two different types: (i) tank-supported catwalks and (ii) self-supported
catwalks. There are two frequent types of racking system for storage of wine barrels: (i) the older
racking system consisting of welded steel racks; (ii) newer generation of racking system [4]. Racking
systems are also lightweight steel structures, unanchored and gravity supported.
During the 2013 Seddon (Cook Strait) earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw
6.6) and the 2016 Kaikōura earthquake (Mw 7.8) widespread damage was observed to the cylindrical
steel wine tanks (see [4], [5], [6]). It was initially estimated by the New Zealand Wine institute that
approximately 20% of tank capacity in Marlborough was impaired to some extent following the 2016
Kaikōura earthquake. It was estimated that there were at least 1,000 tanks that sustained some level of
damage following the 2016 Kaikōura earthquake [7]. Damage to wine storage tanks was not limited to
New Zealand, with observation showing that extensive damage to the wine tanks was observed during
the aftermath of the May 2012 earthquake in Italy (Emilia, Italy, Mw 6.1). Seismic events such as 2014
Napa Valley [8], 2012 Emilia [9] and the 2010 Maule (Chile) [10] earthquakes have all caused damage
similar to those observed during the earthquakes in New Zealand.
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Substantial damage to wine storage tanks in 2016 Kaikōura earthquake motivated the commencement
of this research, with an aim to develop a comprehensive study on seismic performance of wine storage
tanks. During the research, it was established that catwalks impact the performance of wine storage
tanks, and thus earthquake performance of these structures were also investigated.

1.2 Background on codes, guidelines, and recommendations for seismic
design of liquid storage tanks
Within this thesis, a few codes and guidelines that have been widely used globally for seismic design
and dynamic analysis of liquid storage tanks are referred and so this section provides a summary
background on these codes and guidelines.
The API 650 [11] code was published by the American Petroleum Institute and documents the minimum
requirements for material, design, fabrication, erection, and testing for ground-supported steel
petroleum tanks. API 650 has been available for several decades and is used internationally for tanks
that are designed to sustain internal pressures and store products such as crude oil, gasoline, chemicals
and water. Appendix E of the document provides the minimum requirement for the seismic design in
the USA, linking the required design seismic loads to ASCE 7 [12]. Appendix E also provides the
methodology to determine the seismic design loads for the regions outside of the USA [11].
NZSEE [13] is the current guideline and recommendation for the seismic design of circular and
rectangular liquid storage tanks in New Zealand. The NZSEE document provides procedures for seismic
analysis of storage tanks and determining the expected seismic design actions. The first edition of
NZSEE for the seismic design of liquid storage tanks was published in 1986 [14] and the document was
updated in 2009 by the NZSEE study group to allow the determination of seismic design loadings
compatible with NZS 1170.5 [15]. The 2009 version of the NZSEE guideline is titled “seismic design
of storage tanks” and can be interfaced with other international design codes for storage tanks [13].
Part 4 of Eurocode 8 [16] published in 2006 and prescribes the principles and application rules for the
seismic design of facilities composed of ground-supported and buried pipeline systems, and circular
and rectangular liquid storage tanks. Part 4 of Eurocode 8 utilise the methodology introduced in the
1986 version of the NZSEE guideline for the design of rectangular tanks and horizontal cylindrical
liquid storage tanks. The methodology used in part 4 of Eurocode 8 for the design of vertical cylindrical
liquid storage tanks is similar to the 2009 version of the NZSEE guideline [13].
Due to the importance of safe designs for liquid storage tanks, several research works have been
conducted to compare the codes and guidelines for seismic design of liquid storage tanks (see [17], [18],
[19]). For example, Ormeño et al. [18] compared the forecast seismic response of unanchored
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cylindrical steel storage tanks obtained from NZSEE guideline and API 650 code, with comparisons
indicating that the requirement of anchorage and uplift attained from documents are different.

1.3 Objectives
The objective of the research presented herein are:

•

Enhance the awareness of seismic resilience of the New Zealand wine industry, particularly in
the Marlborough region

•

Identification of in-field post-earthquake performance of wine storage tanks and catwalks

•

Report detailed statistic of earthquake-related damage data for flat-based and legged wine
storage tanks from 2013 and 2016 earthquakes in New Zealand

•

Investigation of remedial options recommended by structural engineers for wine storage tanks

•

Analysis and comparison of damage data following the 2013 earthquakes and the 2016
earthquake in New Zealand

•

Damage assessment of catwalks and key learnings from the earthquake damage observations

•

Development of seismic fragility curves for the flat-based and legged wine storage tanks

•

Dynamic analysis of wine storage tanks using experimental and numerical modelling

1.4 Thesis structure and chapter content
This doctoral thesis is organised as “thesis by publication”. A consolidation of doctoral research related
manuscripts that at the time of doctoral thesis submission have been either published, or submitted to
internationally recognised structural engineering Journals are each included as a chapter in this thesis.
Except for chapter one which is the introduction each chapter has been named as the published or
submitted manuscript.
It should be noted that two damage data sets from two different consulting engineering companies was
attained. Each damage dataset had a different outlook towards reporting damage data because the data
was collected for different scopes and from different wineries. Damage data set 1 was mainly reporting
the performance of anchorage system of wine storage tanks. Chapter three, four and five reports damage
data set 2. As a result of multiple manuscripts there is unavoidable repetition of some of the presented
material. Following the introduction, this doctoral thesis is organised into the following main chapters:
Chapter two begins with the presentation of damage observation and remedial options from collected
damage data set 1. In chapter 2 damage observations and remedial options for approximately 1500
legged and flat-based liquid storage tanks following the 2016 Kaikōura earthquake are presented. This
chapter provided technical output regarding performance of different anchorage systems and typical
remedial solutions recommended for a wide range of wine storage tanks.
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Included publication:
M. Yazdanian, J. M. Ingham, W. Lomax, R. Wood, and D. Dizhur, “Damage observations and remedial
options for approximately 1500 legged and flat-based liquid storage tanks following the 2016 Kaikōura
earthquake,” Structures, vol. 24, no. April 2020, pp. 357–376, 2020
https://doi.org/10.1016/j.istruc.2020.01.024
Chapter three presents the largest earthquake damage database to the flat-based wine storage tanks.
In-field post-earthquake damage assessment of wineries was conducted following the 2013 Seddon
earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw 6.6), and the 2016 Kaikōura earthquake
(Mw 7.8) in New Zealand. These assessments provided an opportunity to assemble the largest database
ever collected on the earthquake performance of wine storage tanks. Observations documented and
discussed herein highlight detailed statistics regarding the earthquake performance of 546 flat-based
wine storage tanks from the 2013 earthquakes and of 802 flat-based wine storage tanks from the 2016
earthquake. The seismic performance of wine tanks was also compared following the 2013 earthquakes
and the 2016 earthquake.
Included publication:
M. Yazdanian, J. M. Ingham, C. Kahanek, and D. Dizhur, “Damage to flat-based wine storage tanks in
the 2013 and 2016 New Zealand earthquakes,” Journal of Constructional Steel Research, vol. 168, no.
105983, 2020,
https://doi.org/10.1016/j.jcsr.2020.105983
Relevant publication:
M. Yazdanian, J. M. Ingham, D. Dizhur, and C. Kahanek, “A conspectus of wine storage tank damage
data following the 2013 and 2016 New Zealand earthquakes,” 2019 Pacific Conference Earthquake
Engineering, Auckland, New Zealand, 4-6 April., 2019.
Chapter four presents the damage data to legged wine storage tanks following the Seddon earthquake
(New Zealand, Mw 6.5) on 21 July 2013 and the Lake Grassmere earthquake (New Zealand, Mw 6.6)
on 26 August 2013, and the 2016 Kaikōura earthquake (New Zealand, Mw 7.8). The data covers the
damage assessment results of 1512 legged wine storage tanks from the 2013 earthquakes and of 599
legged wine storage tanks from the 2016 earthquake. Several parameters were investigated, including
tank capacity, liquid level at the time of the earthquakes, and damage to different elements of legged
wine tanks. Also, seismic performance of legged tanks with braced legs was compared with those legged
tanks with no braced legs.
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Included publication:
M. Yazdanian, J. M. Ingham, C. Kahanek, and D. Dizhur, “Damage to legged wine storage tanks during
the 2013 and 2016 New Zealand earthquakes,” Journal of Constructional Steel Research, vol. 172, p.
106226, 2020.
https://doi.org/10.1016/j.jcsr.2020.106226
Relevant publication:
M. Yazdanian, J. M. Ingham, D. Dizhur, and C. Kahanek, “A conspectus of wine storage tank damage
data following the 2013 and 2016 New Zealand earthquakes,” 2019 Pacific Conference Earthquake
Engineering, Auckland, New Zealand, 4-6 April., 2019.
Chapter five presents an analysis of earthquake damage data related to catwalks for tanks and key
recommendations related to catwalks for the wine industry. This presented chapter is the most extensive
in-field earthquake damage database related to catwalks that has ever been reported. Also key learnings
from earthquake damage data are further provided in the current research, where the extensive technical
observations will provide a basis to guide the future technical design standards. It is envisaged that the
presented technical information will assist the wine industry with making informed decisions when
selecting the type and design approaches for catwalks.
Included publication:
M. Yazdanian, J. Ingham, C. Kahanek, and D. Dizhur, “Damage assessment of catwalks following the
2016 Kaikōura earthquake,” in Structures, 2020, vol. 28, pp. 1977–1990.
https://doi.org/10.1016/j.istruc.2020.10.041
Chapter six presents fragility curves developed for flat-based and legged wine storage tanks. The
largest database ever collected on the earthquake performance of wine storage tanks allowed to generate
the fragility curves based on collected empirical damage data. The development of fragility curves for
such tanks using empirical damage data offers an opportunity to better understand real risk exposures
and to plan for and mitigate earthquake-related damage in the future. A parametric study was also
conducted, considering fragility curves for tanks with different capacities and different percentage of
wine contents.
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Included publication:
M. Yazdanian, J. Ingham, V. Sadashiva, M. Cutfield, C. Kahanek, and D. Dizhur, “Seismic fragility
curves for stainless-steel wine storage tanks,” in Structures, 2021, vol. 33, pp. 4766-4780.
https://doi.org/10.1016/j.istruc.2021.07.054
Chapter seven presents an experimental investigation on the dynamic behaviour of anchored flat-based
wine storage tanks in one of the wineries in Marlborough, New Zealand. Following the Mw 7.8 Kaikōura

earthquake six wine storage tanks with different capacity ranges and dimensions were instrumented
with accelerometers in a winery located in Marlborough, New Zealand, and the performance of these
six wine storage tanks was investigated in 37 aftershock earthquakes. Analysis of instrumentation data,
provided an opportunity to conduct a parametric study considering the influence of tank capacity on the
dynamic response of tanks, the difference between the dynamic response at the top and the base of the
tanks, the influence of distance from the earthquake record epicentre to the winery on the dynamic
response of tanks, and the influence of anchorage system on the dynamic response of tanks. Finally the
measured dynamic responses obtained from instrumentation of two of the largest sized wine tanks using
accelerometer devices are compared with the forecast response obtained from FE modelling.
Included publication:
Mohsen Yazdanian, Gye Simkin, Jason Ingham, Dmytro Dizhur. In-field dynamic response of
instrumented wine tanks subjected to aftershock earthquakes, submitted to “Soil Dynamics and
Earthquake Engineering” Journal.
Appendix A provides a conspectus of results attained from the shake table test of a full-scale empty
legged wine storage tank with a capacity of 22 kL. The tested tank was 2.5 m in diameter, 6 m in heigh,
being supported on six legs, and was tested in unanchored and anchored conditions. The tank was
subjected to impulse loadings, harmonic ground motions of varying shaking characteristics, and
different scales of two natural earthquake records.
Included publication:
Mohsen Yazdanian, Saeed Eyvazinejad Firouzsalari, Jason Ingham, Dmytro Dizhur, “Shake table
testing of full scale 22 kL legged liquid storage tank”, 2021 New Zealand Society of Earthquake
Engineering (NZSEE) conference, Christchurch, New Zealand, 14–16 April, 2021.
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Damage observations and remedial options for
approximately 1500 legged and flat-based liquid storage tanks
following the 2016 Kaikōura earthquake
Detailed inspections of numerous wineries located in New Zealand’s Marlborough region were
conducted following the 2016 Kaikōura earthquake. The subject region contains a wide variety of
wineries with a global reputation for its wine production. Observations documented and discussed
herein highlight the post-earthquake performance of the 684 legged and 895 flat-based stainless-steel
wine tanks. Damage data revealed that the legs of legged wine tanks are the most vulnerable element
of the legged wine tanks. Earthquake-related damage to the anchorage system was the most commonly
documented mode of failure for the flat-based tanks. Damage to tanks with different anchorage systems
was also investigated herein, where it was noticed that tanks equipped with energy dissipation devices
performed much better than other tanks. The comparison of remedial options for the legged wine tanks
and flat-based tanks revealed that skirt extension of damaged legged wine tanks and the replacement of
these tanks with flat-based tanks was a common procedure that was performed following the recent
earthquakes in New Zealand.

2.1 Introduction
The New Zealand wine industry is one of the youngest and fastest-growing primary economic activities
in New Zealand, consisting of 697 wineries and covering approximately 38,000 hectares of productive
land [1], [2]. The New Zealand wine industry accounts for approximately 3.5% of the total exports of
the country, with $1.7 billion (NZD) total value of export which provides at least 20,000 jobs and
tourism economic benefits for the country [1], [3], [4]. Over two-thirds of the New Zealand wine
production industry is under the care of wine producers within the region of Marlborough, located at
the north-eastern tip of the South Island of New Zealand [5].
Winemaking facilities typically consist of four important elements: (1) buildings, (2) wine storage
tanks, (3) catwalks, and (4) barrels, which are stored on stacked barrel racks. Buildings in the wineries
possess different functionalities, including warehouses, restaurants, and shelters for other infrastructure.
Wine storage tanks form a significant element of winery facilities and mostly consist of 2-6 mm thick
stainless-steel sealed cylindrical tanks, with height-to-radius aspect ratios (H/R) ranging between 3 to
5 [6]. Wine tanks (see Figure 2.1, Figure 2.2, Figure 2.3) can generally be categorised into two different
types according to their ground supporting condition: (i) plinth mounted or flat-based tanks and (ii)
legged tanks. Flat-based wine tanks generally have larger storage capacity compared to the legged wine
tanks. Flat-based wine tanks are mostly anchored into the supporting concrete slab using a variety of
9

anchorage types, while the legged tanks can be anchored or un-anchored to the concrete slab and
therefore can be relocated within the wine facility. Catwalks are lightweight steel structures used to
provide access to the uppermost part of the tanks (cone). Catwalks are also categorised into two different
types: (i) tank-supported catwalks and (ii) self-supported catwalks (see Figure 2.4). There are two
common types of racking system for the wine barrels: (i) a racking system consisting of welded steel
racks supported on the barrel below (typically an older system); (ii) a racking system composed of
rectangular hollow sections welded together supported on the rack below (generally a newer generation
of racking system) [7]. Racking systems are generally unanchored and gravity supported (see Figure
2.5).
Winemaking facilities are significant contributors to local economies and require large infrastructural
investment. In seismically active countries earthquakes can cause significant disruptions to operations,
leading to substantial financial loss. In order to facilitate future damage predictions for wine storage
tanks when subjected to future earthquake events, it is necessary to investigate the post-earthquake
performance of wine storage tanks. The research presented herein is the result of a visual inspection of
11 wineries following the 2016 Mw 7.8 Kaikōura earthquake in New Zealand, which provided an
opportunity to collect a database consisting of an overview of damage to wine storage tanks. This paper
is a part of a larger damage dataset that was collected following the 2016 Kaikōura earthquake in New
Zealand. The previously presented data in [8] was collected mainly for insurance purposes, and the
information presented herein was collected for the purpose of providing repair and/or seismic
strengthening options for the wine storage tanks. Thus, the main emphasis of this collected data was on
damage observations with particular focus on tank support systems.
The performance of tanks with different types of anchorage system was analysed in detail and reported
herein to provide technical guidance for future designs. Finally, typical remedial solutions for a range
of wine storage tanks that were recommended and undertaken are also reported.

(a) Flat-based tanks (90 kL)

(b) Legged tanks (45 kL)

Figure 2.1. Examples of two typical tank types observed in the Marlborough wineries
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Figure 2.2. Elements of a typical flat-based tank

Figure 2.3. Elements of a typical legged tank
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(a) Tank supported catwalks

(b) Self-supported catwalks
Figure 2.4. Catwalk types commonly used in the wineries

(a) Older racking system

(b) The new generation racking system

Figure 2.5. Two generations of barrel racking system

2.2 Background of post-earthquake performance of winery facilities
The subsequent sections present a summary of past earthquakes in New Zealand and globally which
have caused damage to winemaking facilities.
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2.2.1 New Zealand
The Marlborough region has experienced numerous earthquake shaking events during the past years,
including the Cook Strait earthquake on 21 July 2013 (New Zealand, Mw 6.6) and the Lake Grassmere
earthquake on 26 August 2013 (New Zealand Mw 6.6). Recent earthquakes in New Zealand such as the
2010/11 Christchurch, 2013 Seddon, and specifically, damage caused by the 2016 Kaikōura earthquake
(Mw, 7.8) has drawn the attention of researchers in the field of earthquake engineering to address the
seismic resilience in the wine industry (e.g., see [7], [9], [10], [11] and [12]). The effects of the recent
earthquakes demonstrated that the wine industry continues to be vulnerable to seismic hazards, with
observations showing that wine storage tanks sustained the majority of the damage from these events.
The performance of wine storage tanks in the Marlborough region following the 2013 earthquakes is
reported by Morris et al. [10] and Rosewitz and Kahanek [11]. Their observations showed several cases
of significant damage to the flat-based and legged storage tanks, with limited damage to associated
infrastructure. Observed damage to cylindrical stainless-steel tanks included buckling of tank walls,
anchorage failure, buckling of the legs and damage near the top of tanks where the catwalk supports
were attached. As a result, a large number of storage tanks were either replaced or retrofitted following
the 2013 earthquakes. Au et al. [6] addressed the gap between the NZSEE standard for the design of
storage tanks and its implementation into the wine industry, and also briefly reviewed the damage
following the 2013 Seddon earthquake.
The centre of the 2016 Mw 7.8 Kaikōura earthquake was located 15 km from the northeast Culverden
town (a small town located in the North Canterbury region of New Zealand's South Island) at a depth
of 15 km [13]. The intense shaking occurred for approximately two minutes just after midnight. The
aftershocks, including four over Mw 6, occurred across a complex connected series of faults in the
Marlborough Fault System [14]. The Kaikōura earthquake led to two deaths; one from a heart attack
and one due to the collapse of the house [15], and 580 earthquake-related injury claims were accepted
by the Accident Compensation Corporation [16].
Following the 14 November 2016 Kaikōura (New Zealand, Mw 7.8) earthquake [17] and subsequent
aftershocks, extensive damage to legged and flat-based wine tanks was observed in Marlborough,
causing widespread damage to the New Zealand wine industry. Dizhur et al. [7] investigated the
performance of winery facilities during the Kaikōura earthquake and provided a report concerning the
damage following the earthquake in Marlborough. The performance of four typical winery common
facilities including buildings, storage tanks, catwalks, and barrel racks was investigated by Dizhur et al.
[7]. Their field observations showed that wine tanks sustained the highest percentage of damage among
the winery elements. Due to the lack of statistical damage data the number of damaged tanks, the
percentage of damage to the tanks, and the percentage of different damage types has not been provided
in the work reported by Dizhur et al. [7]. The Kaikōura earthquake provided an opportunity to collect
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extensive damage observations along with statistical analysis through a collaboration with local
structural engineers, winemakers and associations.

2.2.2 Global
Damage to the wine industry is not limited to New Zealand and similarly, wine tanks have been
considered as the most vulnerable element in wineries during past earthquakes around the world. For
example, the 1980 Greenville Earthquake (California, USA, Mw 5.8) [18] showed major fracture of
wine tanks in the wineries. During the earthquake, 100 wine tanks belonging to the Wente Brothers
Winery in Livermore were damaged, mainly due to buckling failure mode. For the broad tanks (tanks
with the ratio of height to diameter (H/D) less than 1), elephant-foot buckling was more pronounced,
however for the slender tanks (H/D>1), the diamond-shaped buckling was also observed. Two wineries
were significantly affected during the 1984 Morgan Hill Earthquake (California, USA, Mw 6.2), causing
substantial damage to one of the wineries. Buckling was the main observed failure mode for both
anchored and un-anchored cylindrical steel tanks [19]. Four years later, the California wine industry
was affected by the 1989 Loma Prieta Earthquake (California, USA, Mw 7.1). Outstanding damage was
observed in just one winery with roughly 100 stainless-steel tanks, in which 10 tanks experienced cracks
in the weld between the bottom plate and the tank wall [20]. The 2010 Maule (Chile, Mw 8.8) earthquake
struck Chile’s biggest wine-producing region [19], causing a loss of approximately 125 million litres
of wine and costing the industry $250 million [21]. Research into the Maule earthquake in Chile showed
severe damage mainly in storage tanks, with secondary prevalent damage observed in barrels [21].
Although statistical data is not available to explore the number of affected wine tanks, it is estimated
that 25% of cylindrical wine tanks lost all or part of their contents [22]. Several critical issues for the
loss of wine have been identified, including weak and non-compliant anchorage systems, elephant-foot
buckling, diamond-shaped buckling and uplifting. The 2014 Napa Valley (North San Francisco, USA,
Mw 6) [23] earthquake caused major damage to wineries in the USA. Post-field observations following
the Napa Valley earthquake revealed different types of failure for the cylindrical steel wine tanks, which
mainly included buckling of the tank walls, anchorage failure, and damage to the top part of the tanks
[19], [20]. Fischer et al. [24] reported that the damage types observed for the wine tanks along the North
San Francisco earthquake were predominantly similar to damage types that have been reported in past
earthquakes around the globe. Similarly, extensive damage to the wine tanks has been observed during
the aftermath of the May 2012 earthquake in Italy (Emilia, Italy, Mw 6.1), where elephant-foot buckling
was the prevailing mode of collapse observed in flat-based steel tanks [25]. Seismic events such as the
2014 Napa Valley [23], 2012 Emilia [25] and the 2010 Maule (Chile) [19] earthquakes have all caused
damage similar to those observed during the earthquakes in New Zealand.
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2.3 Data collection methodology
A visual site inspection was used to collect the damage data from 11 wineries located in the
Marlborough region of New Zealand. Based on the conducted visual site inspections, a structural
engineering report on the earthquake-related damage to the wine tanks was prepared. The wine tanks
were split into two groups based on their supporting conditions: (i) flat-based tanks; (ii) legged tanks.
Based on the damage observed to the wine tanks in the Marlborough region following the 2016
Kaikōura earthquake, the damage types were categorised (see Table 2.1) and image examples of each
type are shown in Figure 2.6. The damage observations for the flat-based tanks mainly included failure
in the anchorage system, concrete slab, and tank walls, while legged tanks generally sustained failure
in their legs and walls with minor damage to the concrete slab. Because the flat-based tanks had different
types of anchorage system, specific damage data to the anchorage systems will subsequently be
presented in a tank anchorage system failure analysis section.
The damage to the wine tanks and the financial losses to the wineries following the 2013 Seddon
earthquake raised awareness for winemakers and some of the wineries in the affected region to begin
implementing retrofitting plans into their investment scopes. For this reason, wine tanks with similar
sizes in different wineries were not affected to the same extent. Overall, the damage data for 1579 (895
legged and 684 flat-based) tanks has been reported. According to the damage data, remedial options
were recommended for these damaged tanks.
The extent of damage varied from winery to winery due to variations of peak ground acceleration (PGA)
that the wineries experienced (see Table 2.2), the level of preparedness of wineries to the induced
shaking seismic loads, and the tank inventory in each of the inspected wineries. It should be noted that
the data presented herein was a result of the inspection of wineries following the 2016 Kaikōura
earthquake. The data cannot be generalised to the post-earthquake performance of all wine tanks in the
Marlborough region since the data reported herein were selectively collected (such as not all tanks were
inspected) by a consultant engineering company for given wineries with an aim to undertake seismic
repairs and/or strengthening of wine storage tanks. It is also noted that the presented data herein
excludes post-earthquake observations of catwalks and cone parts of the tanks.
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Table 2.1. Damage type definitions
See image
Defect Type

Description

example in
Figure 6

Anchorage
system
Concrete

B

(a-d)

Anchorage system failure
Concrete damage around anchor bolt, cracking and/or

C

e, f

chipped concrete plinth

T1

Elephant-foot buckling above skirting

g

T2

Diamond-shaped buckling

h

T3

Guttering on the inside

i

T4

Tank leaning

j

T5

Impacted tanks

K

O1

Leg buckling/bending/tilting

l, m

Failure of

O2

Leg bracing fail

n

legged tanks

O3

Shifted base plate/base plate or anchor bolt failure

o, p

O4

Damage to the tank base shell

q, r

Tank
walls/shell

Table 2.2. Earthquake characteristics experienced by surveyed wineries [26]
Winery #

PGA

PGV (peak ground velocity)

MMI (Modified Mercalli

[g]

[cm/s]

Intensity)
[dimensionless]

1

0.32

45.43

8.13

2

0.41

90.67

9.07

3

0.32

45.43

8.13

4

0.31

53.92

8.36

5

0.26

34.39

7.74

6

0.23

43.12

8.05

7

0.29

45.23

8.12

8

0.32

45.43

8.13

9

0.36

61.92

8.55

10

0.36

65.55

8.63

11

0.31

53.92

8.36
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B

B

(a) Buckling of chair mounted necked tension

(b) Anchor bolt pulled out of the concrete slab

anchor bolts
B

B

(c) Displaced anchorage system

(d) Ruptured anchor bolt

17

C

C

(e) Concrete pull-out around anchor bolt

(f) Cracking and/or chipped concrete due to
anchor pull-out
T2

T1

(g) Elephant-foot on the tank wall

(h) Diamond-shaped buckling
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T3

T4

(i) Guttering on the inside

(j) Leaning of the tanks
O1

T5

(k) Impacted tanks due to overturning

(l) Leg tilting
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O1

O2

(m) Leg buckling - pieces of wood are used to

(n) Failure of leg bracing, detachment from the

support the tanks temporarily

vertical leg in the welded location

O3

O3

(o) Shifted base plate

(p) Base plate and anchor bolt failure
O4

O4

(q) Rupture of tank base shell

(r) Rupture of tank base shell

Figure 2.6. Images showing examples of damage type definitions as defined in Table 2.1
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2.4 Damage data
2.4.1 Flat-based wine tanks
The post-earthquake performance of 684 flat-based wine tanks was investigated and included in the
inventory. Of 684 flat-based tanks, 408 (60%) flat-based tanks were damaged (see Figure 2.7 and Figure
2.8). Out of these 408 damaged flat-based tanks, 212 (52%) tanks experienced multiple types of damage
events (see Figure 2.7 and Figure 2.9). Damage to the flat-based tanks was dependent on different
parameters such as tank capacity, aspect ratio, anchorage system, and/or the % of liquid inside tanks.
During the visual inspection, it was inferred that the tanks with a large capacity sustained more damage,
however, this was not always observed. For instance, tanks with a size of 180 kL (see Figure 2.8) did
not experience any sort of damage because of the implementation of ductile energy dissipation devices
in the subject winery (winery ID 8). It should be noted that none of the 33 flat-based tanks in winery ID
8 (see Figure 2.10) sustained damage because at the time of the earthquake, almost half of the flat-based
tanks did not contain liquid which reduced damage extent. Unlike the figures for the low capacity tanks,
all of the 15 flat-based tanks with a capacity of 30kL in one winery (Winery ID 9) experienced damage
due to the lack of an adequate support condition as well as being full of liquid during the earthquake
(see Figure 2.8). Tanks with a low capacity but without the minimum adequate anchorage system
sustained damage, while tanks with a large capacity and an engineered anchorage system performed
well. This highlighted that an appropriately engineered system can prevent damage to the wine storage
tanks during an earthquake.
Anchorage system damage was an important mode of failure documented as part of the dataset reported
herein. Damage to anchorage systems was extensively observed following past earthquakes, however
the type of anchorage system that failed has not been investigated in detail [27], [25], [23], [8], [7]. In
many cases, damage to the anchorage systems caused damage to the concrete foundation due to the
pulling out of anchor bolts [6]. In some cases, anchorage pull-out occurred without a cone breakout part
which could be due to embedment depth or poor installation of the epoxy such that failure only occurred
along the epoxy bond.
Tank walls sustained different damage types in the 2016 Kaikōura earthquake, where elephant-foot
buckling (11% of 684 flat-based tanks) and diamond-shaped buckling (4.5% of 684 flat-based tanks)
were the dominant failure types. These two buckling failure modes were also noticed following the
previous earthquakes such as the 1977 Caucete earthquake [28] (Province of San Juan, Argentina, Mw
7.4), the 1980 Greenville earthquake [18] (California, USA, Mw 5.8), 2010 Maule earthquake [19]
(Chile, Mw 8.8). A comprehensive investigation into reasons for buckling failure of tanks with a
corresponding review of available formulation written in codes such as ASCE [29], API [30], and
NZSEE [31] against the buckling failure mode was undertaken by Godoy [32] and Yazdanian [33]. It
should be noted that the other important damage types that significantly affected the tank wall and cone
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parts of the flat-based wine tanks was due to catwalk indent. Damage due to catwalk indent is excluded
in the current study and is presented in detail elsewhere.
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Figure 2.7. Overall damage for the flat-based wine tanks
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Figure 2.8. The population of the damaged tanks compared to the tanks in the inventory
Note: % reflects the ratio of tanks with damage over all tanks in the inventory
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Figure 2.9. Comparison of the number of damaged tanks with tanks that sustained multiple damage
events
Note: % reflects the ratio of tanks with multiple damage events over all damaged tanks
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Figure 2.10. The population of the damaged tanks compared to the number of tanks in each winery
Note: % reflects the damaged tanks over the number of tanks in each winery

2.4.1.1 Anchorage system failure analysis
Multiple types of anchorage systems for flat-based tanks were observed within a single winery (see
Figure 2.11). During the visual inspection of winery ID 1, flat-based tanks with the capacity of 90 kL
and 240 kL were investigated. In this winery, almost 76 wine flat-based tanks were observed to have
short I-shaped anchor bolts (see Figure 2.11a) and all sustained different damage levels. Four common
damage examples for this type of bolt included: (a) dislocation of anchor nut; (b) anchor bolt pull-out;
(c) anchor bolt ruptured due to buckling, (d) dislocated anchor bolt (see Figure 2.12). Not all tanks
were full of liquid at the time of the 2016 Kaikōura earthquake and hence the damage extent varied
accordingly. Dislocated or broken apart anchor bolts occurred due to sliding of the tank or an
overturning moment induced by seismic shaking. The lateral seismic loads of an earthquake provoke
the elongation of the main anchor bolts which in turn creates slack between the nuts and the surface of
the chairs, causing the dislocation of nuts or even dislocation of the main anchor bolt (see Figure 2.12d).
From the inspection of four flat-based wine tanks in winery ID 2 with 45 kL capacity and equipped with
a ring beam type of anchorage, minor damage to the ring beam anchor bolts of one of the tanks was
observed where the nut appears to be slacked (see Figure 2.13a). Ring beams (see Figure 2.11f) are less
frequent for the wine storage tanks and are typically more common for water treatment tanks that have
a low aspect ratio (height to radius). The damage to this type of anchorage system is dependent on the
thickness of the ring beam and the type of anchor embedded into the concrete slab. 10 flat-based tanks
with a capacity of 60 kL equipped with horizontal shear anchor bolts sustained minor damage, where
the anchor bolts appeared to be loose. It should be noted that two of these 10 flat-based tanks sustained
elephant-foot buckling and diamond-shaped buckling.
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From 8 flat-based tanks with a capacity of 120 kL equipped with energy dissipation devices (see Figure
2.13b), only one tank sustained minor damage to its anchorage system. It should also be noted that tanks
with capacities of 60 and 120 kL were constructed in 2014 and as a result they should have been
designed based on the recent New Zealand tank design guidelines (NZSEE 2009 [31]). An analysis
conducted by a structural consultant company revealed that the % of the new tank standard for these
two categories of tank were 75% and 100 % respectively, showing that the 120 kL wine tanks that were
equipped with energy dissipation devices would perform as a tank that is designed based on the new
tank standard is expected to (NZSEE 2009 [31]).
31 flat-based wine tanks having capacities of either 60, 80, or 160 kL were inspected during the site
visit to winery ID 3. The results of this winery inspection showed that 21 flat-based tanks with a capacity
of 160 kL did not sustain any type of damage. 14% of these undamaged 21 wine tanks had single
horizontal shear anchor bolts (see Figure 2.14.a), 19% had double horizontal shear bolts (see Figure
2.14b) and 67% were also retrofitted with energy dissipation devices (see Figure 2.14c). The other 10
tanks, which were equipped with chair mounted necked tension anchor bolts, sustained a minor level
of damage to their anchor bolts (see Figure 2.14d). An analysis related to winery ID 3 shows that
following the 2013 earthquakes, this winery installed ductile energy dissipation anchorage systems to
enhance the resilience of the flat-based wine tanks.
Rotation of the flat-based tanks was noticed in winery ID 4 for most of the tanks equipped with chair
mounted necked tension anchorage systems due to the observed offset of the anchor bolts relative to
the chairs. Typically, the occurrence of uplift in flat-based tanks can induce inelastic rotation [34], [35]
and in order to avoid the rotation of flat-based tanks NZSEE [31] and EUROCODE 8 [36] standards
limit the value of the plastic rotation at the connection of the tank base shell with the wall to 0.2 radians.
However, Cortes et al. [37], and Prinz and Nussbaumer [38] argued that the recommended 0.2 radians
is extremely conservative and that a limit of 0.4 radians could be more reasonable. All of the flat-based
wine tanks inspected in winery ID 5 were equipped with chair mounted necked tension anchors. Based
on the site inspection of 17 tanks, 15 tanks sustained minor damage, which mainly involved minor
elongation of tension anchor bolts.
33 flat-based wine tanks have been investigated in winery ID 8, wherein no particular damage was seen
during the visual site inspection. In this winery, 10 tanks with a capacity of 45 kL were equipped with
a combination of short I-shaped anchor bolts and single horizontal shear anchor bolts. In addition, there
were 5 and 12 tanks with capacities of 60 kL and 90 kL respectively, which were equipped with double
horizontal shear anchor bolts. Of 6 other tanks with a capacity of 180 kL, 2 of these tanks were equipped
with double horizontal shear anchor bolts and 4 tanks were equipped with the energy dissipation
devices. Visual site inspections from winery ID 10 showed that 4 tanks with the short I-shaped
anchorage type and a capacity of 240 kL sustained damage (see Figure 2.15a, b). It was frequently
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observed that tanks with chair mounted necked tension anchor bolts sustained elongation or rupture,
while only 2 tanks among 34 tanks with 80 kL capacity sustained minor elongation in winery ID 10
because they were previously strengthened with new brackets and base plates (see Figure 2.15c)
following the 2013 earthquake. In winery ID 10, only one tank out of 14 tanks which were equipped
with shear anchor bolts and had a capacity of 175 kL sustained minor damage (see Figure 2.15d). The
other tanks in this winery with capacities of 150, 120, 60, and 40 kL did not sustain any damage due to
the use of different types of anchorage system. However, 13 out of 22 investigated tanks with a capacity
of 100 kL which were equipped with chair mounted necked tension anchors sustained damage. Analysis
of the damage data reveals that anchorage systems equipped with energy dissipation devices performed
better compared to other types of anchorage systems (see Figure 2.15e). Conversely, tanks equipped
with chair mounted necked tension anchors and short I-shaped anchor bolts sustained the largest
proportion of damage.
The trademark and the industrial name used for these utilised energy dissipation devices (see Figure
2.11b, Figure 2.13b, Figure 2.14c, Figure 2.15e) in the industry was ONGUARD anchors. The device
is composed of a pin, filler, cap, casing, coupler, and epoxy anchor. The device was developed in
Christchurch, New Zealand, and has been widely implemented in Marlborough, New Zealand, and the
USA [39], [40]. These energy dissipation devices are welded to the skirt of the tanks and connect the
tank to the foundation. Compared with traditional anchorage systems that only work in tension and are
designed to a maximum ductility factor of 2, energy dissipation devices work in both tension and
compression during the earthquake and they are demonstrated a ductility factor of 3. During highintensity earthquake shaking the referenced devices dissipate seismic energy through controlled
yielding in both tension and compression, thereby protecting tanks and their contents. The replaceable
yielding element can be investigated after an earthquake and replaced easily if damaged [39], [40],
minimising disruption to the industrial facility operators.
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(a) short I-shaped anchor

(b) Energy dissipation anchors

(c) Single shear anchor bolts

bolts
Anchor chair

(d) Double shear anchor

(e) Chair mounted necked tension

bolts

anchors

(f) Ring beam anchors

Figure 2.11. Different typical available anchorage system in the wineries

Anchor chair

(a) Dislocation of

(b) Anchor bolt pull-

(c) Anchor bolt ruptured

(d) Anchor bolts

anchor nut

out from concrete slab

due to buckling

dislocated

Figure 2.12. Typical damage samples in Winery ID 1
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(a) Loose nut observed for the ring beam

(b) Tank with energy dissipation devices seems to

anchor bolts

be uplifted from the concrete slab but still performed
well

Figure 2.13. Typical anchorage systems in Winery ID 2

(a) No visible damage captured for the tank with

(b) No visible damage captured for the tank

single horizontal shear anchor bolt

with double horizontal shear anchor bolt

(c) No visible damage captured for the tank with

(d) Elongated tension anchor bolts

energy dissipation devices
Figure 2.14. Typical anchorage systems in Winery ID 3
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(a) Concrete spalling

(b) Yielding of anchor bolt, and

(c) Tanks with a capacity of 80

around the anchor - 240 kL

fracture of foot - 240 kL

kL and equipped with
strengthened chair mounted
necked tension anchors
performed well

(d) Gap between the skirt and slab - 175 kL, due to

(e) Energy dissipation devices performed well

elongated anchor rods behind the skirt

under earthquake loading - 40 kL

Figure 2.15. Typical anchorage systems in Winery ID 10
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Table 2.3. Performance of different types of anchorage system
Type of
anchorage

Number

Picture

of tanks

system

Short I-shaped
anchor bolt

Number of
damaged
tanks

% number of
damaged tanks
to number of
tanks

104

80

77%

55

1

2%

197

51

26%

20

17

85%

298

145

49%

10

0

0%

Energy
dissipating
anchors

Shear anchor
bolts

Ring beam
anchors

Chair mounted
necked tension
anchors

Not clear

N/A
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2.4.2 Legged wine tanks
Legged wine tanks typically have a lower volume compared with flat-based tanks, and can be
transported to different parts of a winery based on their supporting condition. During the winery
inspection, data for 895 legged wine tanks was recorded, where 556 (62%) of these legged wine tanks
sustained different damage types and 219 (39%) of the 556 legged wine tanks experienced multiple
damage events (see Figure 2.16). Compared with the flat-based tanks, the legged wine tanks
experienced fewer multiple damage events. This was attributed to the seismic loads being transferred
to the frame and legs of a tank and as a result most of the damage was observed at the legs. According
to Figure 2.17, it can be estimated that legged wine tanks with a larger capacity sustained a higher
percentage of damage. It should be noted that legged wine tanks in winery ID 1 were not inspected.
Although winery ID 8 did not sustain any damage to its flat-based tanks, 42% of the legged wine tanks
in winery ID 8 sustained different types of damage (see Figure 2.19). Based on the review of available
documents, it was identified that mitigation solutions following the 2013 Seddon earthquake were
undertaken for the flat-based tanks in winery ID 8. Only three wineries (ID 3, 6, 11) had legged tanks
with a capacity of 60 kL. In addition, only winery ID 3 contained tanks with a capacity of 80 kL.
Damage to the legged wine tanks can be subjective because the legs of this type of tank have a
significant effect on their seismic performance. Current tank design standards do not provide guidelines
on the design of legged wine tanks and hence structural steel design standards such as NZS3404 [41]
are being used by the engineering industry. Due to this lack of suitable design codes, there are multiple
typologies of legged wine tanks available in the wine industry (see Figure 2.20).
Since the seismic loads are being transferred via the tank legs into the supporting slab, legs were the
most commonly damaged element that was recorded during the post-earthquake assessments. Based on
the damage data, the most frequent damage type to the legs was related to buckling or tilting of the tank
legs and were attributed to poor (e.g., slender bracing) or lack of bracing systems. Leg tilting or buckling
occurs once the lateral seismic loads are induced, and the vertical legs cannot sustain these lateral loads.
These leg buckling and tilting damage types in some cases can impact other neighbouring tanks (see
Figure 2.21c). Apart from the bracing system, the height and size of the legs were also parameters that
affected the performance of legged tanks. Tanks with short vertical legs were observed to perform better
than those with tall vertical legs following the 2016 Kaikōura earthquake.
Unlike the flat-based tanks, damage to the anchors of the legged tanks did not cause failure in the
concrete foundation due to the short length of the bolts that were used to anchor the legged tanks to the
concrete slab (see Figure 2.21a). A proportion of the legged tanks were not anchored to the ground slab
and sliding of the tanks was a commonly observed translational movement (see Figure 2.21b).
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Unlike flat-based tanks, tank wall buckling was not observed to be a frequent type of damage for the
legged tanks, where only less than 1% and almost 3% of legged wine tanks sustained elephant-foot
buckling and diamond-shaped buckling, respectively.
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Figure 2.16. Overall damage for the legged wine tanks
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Figure 2.17. The population of the damaged tanks compared to the tanks in the inventory
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Figure 2.18. Comparison of the number of damaged tanks with tanks that sustained multiple
damage events
Note: % reflects the ratio of tanks with multiple damage events over all damaged tanks
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Figure 2.19. The population of the damaged tanks compared to the number of tanks in each winery
Note: % reflects the damaged tanks over the number of tanks in each winery

(a) Examples of diagonally braced base-frame

(b) Example of horizontally braced base-frame

(c) Example of un-braced base-frame

(d) Examples of un-anchored legged wine tanks
Figure 2.20. Different types of legged tanks
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(a) Failure of the base plate and

(b) Sliding of the legged tank

(c) Leg buckling and/or tilting

anchor bolts

led to tank impact
Figure 2.21. Damaged legged wine tanks observed

2.5 Recommended remedial options
Typically there are two types of remedial option undertaken within the wineries (i) temporary
(immediate repair), (ii) permanent repair. These two remediation methodologies were selected based
on the damage types and the harvesting conditions such as the time of the season when damage
occurred. A temporary repair was presented in some cases, where immediate work required, but
limitations in labour, materials and time mean the permanent remediation cannot be completed prior to
vintage. These temporary repairs are suitable for a single season, with permanent remediation
recommended to be undertaken within 12 months.
It has been observed for a substantial number of tanks that shell buckling including both diamondshaped and elephant-foot buckling occurred between or above the lowest glycol channels which
correspond to the location at which the shell steel thickness changes. Temporary options for repairing
buckled walls include: (i) welding a new wall section to the inside of the tank over areas with elephantfoot buckling. The new section should match the existing wall thickness and should be seal welded and
tested; (ii) weld vertical stiffeners to the outside of the tank wall at areas with diamond-shaped buckling
to provide an alternative load path. This is a non-invasive repair as it can be completed without cutting
out the existing wall.
Permanent options for repairing buckled walls include: (i) locally cutting out sections which have either
elephant-foot or diamond-shaped buckling and installing a new wall section with matching plate
thicknesses (see Figure 2.22). This can be used as a permanent repair if the buckling is minor to
moderate and the existing wall thickness is sufficient to provide the required strength; (ii) replacing the
whole wall section. For more extensive wall buckling or where a thicker tank wall is required to meet
current best practice, one or more tank wall barrels may need to be replaced.
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(a) Insulation of buckled tanks removed to cut

(b) Replaced buckled shell parts of tanks

the buckled shell sections
Figure 2.22. Remedial options undertaken for the buckled tanks
Guttering inside the tanks or downward deformation of the knuckle connection between the existing
plinth edge and the tank wall was noted as one of the common defects experienced from the earthquake
(see Figure 2.23a, b). The deformation is due to the construction tolerance between the tank walls and
the concrete plinth. As a result, the knuckle deformation occurs in the base creating issues with hygiene
and in some cases leakage, particularly around the valve. With excessive guttering, shell buckling has
been noted to occur due to the increased stresses in the barrel wall.
The remedial measure for the base when guttering has occurred involves removing and replacing the
tank floor, and installing a skirt extension or a new skirt to prevent further guttering. Alternatively, for
minor guttering to the base, a local patch repair may be carried out by welding a thin stainless-steel
section to the floor and wall of the tank over the guttered section, rolled to a standard knuckle radius
and seal welded.

(a) Knuckling measurements at the base of tanks

(b) Knuckling at the tank base shell identified in

using gauge profile tool

interior inspection

Figure 2.23. Knuckling at the base of flat-based tanks
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Anchor bolts around the perimeter of the tank need to be checked after the earthquake to make sure they
are snug tight (see Figure 2.24). The replacement of damaged anchor bolts with new bolts may be
considered a temporary remediation measure. This remediation is applicable to tanks where the anchor
bolts have experienced significant elongation (i.e. more than 2%), or where the anchor bolts have
necked, buckled or fractured. In some cases, new bolts of the same design may be considered by core
drilling out the existing anchor bolt and replacing it with a new, equivalent anchor bolt in the same
location using the existing chair. If there is damage to the concrete, anchors may need to be relocated,
or be attached to a base plate which will be anchored to the concrete such that it is not compromised.

Figure 2.24. Checking the energy dissipation devices after the earthquake for possible corrosion or
damage
Skirt extensions were commonly used to reintroduce a well-defined load path for the earthquake forces
to continue from the tank walls into the original skirt and into the concrete slab. The remedial measure
for the skirt extension involves welding a new skirt (or extension to existing skirt) around the base,
which extends down to the concrete slab. The extension in many cases is associated with replacing the
traditional anchorage systems with the new energy dissipation devices (see Figure 2.25a).
The introduction of a new skirt (see Figure 2.25b), concrete plinth and energy dissipation device
represents one of the most robust methods of strengthening that was recommended by the consultant
engineering companies in the Marlborough region for legged wine tanks. Compared with the traditional
anchorage system such as chair mounted necked tension bolts which had a ductility factor of 2, energy
dissipation devices have a ductility factor of 3. However, the type of anchor based on the size of tank
can be selected. Typically for the low sized tanks that has been changed to the flat-based tanks by skirt
extension, a traditional type of anchor also were seen to be used (see Figure 2.25c).
To prevent leg failure and leg buckling, diagonal bracing can be installed between the legs around the
perimeter of the tank. This provides a suitable load path, with the lateral load travelling through the
braces, rather than causing buckling in the legs. The remedial measure for bracing and upgrading the
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existing base frame includes four stages: (i) removing and replacing any damaged legs with new
equivalent legs, and reinstating skewed legs; (ii) removing and replacing adjustable screw-type feet
with solid welded feet and baseplates bolted to the slab. Grout is then packed up to 20 mm if it is
required to level the tank; (iii) installing galvanised flat mild steel cross bracing, which is welded to the
top and bottom of the legs around the perimeter of the tank; (iv) installing vertical plates welded to the
legs and outside face of the tank wall to connect the tank to the base frame. During winery inspections
it was noticed that in some cases, temporary remedial options were followed within the wineries where
a vertical steel plate was attached to the buckled leg (see Figure 2.25d).

Before skirt extension

(a) Skirt extension for the flat-based tanks with

(b) Skirt extension for the legged wine tanks

space left for the new energy dissipation
anchorage systems

(c) Installation of traditional anchors and skirt

(d) Temporary remedial option followed in

extension for the 10 kL legged wine tanks

Marlborough region for the legged wine tanks

Figure 2.25. Typical strengthening options carried out in wineries following the 2016 Kaikōura
earthquake
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2.6 Conclusions
The New Zealand wine industry was greatly affected following the Kaikōura earthquake in 2016.
Following this earthquake, structural engineers collected extensive damage data on 1579 (895 legged
and 684 flat-based) wine storage tanks with the purpose of providing repair and/or seismic strengthening
options for the damaged wine tanks.
•

Wineries that implemented a resilience programme following the 2013 Seddon earthquake
performed substantially better in the 2016 Kaikōura earthquake than wineries that did not consider
earthquake improvements.

•

The inspection of 684 flat-based tanks in the inventory revealed that 408 (60%) tanks sustained
damage, and of 895 inspected legged wine tanks, 556 (62%) of these legged wine tanks sustained
damage.

•

The damage to the flat-based tanks was largely dependent on their anchorage system. However,
other parameters such as the capacity of tank, aspect ratio (height to diameter), percentage of liquid
within the tanks at the time of the earthquake, and the depth of the concrete slab below the vertical
tanks were also seen to influence the seismic performance of flat-based wine tanks.

•

Elephant-foot buckling and diamond-shaped buckling were a common failure observed during the
inspection of the flat-based tanks, both of which were attributed to insufficient shell thickness. Of
684 flat-based tanks in the inventory, 11% sustained elephant-foot buckling and 4.5% sustained
diamond-shaped buckling.

•

Based on the damage data, the legs of the legged wine tanks sustained the largest extent of damage,
where leg tilting or buckling were the most frequent types of recorded damage. Leg tilting and
buckling was observed in tanks with poor bracing systems or without bracing systems.

•

Unlike the flat-based tanks, the legged wine tanks did not sustain significant elephant-foot buckling
(less than 1%) and diamond-shaped buckling (3%). This is considered to be due to the fact that
legged tanks typically have much lower liquid storage capacity compared to the flat-based tanks.

•

With reference to the design of wine tanks, the lack of suitable guidelines for the design of legged
tanks as well as little information for the implementation of modal masses following the
cancellation of the convective mode procedure are important parameters that have not been
addressed within the NZSEE guideline.

•

Analysis of the post-earthquake performance of anchorage system of flat-based tanks revealed that
while chair mounted necked tension anchors (145 out of 298 tanks) and short I-shaped anchor bolts
(80 out of 104 tanks) sustained the largest proportion of damage, energy dissipation devices
performed well with the least amount of reported damage (1 out of 55 tanks).
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•

Remedial options included skirt extension and replacement of the traditional anchor bolts with the
energy dissipation devices, which were observed to be the most common types of remedial option
for the flat-based tanks.

•

Skirt extension and the addition of an anchorage system was a typical strengthening option for
damaged legged wine tanks.

•

Preliminary comparisons between the repair costs and replacing costs revealed that retrofitting of
the tanks depending on the type of damage may be more cost-effective than tank replacement.

2.7 Acknowledgments
The authors express their appreciation to the New Zealand Ministry for Primary Industries for the
financial support (project number 5000132) provided to the authors to conduct this research project.
The authors express their appreciation to Structex for providing the majority of information and
technical support for this research, and the authors also express their appreciation to the Thornton
Tomasetti Company (Wellington, NZ office) for providing information for this research.

2.8 References
[1]

NZwine, “New Zealand winegrowers annual report,” 2018. [Online]. Available:
https://www.nzwine.com/en/media/statistics/annual-report. [Accessed: 17-Jul-2019].

[2]

N. A. Cradock-Henry and J. Fountain, “Characterising resilience in the wine industry: Insights
and evidence from Marlborough, New Zealand,” Environ. Sci. Policy, vol. 94, no. November
2018, pp. 182–190, 2019.

[3]

E. Cohen and L. Ben-Nun, “The important dimensions of wine tourism experience from
potential visitors’ perception,” Tour. Hosp. Res., vol. 9, no. 1, pp. 20–31, 2009.

[4]

M. Beverland, “Wine tourism in New Zealand—maybe the industry has got it right,” Int. J.
Wine Mark., vol. 10, no. 2, pp. 24–33, 1998.

[5]

New Zealand Institute of Economic Research, “Economic contribution of the New Zealand
wine sector,” 2015. [Online]. Available: http://www.nzwine.com/assets/pdf/Economic
contribution of the wine sector 2015.pdf. [Accessed: 17-Jul-2019].

[6]

E. V Au, A. F. Walker, and W. J. Lomax, “Wine industry implementation of the NZSEE
guidance on the seismic design of liquid storage tanks,” in NZSEE Annual Conference,
Rotorua, New Zealand, 10-12 April, 2015.

[7]

D. Dizhur, G. Simkin, M. Giaretton, G. Loporcaro, A. Palermo, and J. Ingham, “Performance
of winery facilities during the 14 November 2016 Kaikōura earthquake,” Bull. New Zeal. Soc.
Earthq. Eng., vol. 50, no. 2, pp. 206–224, 2017.
38

[8]

M. Yazdanian, J. M. Ingham, D. Dizhur, and C. Kahanek, “A conspectus of wine storage tank
damage data following the 2013 and 2016 New Zealand earthquakes,” in 2019 Pacific
Conference on Earthquake Engineering, Auckland, New Zealand, 4-6 April, 2019.

[9]

M. Bruneau et al., “A framework to quantitatively assess and enhance the seismic resilience of
communities,” Earthq. Spectra, vol. 19, no. 4, pp. 733–752, 2003.

[10]

G. J. Morris, B. A. Bradley, A. Walker, and T. Matuschka, “Ground motions and damage
observations in the Marlborough region from the 2013 Lake Grassmere earthquake,” Bull. New
Zeal. Soc. Earthq. Eng., vol. 46, no. 4, pp. 169–186, 2013.

[11]

J. Rosewitz and C. Kahanek, “Performance of wine storage tanks: Lessons from the
earthquakes near Marlborough,” in Australasian Structural Engineering Conference (ASEC),
Auckland, New Zealand, 9-11 July, 2014.

[12]

K. Crowley and J. R. Elliott, “Earthquake disasters and resilience in the global North: Lessons
from New Zealand and Japan,” Geogr. J., vol. 178, pp. 208–215, 2012.

[13]

GeoNet, “New Zealand Earthquake Report: Magnitude 7.8, Mon, Nov 14, 2016, 12:02:56 am
(NZDT),” 2016.

[14]

B. A. Bradley, H. N. T. Razafindrakoto, and M. A. Nazer, “Strong ground motion observations
of engineering interest from the 14 November 2016 Mw 7. 8 Kaikōura, New Zealand
earthquake,” Bull. New Zeal. Soc. Earthq. Eng., vol. 50, no. 2, pp. 85–93, 2017.

[15]

Ministry of Civil Defence and Emergency Management, “Situation Report 002. Hanmer
Springs Earthquake and Tsunami, National Crisis Management Centre (NCMC),” 2016.

[16]

J. R. Stevenson et al., “Economic and social reconnaissance: Kaikoura earthquake 2016,” Bull.
New Zeal. Soc. Earthq. Eng., vol. 50, no. 2, pp. 346–355, 2017.

[17]

Z. Duputel and L. Rivera, “Long-period analysis of the 2016 Kaikōura earthquake,” Phys.
Earth Planet. Inter., vol. 265, pp. 62–66, 2017.

[18]

A. Niwa and R. W. Clough, “Buckling of cylindrical liquid-storage tanks under earthquake
loading,” Earthq. Eng. Struct. Dyn., vol. 10, no. 1, pp. 107–122, 1982.

[19]

E. González, J. Almazán, J. Beltrán, R. Herrera, and V. Sandoval, “Performance of stainless
steel winery tanks during the 02/27/2010 Maule Earthquake,” Eng. Struct., vol. 56, pp. 1402–
1418, 2013.

[20]

E. Team, “Loma Prieta earthquake reconnaissance report,” Earthq. Spectra, Suppl. to, vol. 6,
39

pp. 127–149, 1990.
[21]

P. Grossi et al., “The 2010 Maule, Chile Earthquake: Lessons and Future Challenges,” 2011.

[22]

G. A. Auad and J. L. Almazán, “Non linear vertical-rocking isolation system: Application to
legged wine storage tanks,” Eng. Struct., vol. 152, pp. 790–803, 2017.

[23]

E. Fischer, “Learning from Earthquakes: 2014 Napa Valley Earthquake Reconnaissance
Report,” West Lafayette, Indiana, USA, 2014.

[24]

E. C. Fischer, J. Liu, and A. H. Varma, “Investigation of Cylindrical Steel Tank Damage at
Wineries during Earthquakes: Lessons Learned and Mitigation Opportunities,” Pract. Period.
Struct. Des. Constr., vol. 21, no. 3, p. 4016004, 2016.

[25]

E. Brunesi, R. Nascimbene, M. Pagani, and D. Beilic, “Seismic performance of storage steel
tanks during the May 2012 Emilia, Italy, earthquakes,” J. Perform. Constr. Facil., vol. 29, no.
5, p. 4014137, 2014.

[26]

S. Savarimuthu et al., “SeisFinder: A web application for extraction of data from
computationally intensive earthquake resilience calculations,” 2017.

[27]

F. Zareian, C. Sampere, V. Sandoval, D. L. McCormick, J. Moehle, and R. Leon,
“Reconnaissance of the Chilean wine industry affected by the 2010 Chile offshore Maule
earthquake,” Earthq. Spectra, vol. 28, pp. S503–S512, 2012.

[28]

G. C. Manos, “Evaluation of the earthquake performance of anchored wine tanks during the
San Juan, Argentina, 1977 earthquakes,” Earthq. Eng. Struct. Dyn., vol. 20, no. 12, pp. 1099–
1114, 1991.

[29]

A. S. of Civil Engineers, Minimum design loads for buildings and other structures, vol. 7.
Amer Society of Civil Engineers, 1994.

[30]

American Petroleum Institute (API), Welded Steel Tanks for Oil Storage, API 650,.
Washington, D. C., 2007.

[31]

NZSEE, Seismic Design of Storage Tanks: Recommendations of a NZSEE Study Group on
Seismic Design of Storage Tanks. Wellington, New Zealand: New Zealand National Society
for Earthquake Engineering, 2009.

[32]

L. A. Godoy, “Buckling of vertical oil storage steel tanks: Review of static buckling studies,”
Thin-Walled Struct., vol. 103, 2016.

[33]

M. Yazdanian, M. Mashal, and S. V Razavi, “Seismic vulnerability of cylindrical steel liquid
40

storage tanks for an oil industry plant,” Anadolu University Journal of Science And and
Technology A - Applied Sciences and Engineering, vol. 18. pp. 275–288, 2017.
[34]

G. S. Prinz and A. Nussbaumer, “On the low-cycle fatigue capacity of unanchored steel liquid
storage tank shell-to-base connections,” Bull. Earthq. Eng., vol. 10, no. 6, pp. 1943–1958,
2012.

[35]

P. K. Malhotra, “Seismic response of soil-supported unanchored liquid-storage tanks,” J.
Struct. Eng., vol. 123, no. 4, pp. 440–450, 1997.

[36]

Eurocode 8: Design of structures for earthquake resistance- Part 4: Silos, tanks and pipelines,
vol. 1. Brussels: CEN national Members, 2005.

[37]

G. Cortes, A. Nussbaumer, C. Berger, and E. Lattion, “Experimental determination of the
rotational capacity of wall-to-base connections in storage tanks,” J. Constr. Steel Res., vol. 67,
no. 7, pp. 1174–1184, 2011.

[38]

G. S. Prinz and A. Nussbaumer, “Fatigue analysis of liquid-storage tank shell-to-base
connections under multi-axial loading,” Eng. Struct., vol. 40, pp. 75–82, 2012.

[39]

W. Lomax, A. Walker, and R. Wood, “Implementing a holistic ductile design approach to
stainless steel wine storage tanks,” 16th world Conf. Earthq. Eng. Santiago Chile, 9-13
January, 2017.

[40]

“Onguard Seismic Tank Systems.” https://www.onguardgroup.com/technical/ (accessed Dec.
16, 2021).

[41]

G. Clifton, P. Committee, and others, “NZS 3404 Part 1: 2009 Steel Structures Standard

Materials, Fabrication and Erection.” Standards New Zealand, 2009.

41

Damage to flat-based wine storage tanks in the 2013 and
2016 New Zealand earthquakes
In-field post-earthquake damage assessment of wineries was conducted following the 2013 Seddon
earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw 6.6), and the 2016 Kaikōura earthquake
(Mw 7.8) in New Zealand. These assessments provided an opportunity to assemble the largest database
ever collected on the earthquake performance of wine storage tanks. Observations documented and
discussed herein highlight detailed statistics regarding the earthquake performance of 546 flat-based
wine storage tanks from the 2013 earthquakes and of 802 flat-based wine storage tanks from the 2016
earthquake. Damage data revealed that of the 546 inspected wine storage tanks following the 2013
earthquakes, 69% sustained damage, and that of the 802 inspected wine storage tanks following the
2016 earthquake, 73% sustained damage. In the 2013 earthquakes the tank base shell (39%) and anchor
(47%) parts of the flat-based wine tanks sustained the largest proportion of damage, while due to
resilience measures implemented following the 2013 earthquakes, damage to tank base shells and to
tank anchors in the 2016 earthquakes reduced to 32% and 23% respectively, and instead damage to the
barrel (54%) and cone (43%) parts of flat-based wine tanks was identified as being most significant.
Indenting of the tank barrel due to impact from a catwalk during the 2013 (10%) and 2016 (24%)
earthquake events was identified as the most crucial failure type that caused damage to tank barrels.

3.1 Introduction
The New Zealand wine industry contributes more than NZ$1.7 billion per year to the national economy
[1], with the average annual growth in New Zealand wine exports over the last two decades being 17%
[2], making it one of the fastest-growing industries in New Zealand. Over two-thirds of all New Zealand
wine production is under the care of Marlborough wine producers [3], with Marlborough being a region
located at the north-eastern tip of the South Island of New Zealand.
Winemaking facilities typically consist of four important elements including buildings, wine storage
tanks, barrel racks, and catwalks, with wine storage tanks broadly divided into flat-based wine tanks
and legged wine tanks (see Figure 3.1). Following the 2013 Seddon earthquake (Mw 6.5), the 2013 Lake
Grassmere earthquake (Mw 6.6), and the 2016 Kaikōura earthquake (Mw 7.8) in New Zealand,
engineering teams inspected the affected wineries and collected detailed damage data. Based on these
observations and the collected data, it was established that wine storage tanks sustained the largest
proportion of damage within the winery (see [4], [5], [6]), with the New Zealand Wine Institute initially
estimating that approximately 20% of tank capacity in Marlborough was impaired to some extent
following the 2016 Kaikōura earthquake, and with at least 1,000 tanks having sustained some level of
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damage [7]. Due to the large number of wine tanks (3459 tanks) inspected during the post-earthquake
damage assessment, the study presented herein is limited to the flat-based wine tanks only.
The dynamic behaviour of liquid storage tanks when subjected to earthquake-induced shaking has
previously been extensively studied, including vibration analysis [8], [9], [10], [11] application of finite
element models [12], [13], [13], [14], [15], [16], [17], [18], experimental shaking table tests [19], [20],
[21] and the development of analytical models of tank-fluid systems [22], [23], [24], [25]. Apart from
the research mentioned above that primarily focused on tanks containing different types of liquid,
several research works have been focused particularly on flat-based wine tanks. A FE software was
used by Brunesi et al. [26] to simulate replication of the damage to wine storage tanks, with good
agreement between the FE software and in-field post-earthquake observations from the 2012 Emilia
earthquake (Mw 6.1) in Italy, with the results suggesting a need for research on efficient retrofit solutions
for the seismic resilience of wine storage tanks. Colombo and Almazan [27] evaluated the efficiency of
a specific energy dissipation method for both slender and broad wine tanks by using the seismic
reliability method, with the seismic behaviour of both types of tanks (slender and broad) being
investigated for two different cases (with and without a dissipation system), with their conclusion being
that the incorporation of an energy dissipation system is able to reduce the probability of failure by
80%.
In order to facilitate damage predictions and develop mitigation solutions for wine storage tanks when
subjected to future earthquake events, it is necessary to have a comprehensive empirical damage
database of past performance. The primary damage data currently in existence is an inventory of 424
tanks composed of a mix of different water and petroleum product storage tanks that was collected by
Cooper following 10 earthquakes between 1933 and 1995, and is reported in the National Institute of
Standards and Technology (NIST) report [28]. The American Lifeline Alliance (ALA) [29] later revised
this inventory and added earthquake-related damage data of storage tanks from new earthquakes. The
updated ALA [29] database includes 532 tanks, with a peak ground acceleration (PGA) range from 0.10
to 1.20 g. A few researchers (see [30], [31], [32]) used damage data authored by Cooper and ALA in
order to produce fragility curves for storage tanks. In 2019, D’Amico and Buratti [33] compiled multiple
sources of storage tank data using geographic information system (GIS) archives, gathering information
on 3026 tanks to produce fragility curves for the atmospheric tanks used in chemical and process
industries. This dataset consists of limited known information, with only 12% of anchor condition, 14%
liquid levels and 8% of foundation types being known. It is also noted that this extensive dataset does
not contain information on wine storage tanks. Stratta [34] reported damage to 177 stainless-steel wine
tanks at wineries following the 1980 Greenville earthquake (Mw 5.5). During the earthquake, 47 of the
tanks were empty or partially filled, and only sustained minor damage. Out of 130 wine tanks that were
full of liquid, 10 tanks did not sustain any sort of damage, 24 tanks sustained minor damage, and the
rest suffered medium to severe damage. There are several reports [35], [36], [37], [38], [39] on damage
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to wine tanks in different parts of the globe, but the number of affected wine tanks were not included in
the development of fragility curves in the previous works. By far the most striking earthquake that
impacted wineries was the 2010 Maule earthquake (Mw 8.8) in Chile. According to observations,
following this earthquake losses reached approximately 125 million litres of wine. González et al. [39]
reported the performance of stainless-steel wine tanks during the 2010 Maule Earthquake, with several
critical issues for the loss of wine being identified, including inadequate anchorage, elephant-foot
buckling, diamond-shaped buckling, and uplifting.
The objective of the study reported herein was to introduce the largest damage database to ever be
reported for flat-based wine storage tanks using post-earthquake damage assessment data collected from
the recent earthquakes in New Zealand. The study details damage to different tank parts for a total of
1348 flat-based wine tanks, consisting of 546 flat-based wine storage tanks from the 2013 earthquakes
and 802 flat-based wine storage tanks from the 2016 earthquake. The available information allowed for
extensive parametric comparison of the seismic performance of wine tanks considering damage types,
tank storage capacity, liquid levels, and 2013/2016 earthquake damage levels. Furthermore, repairs of
the damaged wine tanks were also investigated and are reported in subsequent sections.
The practical findings outlined in the research presented herein can be considered as a benchmark for
future studies in order to produce fragility curves, evaluate repair costs, and move towards mitigation
solutions.

(a) Flat-based tanks (120 kL)

(b) Legged tanks (20 kL)

Figure 3.1. Example of typical wine tank types observed in New Zealand wineries
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Figure 3.2. Different parts of a typical flat-based tank

3.2 Background of 2013 and 2016 New Zealand earthquakes
The Marlborough region of New Zealand has experienced a variety of earthquakes in recent years,
including the Seddon earthquake on 21 July 2013 (Mw 6.5), the Lake Grassmere earthquake on 26
August 2013 (Mw 6.6), and the 2016 Kaikōura earthquake (Mw 7.8). These earthquakes led to the
initiation of new research that investigated the seismic vulnerability of elements in wineries (e.g., see
[4], [40], [5], [6] and [41]). The effects of recent earthquakes has demonstrated that the wine industry
continues to be vulnerable to seismic hazards, with observations showing that wine storage tanks
sustained the majority of the damage to wineries in these earthquakes. The performance of wine storage
tanks following the 2013 earthquakes was reported by Morris et al. [5] and by Rosewitz and Kahanek
[6], who reported damage to wine tanks in the Marlborough region following the 2013 Seddon
earthquake. Au et al. [42] addressed gaps in the NZSEE standard for the design of wine storage tanks.
The damage data presented herein is a result of the damage assessment performed following the 2013
Seddon earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw 6.6), and the 2016 Kaikōura
earthquake (Mw 7.8).
In July and August of 2013, a series of earthquake events occurred in the Cook Strait, New Zealand.
The Cook Strait divides the North and South Islands of New Zealand, and the Marlborough region is
located near its southwest shore on the South Island. The first sequence commenced on 19 July 2013
with a Mw 5.5 earthquake located 30 km east of Seddon, New Zealand, which was followed by two
more severe events, being the Mw 6.5 Seddon earthquake on 21 July that was centred 25 km east of
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Seddon at a depth of 13 km, and the Mw 6.6 Lake Grasmere earthquake on 16 August 2013 that was
centred 10 km southeast of Seddon at a depth of 8 km [6].
The epicentre of the 2016 Mw 7.8 Kaikōura earthquake was 15 km northeast of Culverden (a small town
located in the northern Canterbury region of New Zealand's South Island), at a depth of 15 km [43].
The aftershocks, including four that were over Mw 6, occurred across a complex connected series of
faults in the Marlborough Fault System [44]. The Kaikōura earthquake led to two deaths, with one death
being from a heart attack and the other death being due to the collapse of a house [45], and 580 people
had injury claims accepted by the Accident Compensation Corporation due to the earthquake [46].

3.3 NZSEE storage tank design recommendations
A series of design guidelines were developed by the New Zealand Society of Earthquake Engineering
(NZSEE) for liquid storage tanks. The first NZSEE guideline was published in 1986 [47], which was
later updated in 2009 [48] to allow determination of seismic design actions in accordance with
NZS 1170.5 [49]. Loading criteria not considered by NZS 1170.5 that are unique to storage tanks are
outlined in the NZSEE guideline. It should be noted that the NZSEE document has no legal standing at
this time, although appears to be widely used in the New Zealand wine industry and in other countries
for the design of wine tanks. At the time of the 2013 earthquakes, wine storage tanks in Marlborough
had typically been constructed between 2001 and 2013, and it is estimated that 70-80% of those tanks
were designed using the 1986 version of the NZSEE guideline and that 10-15% were designed using
the 2009 version [6]. Au et al. [42] recommended that while the NZSEE 2009 guidelines provide an
excellent procedure for the design of liquid storage tanks, the document must be used with caution when
applied to the design of wine tanks due to the difference in sloshing behaviour of liquid for closed-top
and open-top tanks. For example, Kh and Kv are period coefficients that are important for calculating
impulsive modes and vertical modes, but the graphs can only be used for tanks with a height/radius
ratio of up to H/R = 4, whilst flat-based wine tanks typically have a higher H/R ratio. For the purpose
of design, the NZSEE document suggests a 50-year return period design life for a new installation tank,
but the importance level can be interpreted differently by designers. Much discussion between the tank
designers has been about selection of the correct importance level. Tank designers typically need to
choose importance level 1 or importance level 2, with the process used to establish the importance level
being defined in Table 3.1 of AS/NZS 1170.0 [50]. Importance level 2 is appropriate for normal
structures and structures not in other importance levels and importance level 1 is for structures
presenting a low degree of hazard to life and other property. Within the NZSEE document, Tables 3.4
to 3.7 explain the application of AS/NZS 1170 with respect to the selection of importance levels for
storage tanks, stating that the importance level shall be selected according to the most severe
consequence of failure.
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Catwalks are another element in wineries, which provide access to the cone part of the tank and are
typically designed as one of two types: (i) self-supported; (ii) tank-supported. NZSEE [48] does not
make comment on the design of catwalks and their connection to wine storage tanks. Other tank design
codes (i.e., API 650 [51], AWWA [52], ACI 350.3-06 [53], and Eurocode 8 [54]) also do not
specifically make comment on wine storage tanks or catwalks.

3.4 Methodology of damage data collection and presentation
The data presented herein is a result of interior and exterior detailed inspections by competent structural
engineers of individual flat-based wine tanks in 7 major wineries following the 2013 earthquakes and
in 5 major wineries following the 2016 earthquake located in Marlborough, New Zealand (see Table
3.1). Two of the wineries (winery 1 and winery 4) were inspected twice, meaning that they were
inspected following both the 2013 and 2016 earthquakes. Inspection of these two wineries in two
different earthquake events provided an opportunity to compare the performance of flat-based wine
tanks in two different PGA level (see section 3.5.4). The remainder of the inspected wineries (wineries
2, 3, 5, 6, 7, 8, 9, and 10 were inspected only once. During each of the winery site inspections, interior
and exterior photographs as well as the extent and type of damage were captured for each individual
tank. Because the data was primarily prepared for insurance purposes, several structural engineering
consultants were involved in damage collection and assessment. For some wineries, multiple structural
engineering consultants were engaged to reach agreement on the identified damage types. Thus, the
data presented herein has a comparatively high degree of accuracy because they derive from winery
inspections undertaken by a cohort of chartered professional structural engineers.
Wine tanks as shown in Figure 3.2 are composed of different parts including foundation, anchorage
system, tank base shell, skirt, barrel, barrel insulation, and cone. During the conducted winery site
inspections all tank parts were inspected separately, and damage data was recorded in order to present
and compare the percentage of damage to each of the tank parts. In the 2013 earthquakes the damage
data was categorised into three groups: (i) minor; (ii) moderate; (iii) major, whereas in the 2016
earthquake the damage to the wine tanks was clearly defined based on the required repairs that winery
stakeholders needed to perform (see Table 3.2).
Table 3.1. Tank database used in the present study
Earthquake

Number of

Total number of

flat-based tanks

tank inspections

2013 Mw 6.5 Seddon and Mw 6.6

546

Lake Grassmere earthquakes
2016 Mw 7.8 Kaikōura earthquake

802
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1,348

Table 3.2. Damage definition for wine storage tanks following the 2016 earthquake
Damage

Damage

Photo example of typically

extent

definition

observed damage

Minor

no repairs

Moderate

Major

Severe

Replacement

localised
repairs

localised
replacement

section
replacement

tank
replacement

48

3.5 Analysis of collected damage data
Inspected wineries experienced different peak ground accelerations (PGAs) due to their varied
geographical locations in the Marlborough region (see Table 3.3), with the extent of earthquake-related
damage to wine tanks varying significantly from winery to winery due to both variations in experienced
PGA and variations in tank inventory at different wineries. Shakemap [55] is an application provided
by the USGS Earthquake Hazards Program and Seisfinder is a web application for the retrieval of data
from New Zealand earthquakes. These two tools were used to quantify the PGA that each of the
wineries experienced for the 2013 and 2016 earthquakes respectively. Table 3.3 reveals that apart from
PGA, there were other parameters that influenced the overall percentage of damaged tanks, such as the
level of seismic resilience of the wineries. For example, some of the flat-based wine tanks in winery (1)
were retrofitted following the 2013 earthquakes and in the 2016 earthquake winery (1) experienced a
larger PGA (0.32g) compared with PGA winery (1) experienced in 2013, whilst sustaining the lowest
percentage of damage to tanks in that earthquake.
The in-field post-earthquake performance of 546 flat-based wine tanks was investigated following the
2013 earthquakes, with a parallel assessment being undertaken for 802 flat-based wine tanks following
the 2016 earthquake. Figure 3.3 shows the overall tank damage information from both earthquake
events, and although wineries typically sustained higher levels of PGA in the 2016 earthquake, flatbased wine tanks sustained slightly less damage in this latter earthquake (69%) when compared with
the damage imposed by the 2013 earthquakes (73%). This general reduction in damage to tanks was
attributed to winery operators implementing various levels of earthquake resilience into their short-term
and long-term plans [56] following the considerable losses sustained during the 2013 earthquakes. The
collected damage data was broadly categorised into tanks with a single damage type (one damage) and
tanks that sustained more than one damage type (multiple damage). For example, if some tank anchors
sustained bolt buckling and another anchor of the same tank sustained elongation, then the subject tank
was considered as having two types of damage and accordingly was categorised as a tank with multiple
damage. Damage data collected following the 2013 and 2016 earthquakes showed that a large portion
of the damaged tanks experienced multiple damage types in the 2013 earthquakes (48%) and the 2016
earthquake (42%) respectively.
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Table 3.3. Tank inventory data and experienced PGA for each winery used in the present study
Earthquakes

Winery

Liquid

No. of flat-

Damaged

PGA

name

ID

average

based tanks

tanks

[g]

%
(1)-2013***

65%

38

35 (92%)

Shakemap*:0.11

(2)

N/A

30

17 (57%)

Shakemap*:0.11

(3)

38%

24

24

Shakemap*:0.20

2013 Mw 6.5

(100%)

Seddon and
Mw 6.6 Lake

(4)-2013***

82%

82

80 (97%)

Shakemap*:0.40

Grassmere

(5)

43%

317

213

Shakemap*:0.20

earthquakes

(67%)
(6)

N/A

14

8 (57%)

Shakemap*:0.20

(7)

N/A

41

27 (66%)

Shakemap*:0.20

(1)-2016***

48%

191

111

Seisfinder**: 0.32

(58%)
(8)

2016 Mw 7.8

276

180

Seisfinder**: 0.26

(65%)

Kaikōura
earthquake

53%

(9)

48%

34

26 (76%)

Seisfinder**: 0.32

(4)-2016***

49%

174

146

Seisfinder**: 0.36

(84%)
(10)

52%

127

94 (74%)

Seisfinder**: 0.23

https://earthquake.usgs.gov/data/shakemap/

*

https://quakecoresoft.canterbury.ac.nz/seisfinder/search

**

***Wineries (1) and (4) were inspected in both the 2013 and 2016 earthquakes
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Figure 3.3. Overall damage percentage sustained by flat-based tanks
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3.5.1 Effect of tank capacity on seismic performance
The liquid storage capacity of tanks was one of the significant parameters affecting the damage levels
of flat-based wine tanks (see Figure 3.4a, b), where in the 2013 earthquakes the damage level (measured
as a percentage of total number of tanks as shown in Figure 4) for flat-based wine tanks having a
capacity exceeding 60 kL was more prominent than for smaller tanks. In the 2016 earthquake, inspected
tanks with a volume of between 20-40 kL sustained the largest percentage of damage (83%) amongst
all tank volume capacity ranges. During site inspection following the 2016 earthquake it was identified
that after the 2013 earthquakes many wineries had undertaken strengthening of wine tanks having larger
capacities, with smaller wine tanks therefore being more likely to be un-anchored or alternatively being
anchored using less effective anchorage systems (see Figure 3.5). In the 2013 earthquakes (see Figure
3.4a) there was substantially less damage sustained for tanks with a capacity of between 300-550 kL
(59%) than for smaller tanks. These large volume and less-damaged wine tanks had a low height to
radius aspect ratio and sustained only minor damage to their tank base shells without any interruption
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Tanks with no damage

(a) 2013 earthquakes

N/A

Capacity range (kL)
Tanks with one damage Tanks with multiple damage

(b) 2016 earthquake

Figure 3.4. Damage percentage to flat-based tanks based on storage capacity range
Note: % in the figures relates to the total percentage of damaged tanks for that capacity range
Note: N/A relates that data was not available for that capacity range.
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N/A

A

B

C

(a) Severely loose bolt resulted

(b) Loose bolt due to seismic

(c) Severe slab damage due to

in damage to slab

loads

bending and slack of anchor
bolt

Figure 3.5. Damage to the anchoring system in small capacity (25 kL) flat-based wine tanks

3.5.2 Damage to different parts of flat-based tanks
In-field damage assessment following the 2013 earthquakes revealed that tank anchors and the tank
base shells of flat-based tanks sustained the largest damage. After the 2013 earthquakes there were 546
flat-based tanks in the inventory, with 258 tanks (47%) sustaining damage to their anchorage system
and 211 tanks (39%) sustaining damage to their tank base shell respectively, while in the 2016
earthquake there was 802 flat-based tanks in the inventory, with 185 tanks (23%) sustaining damage to
their anchors and 256 tanks (32%) sustaining damage to their tank base shell. In the 2016 earthquake
the tank barrel (435 out of 802 tanks, 54%) and the cone (348 out of 802 tanks, 43%) were the most
damaged elements of the tanks (see Figure 3.6a, b). In subsequent subsections a detailed breakdown of
the damage to each tank part is presented.
Anchors

Barrel

47% (258)

Tank base shell

39% (211)

Barrel

14% (78)

Foundation (base)

14% (77)

5%

10%

23% (185)

Skirt

16% (132)

Barrel Insulation

Skirt 2% (11)
0%

32% (256)

Anchors

3% (19)

Barrrel insulation

43% (348)

Tank Base Shell

28% (153)

Cone

54% (435)

Cone

15%

20% 25% 30% 35%
Damage percentage

40%

45%

13% (102)

Cone Insulation

12% (99)

Foundation (base)

11% (92)
0%

50%

(a) 2013 earthquakes

10%

20%
30%
40%
Damage percentage

50%

60%

(b) 2016 earthquake

Figure 3.6. Percentage of damage to different parts of flat-based tanks

3.5.2.1 Anchors
Anchorage systems are designed as the main element responsible for restraining storage tanks against
primary lateral earthquake forces. Two approaches are commonly used in New Zealand to design an
anchorage system, with the first approach being an elastic design procedure that is based on the use of
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materials which cannot be significantly deformed. This design method typically requires larger diameter
anchors and is more appropriate for tanks with larger wall thicknesses. The second design approach is
based on a ductile design procedure and allows the anchor systems to deform significantly prior to
breaking. Following the lessons learned after the 2013 earthquakes, structural designers moved towards
designing ductile anchorage system for wine tanks, with over 3000 flat-based wine tanks being
equipped with energy dissipation anchors following the 2013 earthquakes. Due to this strengthening
approach a clear and sizable reduction in the occurrence of anchor damage was identifiable in the
damage data collected following the 2013 earthquakes (47%) when compared to the damage data
collected following the 2016 earthquake (23%), see Figure 3.6.
There were several types of anchorage systems utilised for the flat-based wine tanks that were observed
during the inspection of wineries following the 2013 and 2016 earthquakes (see Figure 3.7), and
accordingly the damage type was different depending on the adopted anchorage system. Six common
anchor-related damage types that were observed in the wineries are presented in Figure 3.8, along with
their respective damage percentage, showing that elongation and anchor bolt buckling were two of the
most common anchor-related damage types in the inventory. Based on the site inspections and
subsequent data analysis, it was identified that tank rocking due to overturning moments resulted in the
majority of damage sustained by flat-based wine tanks. Due to overturning moments associated with
cycling earthquake loading some anchors were subjected to tension while the diametrically opposed
anchors were subjected to compression loads (see Figure 3.10 illustrating typical loading cycles).
Anchor bolt elongation (see Figure 3.8a), thread shear (see Figure 3.8d), and tension rupture (see Figure
3.8c) of the anchors were frequently observed as a result of applied tension, and anchor bolt buckling
due to compressive loading was also observed (see Figure 3.8b). In addition, bracket failure (see Figure
3.8e) and displaced anchors (see Figure 3.8f) were observed, which was attributed to horizontal
translational movement of tanks during the earthquakes. In the 2013 earthquakes many of the anchors
required replacement (see Figure 3.9a), with the data for the number of tanks in the inventory that
required anchor replacement being available for four wineries (see Table 3.4). Based on the severity of
damage as shown in Figure 3.9b, approximately 86% of tanks with damaged anchors in the 2016
earthquake required anchor replacement.
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Tension anchor
Chair

Shear bolts

(a) Shear bolt anchorage system

(b) Tension anchorage system

Tension anchorage system

I shaped anchorage system

Bracket
Chair

Chair

Anchor bolt
Nut and anchor bolt

Anchor bolt

(c) Combined use of tension and I shaped anchorage systems
Figure 3.7. Different common types of anchorage system identified during Marlborough wineries
inspections
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(a) Elongation

(b) Anchor bolt buckling

(c) Tension rupture

Nil in 2013; 7.4% in 2016

Nil in 2013; 6.1% in 2016

5% in 2013; 4.5% in 2016

(d) Threads shearing

(e) Bracket failure

(f) Laterally displaced anchor

7.5% in 2013; 4% in 2016

Nil in 2013; 1% in 2016

Nil in 2013; 1% in 2016

Figure 3.8. Typical examples of damage to anchorage system and percentage of each damage type
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Figure 3.9. Anchor-related damage types and percentage of damage extent. See Table 2 for definition
of damage categories and see Figure 3.8 for illustrative examples of damage type.
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Table 3.4. Number and percentage of tanks requiring anchor replacement following the 2013
earthquakes
Winery
ID

1

Number and

Number of

% of tanks that tanks <50% full

Number of

Average % of

Total # tanks and

tanks >50%

liquid level of

their capacity
distribution

required

that required

full required

tanks at the

anchor

anchor

anchor

time of

replacement

replacement

replacement

earthquake

28 (74%)

5 out of 28

23 out of 28

65%

38:
#26 (90kL),
#8 (100kL),
#4 (240kL)

3

11 (46%)

4 out of 11

7 out of 11

46%

24:
#21 (90kL),
#3 (270kL)

4

36 (44%)

0 out of 36

36 out of 36

82%

82:
#38 (80kL),
#26 (100kL),
#8 (150kL),
#10 (175kL)

5

63 (20%)

17 out of 63

46 out of 63

43%

317
#70 (20-40kL),
#77 (40-60kL),
#48 (60-100kL),
#59 (100150kL),
#42 (250300kL),
#19 (300550kL),
#2 (N/A kL)
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Compression

Tension

EQ

EQ

Figure 3.10. Rocking movement of tank during an earthquake

3.5.2.2 Foundation - anchor interaction
The foundation below a flat-based tank having a capacity greater than 60,000 litres is usually composed
of a concrete slab and a raised concrete plinth, with the concrete plinth typically having a cylindrical
shape, whereas tanks smaller than this 60,000 litre capacity range may be installed directly on a concrete
slab. The concrete plinth is usually poured first, and the tank is then set directly on the plinth after the
concrete has cured (see Figure 3.11), with the plinth diameter being approximately 50 mm less than the
diameter of the tank to accommodate tank placement [6].
The extent and character of damage to the concrete foundations of flat-based tanks is dependent on the
anchorage system utilised (see Figure 3.12). Based on recorded data, in the 2013 earthquakes 14% of
flat-based tanks in the inventory sustained foundation damage with 71% of this foundation damage
being associated with damage to the anchors, and in the 2016 earthquake 13% of flat-based tanks in the
inventory sustained foundation damage, with 83% of this foundation damage being associated with
damage to the anchors (see Figure 3.13). In a limited number of cases the concrete foundation was
damaged with no visible damage to the anchors (see Figure 3.14).
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(a) Concrete plinth

(b) Polystyrene is sandwiching

(c) Concrete plinth prepared for

between the plinth and the tank

tank installation

base

(d) Tank installation on

(e) Tank is handled using crane

(f) Tank anchoring to the

concrete plinth

to adjust on the concrete plinth

concrete slab

Figure 3.11. Tank installation process

(a) Foundation damage

(b) Foundation damage

(c) Foundation damage

14% in 2013

(example 2)

(example 3)

11% in 2016
Figure 3.12. Typical examples of damage to tank foundation and percentage of each damage type as
illustrated in Figure 3.13
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10%

12%
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Figure 3.13. Tank foundation-related damage types and percentage of damage extent. See Table 2
for definition of damage categories and see Figure 3.12 for illustrative examples of damage type.

Figure 3.14. Example of damage to concrete with no evident damage to the anchors

3.5.2.3 Tank base shell
The underside of a flat-based tank structure which is supported by a concrete plinth is typically referred
to as a tank base shell (see Figure 3.2 and Figure 3.15). The tank base shell of flat-based wine tanks was
the second most damaged tank element in the 2013 earthquakes and was the third most damaged tank
element in the 2016 earthquake, with 39% and 32% of tanks sustaining base shell damage, respectively.
Tank settlement, base punching, and knuckling deformation are different types of earthquake-related
damage to the tank base shell that were observed following the 2013 and 2016 earthquakes. Tank
settlement occurs when seismic demands cause either compression of an underlying polystyrene layer
(see Figure 3.15), or deformation of the steel at the tank base shell. Visual indicators of tank settlement
include slack between the anchor bolt nut and anchor bracket (chair), or downward vertical movement
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of the tank relative to its original position (see Figure 3.16e). Almost 20% of the tanks in the 2013
earthquakes sustained some level of settlement at the tank base.
The tank knuckle is the portion of the tank base shell that extends over the 25 – 50 mm gap between the
edge of the tank and the plinth (see Figure 3.16b), and knuckle deformation occurs when the stainlesssteel tank wall shifts vertically downward relative to the concrete plinth (see Figure 3.16b, c), resulting
in permanent elongation of the tank wall. Tank settlement and spalling of the plinth concrete are
evidence of knuckle deformation, with an internal tank inspection being required to confirm the extent
of damage. Tanks should be drained and inspected to determine the degree of knuckle deformation
before their continued use, with a profile gauge device typically being used to measure and show the
profile of the knuckle. Tank wall elongation may not be structurally significant, and the need for repairs
will depend on the extent of the knuckling. Tanks with minor knuckling (vertical displacement of 0 –
15 mm) are likely to have not lost integrity and repairs are typically not required, whereas tanks with
moderate knuckling (vertical displacement of 15 – 40 mm) may need minor remediation to strengthen
around the knuckle and may require permanent shoring to reduce the stresses at the knuckle joint. Tanks
with significant knuckling (vertical displacement of 40 mm or more) are likely to need a tank base shell
replacement. 23% and 21% of tanks sustained knuckle deformation in the 2013 and 2016 earthquakes,
respectively. Of the 21% of tanks that sustained knuckle deformation damage in the 2016 earthquakes,
13% required base shell replacement (see Figure 3.17) whilst only 8 tanks (1%) in the inventory
sustained deformation at the gullet in the 2016 earthquake (see Figure 3.17b).

(a) Tank being lowered onto a concrete plinth

(b) Close-up of polystyrene layer between the

showing the side of the base shell and the

tank base shell and the concrete plinth

underlying polystyrene layer
Figure 3.15. Tank base shell and polystyrene layer at the time of tank installation
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(a) Base deformation (showing a

(b) Schematic of knuckling

(c) Measured knuckling:

profile gauge device in use):

deformation

23% in 2013
21% in 2016

15% in 2016

(d) Deformation at gullet:

(e) Tank settlement:

(f) Base punching:

1% in 2016

20% in 2013

7% in 2013

Figure 3.16. Typical examples of damage to tank base shell and percentage of each damage type as
illustrated in Figure 3.17
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(a) 2013 earthquakes
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10.0%
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Damage percentage
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25.0%

(b) 2016 earthquake*

Figure 3.17. Tank base shell-related damage types and percentage of damage extent. See Table 3.2 for
definition of damage categories and see Figure 3.16 for illustrative examples of damage type.
*

Base punching and settlement were clustered as ‘base deformation’ for 2016 data

3.5.2.4 Barrel
A tank barrel is the main component of a wine tank. The tank barrel was the third most damaged tank
element in the 2013 earthquakes, with 28% of tanks sustaining barrel damage, while in the 2016
earthquake the barrel sustained the highest percentage of damage (54%). Damage to the barrel is
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generally visible, except in cases where the damage is covered by an exterior layer of insulation. While
damage may manifest through the insulation layer, it is likely that damage to the barrel would not be
apparent and that internal tank inspection is required. The barrel includes the spiral glycol or ethanol
refrigeration channels.
Diamond-shaped buckling (see Figure 3.18b) of the tank barrels occurs in long unaltered spans of sheet
metal, typically between the top of the last glycol channel and the bottom of the tank due to forces being
larger than the design compression forces. Diamond-shaped buckling indicates potential loss of
structural integrity, and the buckled section will likely need to be removed and replaced. Depending on
the severity of this condition, full tank replacement may be more economical.
Elephant-foot buckling (see Figure 3.18c) arises from causes similar to those that produce diamond
shape buckling, and this damage mode also indicates potential loss of structural integrity. Repairs can
reinforce the affected section if the buckling is minor, but if the buckling is significant or has caused
displacement or distress of other tank elements (e.g. the drain valve) then repair might involve
replacement of the buckled section. For severe cases, full tank replacement may be more economical.
In the 2016 earthquake elephant-foot buckling (11%) and diamond-shaped buckling (6.1%) caused the
highest percentage of severe (section replacement) damage to the barrel, where greater than 90% of the
tanks with elephant-foot buckling and diamond-shaped buckling required remedial works due to the
buckled sections (see Figure 3.19).
Damage due to tank pounding (see Figure 3.18e) occurs when two tanks collide, or when failure of a
tank causes it to collide with an adjacent tank. Pounding damage is more common in slender tall tanks
with a weak anchorage system that have the potential to sway significantly during an earthquake.
Repairs are typically considered on a case-by-case basis and are based on the observed damage extent.
The percentage of damage to the tank barrel due to pounding increased from 3.1% in the 2013
earthquakes to 4.4% in the 2016 earthquake.
Most modern tanks have a glycol/ethanol refrigeration channel welded to their sides in a spiral design
to provide refrigeration. The channel is welded on the outside of the tank and a rupture of the channel
will result in glycol or ethanol leaking into the air. However, where the channel is welded over a weld
joint in the tank wall it is possible that a weld failure can lead to loss of wine product due to leaking.
For either case, repair requires finding the weld rupture and patching the weld. Damage to the
refrigeration line is typically not visible and therefore requires testing. For severe cases where
significant sheet metal rupture has occurred, sections of the tank may need to be replaced. Only 4 (less
than 1%) tanks out of 546 flat-based wine tanks inspected in the 2013 earthquakes sustained
refrigeration damage (see Figure 3.19).
In some cases tanks are insulated and have a double shell in order to reduce temperature fluctuations,
and for complete damage assessment of this type of tank it is necessary to remove the insulation sections
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that appear to be damaged (see Figure 3.20a, b, c). This damage to the tank insulation can be an
indication of damage to the main tank wall and therefore it is necessary that the tank interior is inspected
to identify any possible damage (see Figure 3.20d, e). As mentioned earlier, the interior of all tanks
within the inventory reported herein were inspected, with 13% (see Figure 3.18f) of tanks in the 2016
earthquake sustaining barrel insulation damage, and with 10% of the tanks having this damage mode
requiring localised replacement.

(a) Catwalk indent:

(b) Diamond-shaped buckling:

(c) Elephant-foot buckling:

10% in 2013

1% in 2013

6.2% in 2013

24.4% in 2016

6.1% in 2016

11% in 2016

(d) Tank leaning:

(e) Tank pounding:

(f) Barrel insulation damage:

5.9% in 2016

3.1% in 2013

13% in 2016

4.4% in 2016
Figure 3.18. Typical examples of damage to tank barrel and percentage of each damage type as
illustrated in Figure 3.19
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Figure 3.19. Tank barrel-related damage types and percentage of damage extent. See Table 3.2 for
definition of damage categories and see Figure 3.18 for illustrative examples of damage type

(a) Elephant-foot buckling

(b) Elephant-foot buckling

(c) Diamond-shaped buckling
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(d) Diamond-shaped buckling visible only from
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interior inspection (tank size 225 kL)

Figure 3.20. Damage to tanks having exterior insulation

3.5.2.4.1 Damage due to catwalks
Catwalks were observed to cause significant damage to the barrel parts of wine tanks and are hence
described in detail here. Two types of catwalks are used in wineries: (i) tank supported and (ii) self64

supported. Self-supported catwalks are supported on steel columns, while tank-supported catwalks are
usually attached to the top of the tank barrel (see Figure 3.21). Indentation to the tank barrel due to
interaction with catwalks (see Figure 3.22) was the most significant damage type (see Figure 3.18a),
with 10% and 24.4% of all flat-based tanks in the 2013 earthquakes and the 2016 earthquake sustaining
damage in the barrel due to catwalk indenting (see Figure 3.19). The damage percentage presented in
Figure 3.19 only refers to tank supported catwalks. It has been frequently observed that unlike tank
supported catwalks, self-supported catwalks do not cause damage to the tank barrel due to the absence
of a connection with the tanks. According to the damage data, in the 2016 earthquake less than 1% of
tanks with catwalk-barrel related damage required localised replacement of the tank barrel, and the
remainder of the damaged tanks sustained minor (no repair) and moderate (localised repair) damage.
Most observed cases were relatively minor, with no tearing of the tank wall. In major and severe damage
cases, replacement of the connection plate or reinforcement of the tank at the location of the indent may
be required.

Steel cross-bracing
and steel column

(a) Self-supported catwalk

(b) Tank-supported catwalk

Figure 3.21. Two types of typical catwalk found in the inspected wineries

(a) Example of a catwalk structure separating

(b) Catwalk connection that indented the tank

from the tank barrel, resulting in localised barrel

barrel

damage
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(c) Catwalk connection causing major damage to

(d) Catwalk leaning to right side due to loss of

the barrel and barrel insulation, where the tank

support as a result of tank movement

barrel is separated from the tank cone
Figure 3.22. Typical catwalk damage seen following the 2016 earthquake

3.5.2.5 Tank cone
Damage to the tank cone is mostly characterised by dents along the top edge of the tank. There are
several damage types that may occur to the tank cone (see Figure 3.23), including catwalk connection
indenting, tank pounding, cone creasing that occurs as a result of liquid sloshing, and cone swelling due
to knuckle deformation in a full tank which reduces the capacity of the tank and causes liquid to push
on the cone and swell upwards. Cone damage is considered to not significantly decrease the structural
integrity of the affected tank, and repairs may be unnecessary for minor cases where dents are visible,
shallow, and isolated. For more severe cases, where there are significant indents at multiple locations,
reinforcement of the damaged sections or replacement of the top of the tank may be required. Among
the damage types to the tank cone, cone creasing had the highest percentage in the 2013 (14%) and
2016 (29%) earthquakes. However in the 2016 earthquake damage data shows that only 17% of all
tanks having cone-related damage required localised replacement and that less than 0.5% required
section replacement (see Figure 3.24).
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(a) Cone creasing (example 1):

(b) Cone creasing (example 2)

14% in 2013
29% in 2016

(c) Cone damage due to catwalk indent:

(d) Cone swell:

4.6% in 2016

3.8% in 2013
3.5% in 2016

Figure 3.23. Typical examples of damage to tank cone and percentage of each damage type as
illustrated in Figure 3.24
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Figure 3.24. Tank cone-related damage types and percentage of damage extent. See Table 3.2 for
definition of damage categories and see Figure 3.23 for illustrative examples of damage type
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3.5.2.6 Skirt
The tank skirt is typically thicker than the shell courses of the barrel, with the tank skirt contributing to
structural integrity because on its interior surface the skirt is welded to the barrel and on the exterior
surface the anchorage system is welded to the skirt. Depending on the specific tank design, the skirt
may be further extended down to the slab to cover the cylindrical foundation mounted above the
concrete slab (see Figure 3.25). In the 2013 earthquakes only 2% of tanks in the inventory sustained
damage to their tank skirt, with most damage observed to be minor, and in the 2016 earthquake 13.6%
of tanks sustained skirt damage, with most damage (10% out of 13.6%) again being minor (see Figure
3.26 and Figure 3.27).

Concrete plinth

(a) Skirt fully extended to the ground slab for the

(b) Skirt was not extended to the ground slab

tank with size of 180 kL

for the tank with size of 45 kL

Figure 3.25. Tank skirt in two different level of extension

(a) Skirt damage:

(b) Skirt crease:

2% in 2013

11% in 2016
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(c) Measured skirt gap:
1.7% in 2016
Figure 3.26. Typical examples of damage to tank skirt and percentage of each damage type as
illustrated in Figure 3.27
minor

moderate

N/A: the damage
extent is not available

Skirt Damage

major

2%

minor

N/A

Skirt Crease

0.2% 0.2% 0.2%

1%

1%
2%
Damage percentage

2%

9%

major

1%

(95)

2%

(12)

Measured Skirt Gap

0%

moderate

3%

1% 1% (14)

0%

(a) 2013 earthquakes

2%

4%

6%
8%
Damage percentage

10%

12%

14%

(b) 2016 earthquake

Figure 3.27. Tank skirt-related damage types and percentage of damage extent. See Table 3.2 for
definition of damage categories and see Figure 3.26 for illustrative examples of damage type

3.5.3 Effect of liquid level on the damage to wine tanks
For the 2016 earthquake the 802 flat-based wine storage tanks in the inventory were categorized into
three liquid level ranges of 0-10%, 40-90%, and 90-100% (see Figure 3.28), with 386 tanks (48%)
having a liquid level of between 0-10%, resulting in 202 of these 386 tanks (52%) sustaining damage
(see Figure 3.29a). Similarly, 359 (45%) tanks had a liquid level range of between 90 to 100%, with
315 (87%) of these 359 tanks sustaining damage (see Figure 3.29b). It is notable that 745 (93%) out of
802 tanks were either full or empty, and that of the remaining 57 tanks, 52 tanks were partially full (4090%) and for 5 tanks the liquid level was not identified, suggesting that in normal operating conditions
most wine tanks are typically either full or empty.
A comparison of the performance of empty versus full wine tanks in the 2016 earthquake (see Figure
3.29) revealed that there were nearly twice as many damaged full tanks (87%) when compared to the
number of empty tanks that sustained damage (52%). While 65% of full tanks sustained multiple types
of damage, only 20% of empty tanks sustained multiple damage types. Severe damage (30%) and major
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damage (28%) to full flat-based wine tanks was further compared with severe damage (2%) and major
damage (12%) to empty flat-based wine tanks in the 2016 earthquake (see Figure 3.30a). The percentage
of damaged elements for full and empty tanks is shown in Figure 3.30b. Results presented in Figure
3.30b indicate that 36% of full tanks sustained anchor-related damage, while only 6% of empty tanks
sustained anchor-related damage, suggesting that the performance of the anchorage system is largely
dependent on the percentage of liquid inside the tank.

150
100
50
90-100%

0
no damage

minor

40-90%
moderate

major

0-10%

severe

Liquid level

Number of occurrences

200

replacement

Damage level

Figure 3.28. Performance comparison of flat-based wine tanks based on the liquid level range in
2016 earthquake
250

350

Total Tanks=386

52%

100

48%
32%

50

Damage numbers

Damage numbers

200
150

20%

250
200

87%
65%

150
100
50

0
Tanks with no damage
Tanks with multiple damage

Total Tanks=359

300

0

Tanks with one damage
All damaged tanks

(a) empty tanks

13%

22%

Tanks with no damage
Tanks with multiple damage

Tanks with one damage
All damaged tanks

(b) full tanks

Figure 3.29. Comparison the performance of full and empty tanks in 2016 earthquake
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23%
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20%
30%
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36%
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Skirt
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12%
14%
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0%

10%

20%
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30%
40%
50%
Damage percentage

60%

70%

(b) % of damaged elements (total of 745 tanks)

Figure 3.30. Comparison of severity and damaged elements for empty and full tanks in 2016
earthquake

3.5.4 Comparison of 2013 and 2016 damage data (case study wineries)
Two wineries were inspected following both the 2013 earthquakes and the 2016 earthquake, which
provided a valuable opportunity to compare the performance of flat-based wine tanks in these two
wineries in two different earthquake events. Flat-based tanks in both wineries experienced less damage
in 2016 when compared with damage sustained in the 2013 earthquakes. Damage analysis of both
wineries revealed that two significant parameters were associated with a decrease in damage percentage
from 2013 to 2016: (i) average tank liquid level, and (ii) retrofitting plans that were implemented
following the 2013 earthquakes. The average tank liquid levels in the 2013 earthquakes were higher for
both wineries when compared with those in the 2016 earthquake (see Table 3.5). Damage analysis
revealed that these two wineries invested substantially into retrofitting of their tanks following the 2013
earthquakes, whereby winery 1 spent approximately 1.2 million NZD on retrofitting costs in the 2014
financial year.
A difference between the tank inventory in 2013 and 2016 was observed for wineries 1 and 4. In the
2013 earthquakes, many legged wine tanks in winery 1 with capacities of 20, 30, 40 and 60 kL sustained
damage. The consultant company that was engaged by the winery stakeholder recommended extending
the skirt of these legged wine tanks to the slab and anchoring the skirt to the concrete slab. With the
recommended strategy, the functionality of the legged wine tanks changed to being flat-based wine
tanks (see Figure 3.33a) resulting in an increase from 38 flat-based tanks in winery 1 at the time of the
2013 earthquakes to 191 flat-based wine tanks in winery 1 at the time of the 2016 earthquake (see Table
3). Those 38 flat-based tanks in winery 1 at the time of the 2013 earthquakes had capacities of 90, 100,
and 240 kL (see Figure 3.31), with 34 tanks requiring localised replacement (see Figure 3.32a). In
winery 4, the extent of damage was more severe in the 2013 earthquakes, where 47 out of 82 flat-based
tanks required section replacement (see Figure 3.32b). This large proportion of section replacement was
primarily due to 36 out of 47 tanks requiring anchorage system replacement. Prior to 2013 winery 4
utilised tension anchors to secure their wine tanks, but following the 2013 earthquakes these anchors
(see Figure 3.7b) were replaced with shear bolts. Tension anchors performed poorly following the 2013
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and 2016 earthquakes. Similar to winery 1, the number of flat-based wine tanks in the winery 4
inventory increased from 82 tanks at the time of the 2013 earthquakes to 174 tanks at the time of the
2016 earthquake, where legged wine tanks with sizes of 40 and 60 kL that sustained damage in the 2013
earthquakes were retrofitted and reconfigured into flat-based wine tanks (see Figure 3.33b). In winery
4, 36 flat-based tanks (out of 82 tanks) had their anchorage system replaced (290 anchors in total) due
to damage in the 2013 earthquakes.
Table 3.5. Performance comparison of winery 1 and 4 in the 2013 and 2016 earthquakes
Winery

Year of

ID

earthquake

1
4

Number of
inspected flat-based
tanks

Average
liquid level

%
multiple
damage

% single

% damaged

damage

tanks

2013

38

65%

74%

18%

92%

2016

191

48%

26%

32%

58%

2013

82

82%

91%

6%

97%

2016

174

49%

59%

25%

84%

Tanks 32, 44,139,149 are 240kL
Tanks 113-138 are 90kL
Tanks 33-48 are 100kL

Figure 3.31. Layout of repair summary for winery 1 following the2013 earthquakes
3 (8%) 1(2%)

10 (12%)
4(5%)

34 (89%)

t

No damage
Localised repairs

47 (57%)

21 (26%)

Localised replacement
Section replacement

(a) Winery 1-2013

(b) Winery 4-2013

Figure 3.32. Summary of number of tanks in wineries 1 and 4 requiring repair following the 2013
earthquakes
Note: Damage states are defined in Table 3.2.
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30 kL
60 kL

(a) Winery 1

(b) Winery 4

Figure 3.33. Conversion of legged wine tanks in wineries by skirt extensions (outlined in white)
into flat-based wine tanks following 2013 earthquakes

3.6 Conclusions
The presented damage database for flat-based wine storage tanks was assembled using post-earthquake
damage data collected following the 2013 Seddon earthquake (Mw 6.5), the 2013 Lake Grassmere
earthquake (Mw 6.6), and the 2016 Kaikōura earthquake (Mw 7.8), and incorporates the data from 1348
flat-based wine tanks, with 546 flat-based wine storage tanks surveyed following the 2013 earthquakes
and 802 flat-based wine storage tanks surveyed following the 2016 earthquake. Damage data and
comparison of the performance of wineries in the 2013 and 2016 earthquakes revealed that apart from
PGA, there were other parameters that influenced the overall percentage of damaged tanks. One
example is the level of seismic resilience of the wineries, where flat-based wine tanks sustained slightly
less damage in the 2016 earthquake (69%) when compared with the 2013 earthquakes (73%), despite a
higher PGA in the 2016 earthquake, because of resilience measures that were instituted in the wineries
following the 2013 earthquakes.
•

Based on the results presented herein, following the 2013 earthquakes winery operators applied
more effort to the strengthening of wine tanks having a larger storage capacity, leaving smaller wine
tanks (having a capacity of 20-40 kL) either un-anchored or anchored using less effective anchorage
systems. In the 2016 earthquake this behaviour resulted in 83% of smaller tanks sustaining damage,
while 67% of tanks with a capacity of 200-250 kL sustained damage. Results showed that 71% and
83% of damage to the foundation was associated with damage to the anchors in the 2013 and 2016
earthquakes, respectively. It was also noted that the damage to anchors was significantly influenced
by the level of liquid content within the tank.

•

In the 2013 earthquakes the tank base shell (39%) and the tank anchors (47%) of flat-based wine
tanks were the most damaged elements, while in the 2016 earthquake the tank barrel (54%) and the
tank cone (43%) sustained the largest percentage of damage.
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•

Tank wall buckling and damage to tank anchors required the highest percentage of remedial works,
where following the 2016 earthquake greater than 90% of the tanks with wall buckling damage
required remediation of the buckled shell course and 86% of tanks with damaged anchors required
anchor replacement.

•

Catwalk indenting was the most frequently observed cause of damage to the barrel parts of tanks,
where 10% of flat-based tanks sustained damage to their barrels in the 2013 earthquakes and 24%
of flat-based tanks sustained damage to their barrels in the 2016 earthquake. In many cases tank
indenting caused by catwalk deformation during earthquake shaking also led to damage to tank
cones.

•

Comparing the performance of full and empty tanks revealed that full tanks experienced
significantly more damage (87%) when compared with empty tanks (52%). Severe damage (30%)
and major damage (28%) to full flat-based wine tanks was also higher when compared with the
extent of severe damage (2%) and major damage (12%) sustained to empty flat-based wine tanks
in the 2016 earthquake.

•

Based on the observations and results presented herein, a design code specifically intended for
stainless-steel slender tanks is highly recommended. It is further recommended that a guideline for
the seismic assessment of the existing wine tanks is developed, where the results of the study herein
can be implemented as part of the guidelines.
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Damage to legged wine storage tanks during the 2013
and 2016 New Zealand earthquakes
The New Zealand wine industry has experienced several strong earthquakes over the last decade. The
research presented herein documents the damage data to legged wine storage tanks following the
Seddon earthquake (New Zealand, Mw 6.5) on 21 July 2013 and Lake Grassmere earthquake
(New Zealand, Mw 6.6) on 26 August 2013, and the 2016 Kaikōura earthquake (New Zealand, Mw 7.8).
The data covers the damage assessment results of 1512 legged wine storage tanks from the 2013
earthquakes and of 599 legged wine storage tanks from the 2016 earthquake. Several parameters were
investigated, including tank capacity, liquid level at the time of the earthquakes, and damage to different
elements of legged wine tanks. Frame/leg parts of the legged wine tanks sustained the greatest damage,
with 40% of legged tanks sustaining frame/leg damage in the 2013 earthquakes and 44% of legged
tanks sustaining frame/leg damage in the 2016 earthquake. Based on the results, liquid level and tank
capacity were identified as parameters that most greatly influenced the seismic performance of legged
wine tanks.

4.1 Introduction
Use of stainless-steel tanks for wine fermentation initiated in the 1950s in the United States, where
barrels, wooden tanks, and concrete tanks had previously been used as the primary modes for storage
and fermentation of wine [1]. There are distinct advantages that favour the use of stainless-steel tanks
for wine storage including (i) easy cleaning capabilities; (ii) temperature control during the winemaking
process [2], [3]; (iii) preventing unwanted bacteria from spoiling wine; (iv) preserving intrinsic flavours
and aromas, and (v) excellent corrosion resistance [4].
There are typically two types of wine tanks, that are commonly categorised based on the method used
to fix the tank to the ground: (i) legged wine tanks and (ii) flat-based wine tanks (see Figure 4.1). Flatbased wine tanks typically have a larger capacity (ranging from 30 kL to 300 kL) than legged wine
tanks (80 kL maximum capacity). The first reported severe losses by a wine industry was due to the
1977 Caucete earthquake (Province of San Juan, Argentina, Mw 7.4) [5], with the reported damage
being mostly related to flat-based tanks, where fracture of holding down anchors and elephant-foot
buckling near the bottom of the tanks were the most commonly reported failures. A second historical
earthquake causing damage to wine tanks was the 1980 Greenville earthquake (California, USA,
Mw 5.5). Following this earthquake Stratta [6] reported the damage to 208 stainless-steel wine tanks,
with 31 tanks being legged wine tanks. However, the extent of damage to these legged wine tanks was
not reported. Four years later, the 1984 Morgan Hill earthquake (California, USA, Mw 6.2) caused
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significant damage to two wineries, where tank wall bucking was the main observed damage to
anchored and unanchored stainless-steel wine tanks [7]. The California wine industry was again affected
during the 1989 Loma Prieta earthquake (California, USA, Mw 7.1) [8], with damage to piping
connections, cracks in the welds between the tank base shell and the tank wall, and tank wall buckling
being the most significant reported damage types. Local media reported extensive damage to older
wineries in the province of Ica in Peru due to the 2007 Pisco earthquake (Peru, Mw 7.9) [9], and
following the 2010 Maule earthquake (Chile, Mw 8.8), approximately 125 million litres of wine were
lost, representing 12.5% of annual production [7]. Post-earthquake damage observation following the
Maule earthquake revealed that legged wine tanks that were unanchored performed better than anchored
legged tanks [10].
There are several reports [5], [11], [12], [8], [7], [10], [13] on earthquake damage to wine storage tanks
from different parts of the globe, but the quantity of damaged and undamaged wine storage tanks,
technical details, and the extent of damage were not reported in these studies. Yazdanian et al. [14]
presented damage statistics extracted from post-earthquake damage assessment documentation for flatbased wine storage tanks in New Zealand wineries following the Seddon earthquake (New Zealand,
Mw 6.5) on 21 July 2013 and the Lake Grassmere earthquake (New Zealand, Mw 6.6) on 26 August
2013, and the 2016 Kaikōura earthquake (New Zealand, Mw 7.8). There are also several earthquake
damage datasets available in the literature for liquid storage tanks (see [15], [16], [17], [16], [18]),
primarily for tanks that store either water or oil and that are constructed of different steel material, have
different storage capacities, and different height to radius aspect ratios when compared to stainless-steel
wine tanks. It is also noted that these datasets considering water and oil storage tanks do not contain
information on legged wine storage tanks.
Despite available literature for vibration behaviour of liquid storage tanks [19], [20], [21], [22], for
seismic analysis of storage tanks using finite element (FE) models [23], [24], [25], [26] and for
analytical models of tank-fluid systems [27], [28], limited experimental and numerical studies have
been undertaken on the dynamic behaviour of legged wine tanks. After extensive damage to wineries
was observed in the 2010 Maule earthquake, legged wine tanks attracted the attention of local
researchers in Chile, where Colombo and Almazán [29] compared the seismic behaviour of fixed base
and isolated base legged wine tanks. These authors considered a seismic isolation technique for legged
wine tanks using flat sliding bearings either with or without a central leg acting as a restoring element,
with the intent to reduce shear and axial forces in comparison with those developed in fixed base tanks.
Auad and Almazán [30] used FE nonlinear models to evaluate the seismic behaviour of legged wine
tanks equipped with vertical rocking isolation, and used time-history analyses to demonstrate reduced
axial and shear loads on the tank legs. Colombo and Almazan [31] similarly used nonlinear FE time
history analyses to investigate the impact of isolation devices on legged wine tanks, with the results
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suggesting that the probability of failure for a legged wine tank with an installed isolation system can
decrease by up to 90% when compared to an equivalent tank without an isolation device.
The New Zealand economy is heavily reliant on primary industries and wine is one of the fastestdeveloping industries in New Zealand [32]. According to the New Zealand wine annual report [33],
68% (260007 ha) of the total New Zealand wine vineyard production area is located in the Marlborough
region, making Marlborough the country’s largest wine region. Due to being located in a high seismic
risk area [34], several earthquakes have recently impacted the Marlborough wine region including the
21 July 2013 Seddon earthquake (Mw 6.5), the 26 August 2013 Lake Grassmere earthquake (Mw 6.6),
and the 2016 Kaikōura earthquake (Mw 7.8). These earthquakes have drawn the attention of researchers
to investigate the vulnerability of elements in wineries (e.g., see [35], [36], [37], [38], [39] and [40]).
Earthquake damage observations following these recent earthquakes in New Zealand has revealed that
wine storage tanks are the structures in wineries that are most vulnerable to earthquakes [14], [40].
Following the earthquakes that affected the Marlborough wine region in 2013 and 2016, wineries were
inspected by structural engineers to collect detailed information for insurance purposes. The study
presented herein is limited to a critique of legged wine tanks only, with the companion performance of
flat-based tanks having been reported elsewhere [14]. The main objective of the study reported herein
was to present the damage database for legged wine storage tanks using the data collected from postearthquake damage assessments of wineries following the 2013 and 2016 earthquakes in New Zealand.
This research provides damage information for the different parts of legged wine tanks (see Figure 4.2,
Figure 4.3), with 1512 legged wine tanks documented following the 2013 earthquakes and 599 legged
wine tanks documented following the 2016 earthquake. The extensive damage database allowed the
earthquake performance of legged wine storage tanks to be identified using parametric comparison,
considering such aspects as damage modes, the influence of tank storage capacity and liquid level within
the tank, and comparisons between damage from the 2013 and 2016 earthquakes. The findings
presented in this research represent a basis for future studies to generate seismic fragility curves and
investigate repair costs.
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(a) Flat-based tanks

(b) Legged tanks

Figure 4.1. Example of typical wine tank types observed in New Zealand wineries

Figure 4.2. Different parts of a typical legged wine tank as observed in New Zealand wineries
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(c) Tank with 10 kL capacity and without any

(d) Tank with 15 kL capacity with horizontal

tank feet. Note horizontal bracing of tank legs

and diagonal bracing. Note the length of legs

Figure 4.3. Underside and steel frame of different typical legged tanks

4.2 Design codes for legged wine tanks
Multiple seismic design guideline have previously been developed in New Zealand specifically for
liquid storage tanks (i.e., [41], [42]), and analogous documents have similarly been developed in other
parts of the globe (i.e., API 650 [43], AWWA [44], ACI 350.3-06 [45], and Eurocode 8 [46]). However,
none of these seismic design guidelines make any comment on the design of legged wine tanks. For
that reason, there are multiple types of legged wine tanks in wineries, where some tanks may be only
designed for gravity loads (see Figure 4.4). The configuration of legs and steel framing in legged tanks
can typically vary based on tank age and tank manufacturer, and currently there is no comprehensive
seismic resilient design methodology for legged wine tanks. Au et al. [47] noted that the steel members
of the majority of base frame of existing legged wine tanks in wineries were only designed to sustain
gravity loads, and they suggested that the steel base frame that supports legged wine tank should instead
be designed against seismic lateral and vertical gravity loads. Information collected for individual
legged wine tanks following the 2013/2016 earthquakes (see Figure 4.4) revealed that the majority of
steel base frames of legged wine tanks consisted of circular hollow sections (CHS) acting as legs,
welded to the underside of rectangular hollow sections (RHS) as beams that were themselves welded
to the underside of the base shell of the legged wine tanks. Legged tanks were seen to be in some cases
anchored to the concrete slab and in some other cases unanchored to the concrete slab. Based on the
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observations from the winery inspections, winemakers don’t prefer to anchor the legged tanks to the
concrete slab because they move them around a lot.

Telescope
segment

(a) 10 kL legged tank without bracing and

(b) 10 kL legged tank without bracing and

anchored to the concrete plinth. Note the large

anchored to the concrete slab. Note the telescope

diameter legs compared to other images

element

(c) 10 kL legged tank without leg bracing and

(d) 7 kL legged tank with horizontal leg bracing

un-anchored

and un-anchored. Note the legs are connected
directly to the tank wall
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(e) 20 kL legged tank with diagonal and

(f) 27 kL legged tank with diagonal and

horizontal leg bracing and un-anchored

horizontal leg bracing and anchored to the
concrete slab

(g) 12 kL legged tank with diagonal and

(h) 20 kL legged tank with horizontal leg

horizontal leg bracing and anchored to the

bracing and anchored to the concrete plinth

concrete slab
Figure 4.4. Different types of legged wine tanks observed in wineries in Marlborough

4.3 Methodology used to assess, collect, and present the damage data
The data presented herein is a result of damage assessments conducted in 7 major wineries (containing
1512 legged tanks) located in Marlborough that were affected by the 2013 Seddon and Lake Grassmere
earthquakes and in 5 major wineries (containing 599 legged tanks) located in Marlborough that were
affected by the 2016 Kaikōura earthquake (see Table 4.1). Two of the wineries (winery 1 and winery
4) were inspected twice, meaning that they were inspected following both the 2013 and 2016
earthquakes, with the other wineries only inspected once (see Table 4.3). The damage data was
originally documented for insurance purposes by experienced professional structural engineers, and
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where differences in professional opinion occurred the data was cross-checked and agreement was
reached via additional consultation. During the damage assessments, the interior and exterior of each
individual legged tank was investigated along with documentation of damage type and associated
photographs. All parts of the legged tanks were inspected separately during the winery site inspections,
and damage data was recorded to present and compare the percentage of damage to each part of the
legged tanks. In 2013 the earthquakes damage data were categorised into three groups: (i) minor; (ii)
moderate; (iii) major, while in 2016 the earthquake damage to the legged wine tanks was defined based
on the recommended repairs by structural engineers (see Table 4.2).
Table 4.1. Tank database used in the present study
Earthquake names

Number of

Overall

legged
tanks
2013 Mw 6.5 Seddon and Mw 6.6 Lake

1512

Grassmere earthquakes

2111

2016 Mw 7.8 Kaikōura earthquake

599

Table 4.2. Definition of damage to legged wine tanks following the 2016 Kaikōura earthquake
Damage type

Minor

Definition of

Example of recorded damage to legged

damage

tanks

No repair

Global movement

Moderate

Localised repairs
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Major

Localised
replacement
Leg tilt

Severe

Section
replacement
Barrel
damage

Replacement

Tank replacement

Tank was overturned due to failure of
weld between the barrel and skirt

4.4 Analysis of collected damage data
Based on the critique of damage data presented for the studied wineries (see Table 4.3) the percentage
of earthquake-related damage to legged wine tanks varied from winery to winery due to variations in
the experienced Peak Ground Acceleration (PGA), level of liquid within the tank, and tank storage
capacity. Shakemap [48] is an application provided by the website of “United States Geological Survey
(USGS) Earthquake Hazards Program” and Seisfinder is a web application for obtaining New Zealand
earthquake computationally related data. These two applications were utilised in order to extract the
PGA that each of the wineries experienced in the 2013 and 2016 earthquakes, respectively. Table 4.3
reveals that several parameters were associated with damage to legged wine tanks, including the level
of liquid and the proportion of tanks within the winery having a large volume storage capacity.
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Table 4.3. Tank inventory data and experienced PGA for each winery included in the current study
Earthquakes name

Winery

Liquid

No. of

Damaged

PGA

ID

average

legged tanks

tanks

[g]

%

2013 Mw 6.5 Seddon
and Mw 6.6 Lake
Grassmere
earthquakes

2016 Mw 7.8
Kaikōura earthquake

1-2013***

69%

125

95 (76%)

*

0.11

2

N/A

80

28 (35%)

*

3

38%

252

179 (71%)

*

4-2013***

13%

147

122 (83%)

*

5

51%

260

89 (34%)

*

6

N/A

256

97 (38%)

*

7

N/A

392

149 (38%)

*

1-2016***

65%

74

30 (40%)

**

8

19%

129

32 (25%)

**

9

38%

179

90 (50%)

**

4-2016***

76%

125

108 (86%)

**

10

66%

92

73 (79%)

**

0.12
0.20

0.40
0.20
0.20
0.20
0.32
0.26
0.32
0.36
0.23

*https://earthquake.usgs.gov/data/shakemap/
**https://quakecoresoft.canterbury.ac.nz/seisfinder/search
***Wineries 1 and 4 were inspected in both the 2013 and 2016 earthquakes
The collected post-earthquake damage data revealed that there was a substantial difference between the
number of legged wine tanks within the wineries at the time of the 2013 earthquakes and at the time of
the 2016 earthquake, which was attributed to changing attitudes amongst winery stakeholders following
the experiences of the 2013 earthquakes regarding the suitability of legged wine tanks to resist
earthquake loading. During winery inspections several examples were identified where the skirts of
both damaged and un-damaged legged wine tank had been extended down to the foundation, as well as
anchorage systems having been installed to transform legged wine tanks to behave more analogous to
flat-based tank. Trends in damage data (see Figure 4.5a, b) showed that approximately half of the legged
tanks in the collected inventory sustained damage in the 2013 earthquakes while the percentage of
damage to legged wine tanks increased slightly to 57% in the 2016 earthquake, with some tanks
experiencing only one type of damage and other tanks sustaining multiple forms of damage. For
example, if a leg of a tank sustained damage and the tank barrel of the same tank also sustained damage,
then the subject tank was considered as having sustained multiple damage types.
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Total Tanks= 1512

Damage numbers

700
753

600

400
350

759

564

Damage numbers

800

500
400

50%

300

50%
195

200
100

37%

0

Tanks with no damage
Tanks with multiple damage

256

250

225

200
150

38%

118

100

43%

50

13%

343

Total Tanks=599

300

57%

19%

0

Tanks with one damage
All damaged tanks

Tanks with no damage
Tanks with multiple damage

(a) 2013 earthquakes

Tanks with one damage
All damaged tanks

(b) 2016 earthquake

Figure 4.5. Overall damage percentage to legged tanks
The number of supporting legs each tank contains is depended on a number of interdependent factors
including: tank capacity, geometry, and tank design, among many others. Data on number of legs was
available for 1182 tanks in the data inventory from 2013 and 2016 earthquakes. Table 4.4 reports the
breakdown of tanks in the inventory based on the number of legs, with observation showing that almost
half of all the tanks (49.2% of 1182 tanks) had 4 legs. Analysis of data on tanks with different number
of legs showed that tanks with larger number of legs had typically higher liquid storage capacity. While
damage percentage for tanks with different number of legs is reported herein, no clear trend of damage
versus number of legs was observed.
Table 4.4. Breakdown of legged tanks based on the number of legs
Number of legs

Number of tanks

Number of damaged tanks

Capacity range

(%)

(%)

3

4 (0.3%)

2 (50%) out of 4

0 kL-5 kL

4

582 (49.2%)

205 (35%) out of 582

0 kL-20 kL

5

147 (12.4%)

123 (84%) out of 147

10 kL-20 kL

6

124 (10.5%)

86 (69%) out of 124

5 kL-60 kL

7

179 (15.1%)

132 (74%) out of 179

20 kL-60 kL

8

57 (4.8%)

49 (86%) out of 57

5 kL-40 kL

12

89 (7.5%)

77 (86%) out of 89

10 kL-60 kL

Note: Number of legs was available for 1182 legged tanks in the inventory and percentage
provided in second column are versus 1182 legged tanks.

4.4.1 Effect of tank capacity on earthquake damage data for legged tanks
Tank storage capacity was a pivotal parameter influencing the extent of damage to legged wine tanks
in both the 2013 and 2016 earthquakes (see Figure 4.6a, b), where the percentage of damage to legged
wine tanks increased with an increase in the tank storage capacity. Also, the ratio between the number
of tanks with multiple damage types compared to the number of tanks with one damage type increased
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as the tank storage capacity increased. It was observed that a significant number of legged wine tanks
had a capacity of between 10 kL and 20 kL at the time of both the 2013 (32%) earthquakes and the 2016
(33%) earthquake.
350
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200

60%

78%

150
100

89%
19%

50
0

46%

100
Damage numbers

Damage numbers

120

37%

5-10

10-20
20-40
40-60
60-100
N/A
Capacity range (kL)
Tanks with one damage Tanks with multiple damage

Tanks with no damage

60

30%

89%

94%

40
20

57%
0-5

82%

40%

80

0

0-5

5-10

10-20
20-40
40-60
60-100
Capacity range (kL)
Tanks with one damage Tanks with multiple damage

Tanks with no damage

(a) 2013 earthquakes
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Figure 4.6. Damage percentage to legged tanks based on capacity range
Note: Percentage in squares refers to tanks with one and multiple damage types in each category of
tank capacity

4.4.2 Damage percentage to different parts of legged tanks
Post-earthquake damage data following the 2013 and 2016 earthquakes showed that the frame and legs
of legged tanks were the tank elements that sustained the greatest extent of damage, due to their role in
supporting the weight of the tank shell structure and liquid contents inside the tank. Figure 4.7 shows
that damage to the frame and legs part of legged tanks increased slightly from 2013 (40%, 603 out of
1512 tanks) to 2016 (44%, 266 out of 599 tanks). Analysis of the collected inventory showed that 39%
(597 out of 1512) of legged tanks in 2013 and 43% (255 out of 599) of legged tanks in 2016 sustained
damage to their base shell (see Figure 4.7).
Frame/Legs

40% (603)

Frame/Legs

Tank base shell

39% (597)

Tank base shell

12% (174)

Skirt
Barrel

44% (266)
43% (255)

Barrel

7% (105)

26% (155)

Cone

Cone 5% (75)

22% (129)

Skirt

19% (112)

Barrrel insulation

1% (11)

Anchors

Anchors

1% (9)

Barrel insulation

8% (47)

Cone insulation

8% (45)

Foundation (base)

0% (7)
0%

5%

10%

15% 20% 25% 30%
Damage percentage

35%

40%

45%

(a) 2013 earthquakes

12% (71)

0%

5%

10%

15%

20% 25% 30%
Damage percentage

35%

40%

45%

50%

(b) 2016 earthquake

Figure 4.7. Percentage of damage to different parts of legged tanks

4.4.2.1 Frame/legs
Legged wine tanks have a variety of types of supporting frames and legs (see Figure 4.3), with the legs
sometimes attached to the tank via the steel frame connected to the tank base shell (see Figure 4.3a) or
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via perimeter rings, while in other cases the tank legs are welded to the tank barrel directly (see Figure
4.3c). Examples of typical damage to the legs of legged wine tanks and the percentage of each damage
type can be seen in Figure 4.8, with the damage severity shown in Figure 4.9. Leg buckling (see Figure
4.8a) typically occurs when the compression loads exceed the compression capacity of the legs during
earthquake-induced shaking. Depending on the extent of movement associated with leg buckling,
distress to the steel framing and loss of structural integrity can occur. In the 2013 earthquakes 18.5% of
the legged wine tanks sustained leg buckling, while the percentage of leg buckling reduced to 6.7% in
the 2016 earthquake.
In the 2016 earthquake 9.7% of legged tanks sustained rupture of the connecting steel tab plate between
the tank base and framing (see Figure 4.8b). Leg tilt (see Figure 4.8c) occurs when the upper part of the
tank moves relative to the tank feet, and was seen to be more frequent for tanks that were full of liquid,
for both anchored and unanchored tanks, with 10.3% of legged tanks in the 2013 earthquakes and 9.5%
of legged tanks in the 2016 earthquake sustaining leg tilt damage. The steel frame typically has more
strength than the legs, and failure of the frame is not common. However, where the legs have tilted or
buckled, localised failure (frame distress) of the steel frame may occur (see Figure 4.8d). Although most
legged tanks are designed to be anchored (see Figure 4.3b), unanchored legged tanks were frequently
seen during winery inspections following the 2013 and 2016 earthquakes. The global movement of the
tank (see Figure 4.8e) mostly occurs when the feet are not anchored to the concrete slab, and is an
indication of possible damage to other parts of the tank. According to the collected damage data, 9.3%
and 2% of legged wine tanks sustained global movement in the 2013 and 2016 earthquakes. It should
be noted that the actual percentage of tanks that sustained global movement was higher in these
earthquakes but some of the tanks were moved back into their own position before the assessment. The
feet of legged wine tanks (see Figure 4.3b) are typically arranged in a rectangular shape and buckled
feet was a typical failure type for legged wine tanks that were anchored to the concrete slab and
sustained global movement (see Figure 4.8f and Figure 4.10). It is to note that based on the observation,
the legged tanks that were unanchored to the concrete slab had more problems with bouncing and
rocking.
The purpose of the telescopic segment of the leg support between the tank leg and the foot is to account
for sloped concrete slabs, and buckling is a common damage mode for this telescopic segment because
of the smaller diameter compared to the leg (see Figure 4.8g). Buckling of the segment is observable,
and if buckling has occurred then the damaged segment should be removed and replaced. Telescope
buckling occurred for both anchored and unanchored tanks but was slightly more common for anchored
legged tanks. Buckling of the diagonal (cross) bracing between the legs was another damage type that
occurred to legged wine tanks (see Figure 4.8h), although this damage mode was less common than
telescope buckling. The braces between legs are typically only installed on red wine tanks because their
base frame is set higher off the ground so that grape skins can be emptied into a waste bin once
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fermentation is completed. In several cases it was observed that failure of tanks legs caused substantial
damage to the lower part of the barrel or caused overturning of legged wine tanks (see Figure 4.11).

(a) Leg buckling:

(b) Tab rupturing/distress:

(c) Leg tilt:

18.5% in 2013

1.6% in 2013

10.3% in 2013

6.7% in 2016

9.7% in 2016

9.5% in 2016

(d) Frame distress:

(e) Global movement:

(f) Buckled feet:

6.7% in 2013

9.3% in 2013

4% in 2013

9.3% in 2016

2% in 2016

Nil in 2016

(g) Telescope buckling:

(h) Brace buckling:

(i) Frame/legs other:

2.8% in 2013

Less than 1% in 2013

8.3% in 2013

Less than 1% in 2016

1.7% in 2016

14% in 2016

Figure 4.8. Representative examples of damage to frame/legs and percentage of each damage type
as illustrated in Figure 4.9
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Figure 4.9. Frame/leg related damage types and percentage of damage extent. See Table 4.2 for
definition of damage categories and see Figure 4.8 for illustrative examples of damage type

Concrete plinth
Figure 4.10. Bolted legged tanks sustained anchor

Figure 4.11. Examples of damage to tank legs

bolt damage due to lateral tank movement

that caused substantial damage to the barrel part
of the legged wine tanks. Note the legs are
completely bent

4.4.2.2 Tank base shell
The tank base shell of legged tanks was the second most frequently damaged tank part in the 2013 and
2016 earthquakes, with 39% and 43% of legged tanks sustaining base shell damage respectively, with
base punching, tank settlement, base rippling, and knuckling deformation being four different typical
types of earthquake-related damage to the tank base shell which were seen to be applicable to both
legged and flat-based wine tanks during the post-earthquake damage assessments of wineries. Tank
differential settlement (see Figure 4.12d) is evident when the legs are not on a similar level after an
earthquake, indicating possible knuckling and/or skirt buckling. 0.8% of the legged tanks in the 2013
earthquakes sustained settlement of the tank base (see Figure 4.13a). Tank base rippling (see Figure
4.12e) was identified via tank interior inspections and in the 2013 earthquakes 10.9% of legged tanks
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had rippled base shell (see Figure 4.13a). Knuckling occurs when the tank perimeter walls shift
downwards relative to the base due to elongation of the tank “knuckle” (see Figure 4.12c) and is more
frequent for flat-based tanks rather than legged wine tanks. Tanks exhibiting knuckle deformation
should be drained and inspected to identify the extent of knuckle deformation before continued use [14].
It was identified that in the 2013 earthquakes 2.1% of legged tanks sustained knuckle deformation (see
Figure 4.13).

(a) Base punching:

(b) Base deformation:

30.3% in 2013

24.9% in 2016

16.9% in 2016

(c) Knuckle deformation:

(d) Settlement:

2.1% in 2013

0.8% in 2013
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(e) Rippled base:
10.9% in 2013
Figure 4.12. Representative examples of damage to tank base shell and percentage of each damage
type as illustrated in Figure 3.17
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Figure 4.13. Tank base shell damage types and percentage of damage extent. See Table 4.2 for
definition of damage categories and see Figure 4.12 for illustrative examples of damage type

4.4.2.3 Barrel
Damage to the barrel of legged tanks is typically apparent, but in some cases the barrel is covered by
an exterior layer of insulation, and the primary barrel cannot be observed. There are several different
damage types that were observed for the tank barrel, with 7% of legged tanks sustaining barrel related
damage in the 2013 earthquakes and 26% of legged tanks sustaining barrel-related damage in the 2016
earthquake.
Based on the analysis of damage data in the inventory, 5.7% and 8.5% of legged tanks sustained catwalk
indent damage (see Figure 4.14a) in the 2013 earthquakes and the 2016 earthquake respectively.
However, damage to tank barrels due to catwalk indenting was less severe than for other damage types,
with 8.3% out of 8.5% of tanks that sustained catwalk-related damage in the 2016 earthquake having
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minor (no repair) or moderate (localised repair) damage, see Figure 4.15b. Damage due to tank
pounding (see Figure 4.14c) occurs when two tanks collide due to lateral displacements induced during
an earthquake, with the damage mode being more frequent for tanks with slender legs that lack a bracing
systems or for legged tanks that are not bolted to the concrete slab. The percentage of tanks that
sustained pounding-related damage increased from 0.3% in the 2013 earthquakes to 7.2% in the 2016
earthquake, primarily due to the higher PGA values experienced in the 2016 earthquake.
Cooling and control of temperature is an important parameter in production of wine which considerably
affects the quality of wine. Most modern installed wine tanks have a spiral channel welded on the
outside of the tank wall (see Figure 4.16a) to provide refrigeration using a supply of glycol-ethanol.
Damage to this refrigeration channel commonly results in leaking of the glycol-ethanol into the air.
Where the channel is welded over a tank wall weld joint it is possible that a weld failure can cause
leaking of glycol-ethanol liquid into the tank and leading loss of content. For either case, repair requires
identifying the weld rupture and repairing the weld accordingly. Replacement of sections of the tank
barrel may be required where sheet metal is damaged severely. Damage to refrigeration channel is
typically not visible and requires testing. In 2013 earthquakes, 1.6% of the legged wine tanks sustained
damage to their refrigeration channel, while 5.3% of tanks in 2016 earthquake sustained this type of
damage (see Figure 4.15). In 2016 earthquake, damage to the refrigeration was recorded as part of barrel
“other damage” type. In some few cases, damage to pipes supplying glycol-ethanol was also observed
(see Figure 4.16b).
Diamond-shaped buckling (see Figure 4.14d) occurs in long unaltered spans of sheet metal, typically
between the top of the last glycol-ethanol refrigerator channel and the bottom of the tank [14], when
the tank experiences larger than anticipated compression forces due to vertical earthquake motions,
impact forces due to overturning, or cantilever bending action of the tank when the base is rigid.
Elephant-foot buckling (see Figure 4.14e) has similar causes to diamond-shaped buckling. A
comparison of the percentage of elephant-foot buckling and diamond-shaped buckling for legged wine
tanks shows that flat-based tanks are more affected by these two failure modes [49], with 0.1% of legged
tanks and 1.7% of legged tanks sustaining diamond-shaped buckling in the 2013 earthquakes and the
2016 earthquake respectively, and 0.4% of legged tanks and 1% of legged tanks sustaining elephantfoot buckling (see Figure 4.15) in the 2013 earthquakes and the 2016 earthquake respectively. Similar
to tank pounding, the leaning of tanks (see Figure 4.14f) can be attributed to a lack of lateral capacity
in the tank frame and legs.
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(a) Catwalk indent:

(b) Barrel other:

(c) Tank pounding:

5.7% in 2013

0.5% in 2013

Less than 1% in 2013

8.5% in 2016

11.5% in 2016

7.2% in 2016

(d) Diamond-shaped buckling:

(e) Elephant-foot buckling:

(f) Tank lean:

Less than 1% in 2013

Less than 1% in 2013

Less than 1% in 2016

1.7% in 2016

1% in 2016

Figure 4.14. Representative examples of damage to tank barrel and percentage of each damage type
as illustrated in Figure 4.15
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0.1% (1)
2.0%
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extent is not available

0.1% (4)
0.1%
0.1%

1.0%
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Barrel other 1.3% 1.3%
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0.1%
(8)
Barrel other
0.1%
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(6)
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6.0%
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2.0%

4.0%

6.0% 8.0% 10.0% 12.0% 14.0%
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Figure 4.15. Tank barrel damage types and percentage of damage extent. See Table 4.2 for
definition of damage categories and see Figure 4.14 for illustrative examples of damage type
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(a) Glycol-ethanol channel- Note the thicker

(b) Damage to the pipe supplying glycol-ethanol

shell
Figure 4.16. Glycol-ethanol refrigeration channels and typical observed damage to the pipe
Most of flat-based wine tanks and some of legged wine tanks have typically an insulation layer. This
insulation layer is typically constructed from polystyrene material and surrounds the barrel and cone of
a tank (see Figure 4.17). Classification of legged wine tanks in the inventory based on the percentage
of insulation availability is reported in Table 4.5. Based on the review of damage data, there were no
notable difference between the earthquake performance of insulated and uninsulated tanks.
Table 4.5. Classification of legged tanks based on the availability of insulation layer
Earthquake

Number of

Number of

Number of

Number of

Number of

year

insulated

damaged

uninsulated

damaged

tanks with no

tanks

insulated tanks

tanks

uninsulated

data on their

tanks

insulation

2013

369 (24.4%)

242 out of 369

567 (37.5%)

306 out of 567

576 (38.1%)

2016

212 (35.4%)

177 out of 212

362 (60.4%)

155 out of 362

25 (4.2%)
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(a) Polystyrene layer used as an insulation

(b) Damage to insulation layer

Figure 4.17. Typical example of insulation layer used for legged wine tanks

4.4.2.4 Tank cone and skirt
Damage to the cone part of legged tanks is typically identifiable due to the presence of dents along the
top edge of the tank, with typical cone damage modes (see Figure 4.18) including catwalk connection
indentation, tank pounding, cone creasing due to liquid sloshing, and cone deformation. Cone damage
does not decrease the integrity of the tank significantly, and repairs may not be necessary for minor
cases of damage where the dents are shallow and isolated. Individual cases of damage to the tank cone
are typically located close together and can therefore be hard to distinguish, and in 2013 the earthquakes
assessors considered different damage modes to the tank cone using a single heading of “cone damage”.
Cone creasing was the most frequent damage type (9.5%) in the 2016 earthquake, when considering the
different earthquake-related damage types for the tank cone.

(a) Cone creasing

(b) Cone deformation

9.5% in 2016

4.3% in 2016

100

(d) Tank pounding

(d) Catwalk indent

1% in 2016

1% in 2016

Figure 4.18. Representative examples of damage to tank cone and percentage of each damage type
as illustrated in Figure 4.19
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major

severe

2.7%

replacement
2.8%

(57)

0.2% 0.2%
Cone other
Cone danage

3.2%

0.8%

Cone deformation

0.4% (75)

2.5%
2.2%

1.3%
0.8% 1.3%

1.2% 0.5%

0.7% (37)

(26)

0.2% 0.5%

N/A: the damage
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Tank pounding
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0.2% 0.7%
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0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% 10.0%
Damage percentage

0.0% 0.5% 1.0% 1.5% 2.0% 2.5% 3.0% 3.5% 4.0% 4.5% 5.0%
Damage percentage

(a) 2013 earthquakes

(b) 2016 earthquake

Figure 4.19. Tank cone related damage types and percentage of damage extent. See Table 4.2 for
definition of damage categories and see Figure 4.18 for illustrative examples of damage type
The skirt of legged tanks typically covers the steel base frame and is extended below the tank wall (see
Figure 4.3a,b,d). Skirt creasing and skirt punching were two typical types of skirt damage that were
noticed during in-field post-earthquake winery inspections, where skirt creasing is typically due to tank
leaning and associated pressure applied to the skirt (see Figure 4.20a) and skirt punching is due to leg
pressure being applied to the skirt (see Figure 4.20b). In the 2013 earthquakes 7.9% and 4.8% of tanks
in the inventory sustained skirt creasing and skirt punching damage and in the 2016 earthquake 9.8%
and 10.2% of tanks sustained skirt creasing and skirt punching damage, where approximately 95% of
such cases in 2016 requiring remedial works (see Figure 4.21).
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(a) Skirt creasing
7.9% in 2013
9.8% in 2016

(b) Skirt punching
4.8% in 2013
10.2% in 2016
Figure 4.20. Representative examples of damage to tank skirt and percentage of each damage type
as illustrated in Figure 4.21
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(59)

12.0%
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Figure 4.21. Tank skirt damage types and percentage of damage extent. See Table 4.2 for definition
of damage categories and see Figure 4.20 for illustrative examples of damage type
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4.4.3 Effect of liquid level on damage to legged wine tanks
The recorded level of liquid within the tank at the time of the 2016 earthquake provided an opportunity
to compare the performance of legged tanks with different ranges of liquid contents (see Table 4.6),
with the five liquid level ranges being 0-10% (empty), 10-40%, 40-70%, 70-90%, and 90-100% (full)
(see Table 4.6). Of the 599 legged tanks overall, 284 (47%) tanks were empty, and 269 (45%) were full,
with the remaining 45 (7.5%) tanks having a contents level of between 10% to 90% (see Table 4.6).
Comparison between the performance of empty and full wine tanks in the 2016 earthquake (see Figure
4.22) revealed that full legged tanks (81%) were damaged more than twice as frequently as empty tanks
(31%). While 64% of full tanks sustained multiple damage events, only 15% of empty tanks sustained
multiple damage events. Also, analysis of data showed that full tanks sustained much more severe (30%)
and major (39%) damage when compared with empty legged wine tanks, with just 1% being severe
damage and 17% being major damage in the 2016 earthquake (see Figure 4.23a). As expected, empty
tanks sustained a greater proportion of minor damage (12%) when compared with full legged tanks that
sustained only 3% minor damage (see Figure 4.23a). The percentage of damage to different parts of full
and empty legged tanks is presented in Figure 4.23b, indicating that the anchor and skirt parts of the
tanks were the most tank elements that were most influenced by the liquid level, where 17% and 25%
of the full tanks sustained anchor-related damage and skirt damage, while only 2% and 4% of the empty
tanks sustained anchor-related damage. Data on the liquid level for tanks in the 2013 earthquakes was
not fully available and consequently that data is not presented herein.
Table 4.6. Performance comparison of legged wine tanks according to liquid level range
Liquid level

Grand

Minor

Moderate

Major

Severe

Replacement

No damage

0-10

33

22

48

2

1

178

284

10-40

0

0

0

0

0

2

2

40-70

0

0

7

0

0

12

19

70-90

1

0

8

3

0

12

24

90-100

8

20

104

81

5

51

269

N/A

1

0

0

0

0

0

1

range %
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total

350

200

Total Tanks = 269

Total Tanks = 284

180
160

250
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Damage numbers

300

200

81%

150
100

64%

50

Tanks with no damage
Tanks with multiple damage

120

63%

100
80
60

37%

40
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17%

19%

0

140

15%

22%

0

Tanks with no damage
Tanks with multiple damage

Tanks with one damage
All damaged tanks

(a) Full tanks

Tanks with one damage
All damaged tanks

(b) Empty tanks

Figure 4.22. Comparison of performance of full and empty legged tanks in the 2016 earthquake
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40%

50%
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Figure 4.23. Comparison of severity and damage to tank elements for empty and full tanks in the
2016 earthquake

4.4.4 Effect of leg bracing on seismic performance of tanks
During the post-earthquake damage assessments of wineries following the 2016 earthquake a difference
was observed between the seismic performance of tanks with braced legs and those with no leg bracing.
Visual in-field observations were validated using the application of a critique of the collected
earthquake damage data by categorisation and comparison of the seismic performance of tanks with
braced legs and those with no leg bracing. This categorisation of leg bracing included horizontal
bracing, diagonal bracing or a combination of the two bracing types. Based on the analysis of 2016
earthquake-related damage data, it was established that 173(29%) of the 599 legged tanks in the
inventory had bracing, while the rest of 426 (71%) legged tanks had no bracing at the time of winery
inspection. Comparison of overall earthquake-related damage data for tanks with no leg bracing and
tanks with braced legs revealed that while 62% of tanks with no leg bracing sustained damage, only
45% of the tanks with braced legs sustained damage (see Figure 4.24). Also, comparison of damage
level to tanks with braced legs and those with no leg bracing revealed that the severity of damage for
the tanks with no leg bracing was higher than that for the case of tanks with braced legs (see Figure
4.24). Based on the above comparison, it was established that tanks with braced legs collectively
performed better than tanks with no leg bracing.
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30%
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20%
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0

Figure 4.24. Comparison of seismic performance of braced legged tanks and those with no bracing
Note: Percentages extracted as division of damage numbers to total number of tanks with respective
bracing condition

4.4.5 Comparison of damage data from the 2013 and 2016 earthquakes
Using the collected damage data for two similar wineries following the 2013 and 2016 earthquakes, the
seismic performance of legged tanks was compared in these two wineries for two different earthquake
events. A lower damage percentage was recorded for legged wine tanks in winery 1 in 2016 when
compared to the damage sustained at the time of the 2013 earthquakes (see Table 4.7), despite the liquid
level for tanks in winery 1 in both the 2013 earthquakes (69%) and the 2016 (65%) earthquake being
comparable. The factor which primarily affected the percentage of damage was the retrofitting plans
that were instituted in winery 1 after the 2013 earthquakes, where 1.2 million NZD was spent in the
2014 financial year for retrofitting of wine tanks. In the 2013 earthquakes many of the legged wine
tanks in winery 1 having a volume of 20, 30, 40, and 60 kL sustained damage (see Figure 4.25) and
thus the winery stakeholder decided to modify the legged tanks to become flat-based tanks using skirt
extensions and anchoring the skirt to the concrete slab using new anchorage systems (see Figure 4.26a
and Figure 4.27). Based on the earthquake damage data recorded for flat-based tanks (see [14]),
strengthening approach of converting damaged legged wine tanks to flat-based tanks had collectively a
positive impact on the damage data (see [14]). Based on the case studies from 2016 earthquake, of 51
converted legged tanks to flat-based tanks with capacity of 60 kL only 4 (8%) sustained damage and
the damage of these four tanks also recorded as minor and moderate damage level. Figure 4.28a reveals
that in 2013 there were 14 and 51 legged wine tanks with a capacity of 40 kL and 60 kL respectively,
where 86% and 100% of these 14 and 51 legged wine tanks sustained damage in the 2013 earthquakes
(see Figure 4.28b). In the 2016 earthquake there were no legged tanks with a capacity of 60 kL in winery
1 and also there were only three legged tanks with a capacity of 40 kL, with all three 40 kL tanks (100%)
sustaining damage.
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Based on an analysis of damage data from the 2013 and 2016 earthquakes it was established that the
extent of damage was more severe for winery 4, where 83% and 91% of the legged wine tanks in the
2013 and 2016 earthquakes sustained damage (see Table 4.7). In the 2013 earthquakes 46% of legged
wine tanks required section replacement (see Figure 4.26b). The retrofitting approach adopted for
winery 4 was similar to that adopted for winery 1, where during the site inspection after the 2016
earthquake it was noticed that wine tanks with a size of 40 kL that sustained damage in the 2013
earthquakes had been retrofitted and modified to be flat-based wine tanks (see Figure 4.27b). Figure
4.29 shows that while there were 58 legged wine tanks in 2013 with a size of 40 kL, the number of
40 kL legged wine tanks had reduced to 24 at the time of the 2016 earthquake.
Table 4.7. Performance comparison of winery 1 and 4 in the 2013 and 2016 earthquakes
Winery
ID

1
4

Number of

Average

inspected legged

liquid

tanks

level

2013

125

2016

Year of

% multiple

% single

% damaged

damage

damage

tanks

69%

62%

14%

76%

74

65%

22%

19%

41%

2013

147

73%

58%

25%

83%

2016

125

77%

76%

15%

91%

earthquake

(a) Tanks capacity

(b) Repair extent

Figure 4.25. Layout of summary of required repair in winery 1 related to 2013 earthquakes
inspection
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Localised replacement 46%

Localised replacement

Section replacement

Section replacement

Tank replacement

24%

32%

(a) Winery 1

(b) Winery 4

Figure 4.26. Repair summary conducted for two wineries following the 2013 earthquakes

(a) Damaged legged tank

(b) Removed tank legs

(c) Anchorage system added to legged tanks

(d) Skirt and anchor bracket welded to legged
tanks

Figure 4.27. Examples of conversion process of legged wine tanks to flat-based tanks in wineries
by skirt extensions and adding of anchorage system
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Figure 4.28. Tank numbers and damage percentage to legged wine tanks in Winery 1 in the 2013
and 2016 based on tank capacity
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Figure 4.29. Tank numbers and damage percentage to legged wine tanks in Winery 4 in both 2013
and 2016 based on capacity

4.5 Conclusions
The research presented herein documented the damage data for 2111 legged wine tanks that was
collected by professional structural engineers inspecting 7 major wineries located in Marlborough, New
Zealand following the 2013 earthquakes and was collected from 5 major wineries in Marlborough
following the 2016 earthquake. According to the observations reported herein, the following
conclusions can be summarised:
•

Based on the observation, legged tanks that were not anchored to the concrete slab had
unpredictable behaviour. They sometimes bounced and rocked, causing relatively more damage,
but they also slide causing relatively less damage.

•

In the 2013 earthquakes 50% of legged tanks in the inventory sustained damage and in the 2016
earthquake 57% of legged tanks in the inventory sustained damage.

•

The frame and leg parts of legged wine tanks sustained the largest damage proportion in the 2013
earthquakes (40%) and in the 2016 (44%) earthquake.
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•

Leg buckling and leg tilting were the most common damage types observed to the leg parts of
legged wine tanks.

•

Post-earthquake damage assessment results indicated that the percentage of damage to legged wine
tanks increased as the storage capacity of the tanks increased.

•

It was observed that following the 2013 earthquakes, winery stakeholders were inclined to retrofit
the damaged legged wine tanks by extending the skirt to the concrete slab and adding an anchorage
system in order to change the tank types to flat-based tanks.

•

Catwalk indenting caused the highest percentage of damage to barrels of legged tank in the 2013
earthquakes (5.7%) and the 2016 earthquake (8.5%).

•

Elephant-foot buckling and diamond-shaped buckling were not frequently observed damage types
for legged wine tanks compared with flat-based tanks.

•

Comparing the seismic performance of legged wine tanks based on contents level indicated that full
tanks were damaged more frequently (81%) when compared to empty tanks (37%).

•

Comparison of the seismic performance of tanks revealed that tanks with no braced legs sustained
more damage (62%) when compared with tanks having braced legs (45%).

Based on the analysis of post-earthquake damage data for 2111 legged tanks, it is evident that legged
tanks should be carefully designed for seismic loading and that this tank configuration should be
considered in design codes. It is suggested that winery stakeholders identify their potential earthquakeprone legged tanks and work towards seismic upgrading of these tanks because their failure in future
earthquakes could potentially cause injury and/or high financial losses.
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Damage assessment of catwalks following the 2016
Kaikōura earthquake
The 2016 Kaikōura earthquake (New Zealand, Mw 7.8) caused substantial financial losses to the
Marlborough region wine industry. Following this earthquake, damage assessments were conducted for
five wineries in the Marlborough region in order to identify the detailed damage data for wine tanks
and catwalks. In this research, analysis of earthquake damage data related to catwalks for tanks and key
recommendations related to catwalks for wine industry are presented. A critique of the collected data
revealed that 58% and 24% of wine tanks in the inventory had catwalks that were tank-supported and
self-supported, respectively, with the remaining 18% of wine tanks having either no catwalk or unclear
catwalk supporting conditions. It was also noted that almost 50% of legged wine tanks had selfsupported catwalks, while the majority (74%) of flat-based tanks had tank-supported catwalks. Due to
the large number of flat-based tanks with tank-supported catwalks and the poor performance of tanksupported catwalks in the 2016 earthquake, the barrel part of wine tanks sustained the most frequent
type of damage among the different tank parts. Based on analysis of earthquake-related damage data it
was established that 25% of tank-supported catwalks sustained damage, while only 1% of selfsupported catwalks sustained damage. Review of damage data revealed that the earthquake performance
of tank-supported catwalks is dependent on the seismic performance of the system used to anchor flatbased tanks to the ground, and for the case of legged tanks the seismic performance of the tank legs and
frame was identified as the most significant parameter affecting the performance of tank-supported
catwalks.

5.1 Introduction
Wineries in New Zealand play a pivotal role in the New Zealand economy as well as the New Zealand
tourism industry, bringing in an annual revenue of over US$1.0 billion [1]. New Zealand is a seismically
active country and the Building Act 2004 [2] divides regions of New Zealand into three seismic risk
zones: (i) low seismic zone, (ii) medium seismic zone, and (iii) high seismic zone. Over two-thirds of
wineries in New Zealand are located in regions within a high seismic zone, with these wineries being
responsible for 70% of New Zealand wine production.
Wineries typically possess four important elements: (i) buildings, (ii) barrel racking systems, (iii)
storage tanks, and (iv) catwalks. Buildings located within wineries are constructed for a variety of
purposes, such as restaurants, warehouses and offices. The structural system of these buildings will
likely differ based on functionality, such as warehouses being mostly steel portal framed structures.
Barrel racking systems are industrial structures typically constructed of steel elements that are used in
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wineries to store barrels and that are designed to be relocatable within the wineries. Two types of barrel
racking systems identified during post-earthquake winery site inspections following the 2016 Kaikōura
earthquake were: (i) old racking systems that are stacked on each other, and (ii) a newer generation of
racking systems which are composed of steel rectangular hollow sections welded together. The 2010
Maule earthquake (Chile, Mw 8.8) caused significant damage to barrel-racks [3], as did the 2014 Napa
earthquake (USA, Mw, 6.0) [4], [5]. Damage to barrel racking systems was also observed following
earthquakes in New Zealand in 2013 [6] and 2016 [7]. Another element within wineries are wine storage
tanks, constructed of stainless-steel material and typically being slender with a high aspect ratio. These
tanks can be categorised into two types based on the supporting condition: (i) flat-based tanks (see
Figure 5.1.a), or (ii) legged tanks (see Figure 5.1.b), and have a varying wall thickness of between 2-6
mm that decreases with height. Wine storage tanks in the Marlborough region were significantly
damaged in both the 2013 and 2016 earthquakes in New Zealand [6], [8]–[12]. Damage to wine tanks
due to ground-shaking has also been reported following many past earthquakes, such as the 1977
Caucete earthquake (Argentina, Mw 7.4) [13], the 1980 Greenville earthquake (United States, Mw 5.5)
[14], the 1984 Morgan Hill earthquake (United States, Mw 6.2) [15], the 1989 Loma Prieta earthquake
(United States, Mw 7.1) [16], the 2007 Pisco earthquake (Peru, Mw 7.9) [17], the 2010 Maule earthquake
(Chile, Mw 8.8) [15], the 2012 Emilia earthquake (6.1 Mw) [18] and the 2014 Napa Valley earthquake
(United States, Mw 6) [4].
Catwalks are lightweight steel structures and their main purpose is to provide access to the upper
portions of tanks in order to measure the level of wine in the tanks as well as to undertake maintenance
[19]. Service pipe networks are usually supported by the catwalks, which may be considered an
additional advantage of the use of catwalks within wineries. Two types of catwalks are typically utilised
in wineries: (i) tank-supported or partially tank-supported catwalks (see Figure 5.2.a), and (ii) selfsupported catwalks (see Figure 5.2.b). Post-earthquake damage assessments of wineries following the
2013 and 2016 earthquakes in New Zealand have revealed that wine tanks are the most vulnerable
element in the wineries [6], [10], [11], [20]. However, damage statistics collected following the recent
earthquakes in New Zealand have also revealed that indenting of the tank wall due to catwalk
displacements was the most frequently-occurring tank damage type [8], [10], [11]. Such damage due to
catwalks was also observed in the 1980 Greenville-Mt. Diablo (USA, Mw 5.5) earthquake [14], and the
2014 Napa Valley (USA, Mw 6.0) earthquake [21], [22]. While many numerical studies have considered
the dynamic behaviour of steel storage tanks (see [23]–[27]), connecting structures such as catwalks
and their impact on the tank structure have not been considered in these numerical studies. It should be
noted that there are other types of infrastructure that are also typically connected to wine storage tanks,
such as pipes, with several reports [6], [7] indicating damage to pipes in various wineries. According to
the American Lifeline Alliance (ALA) [28], and an investigation of repair costs after the 2016 Kaikōura
earthquake, damaged pipes are relatively easy to repair and do not represent substantial financial losses
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to wineries. Given the usage of catwalks by staff within the wineries, catwalk collapse is considered to
be a potential life-safety hazard to winery staff during an earthquake. It should be noted that the 2016
Kaikōura earthquake occurred in the middle of the night when staff were not present at the winery, but
that if the earthquake had occurred during working hours then casualties may have been expected due
to catwalk failures. Although much research has been conducted on the enhancement of lightweight
steel structures [29]–[31] and of wine storage tanks [10], [12], [32]–[35], particular attention has not
been given to catwalks as one of the primary structures utilised in the wine and dairy industries. Thus,
the research presented herein was undertaken to highlight an issue in the wine industry and to address
a gap observed within past research by providing technical information and high-level statistical data
for catwalks using the post-earthquake damage assessment of wineries following the 2016 Kaikōura
earthquake. This presented research is the most extensive in-field earthquake damage database related
to catwalks that has ever been reported. Also key learnings from earthquake damage data are further
provided in the current research, where the extensive technical observations will provide a basis to guide
the future technical design standards. It is envisaged that the presented technical information will assist
the wine industry with making informed decisions when selecting the type and design approaches for
catwalks.

(a) Flat-based tanks

(b) Legged tanks

Figure 5.1. Examples of two typical types of wine storage tanks
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(a) Tank-supported catwalks

(b) Self-supported catwalks

Figure 5.2. Two typical types of catwalks observed in New Zealand wineries

5.2 Catwalks in the New Zealand wine industry
Two typical types of catwalk are introduced in this section, being: (i) self-supported catwalks (see
Figure 5.3, Figure 5.4), and (ii) tank-supported catwalks (see Figure 5.5). These lightweight steel
structures are designed according to the New Zealand steel structures standard [36] and are typically
constructed around the tanks once the tanks are installed [6]. The height of the catwalk is dependent on
the tank height in order to provide winery staff with access to the tank cone (see Figure 5.4). Catwalks
are typically composed of a handrail (top rail and mid rail), toe board, surface pan, and regular steps to
change elevation to match the tank height where required (see Figure 5.4), and catwalks start with the
stairs that are an access system to the surface pan (see Figure 5.3b). During site inspections it was
observed that tank-supported catwalks have differing types of connections to the tanks (see Figure 5.5)
because the catwalk may be connected to either the upper portion of the tank wall (see Figure 5.5a-df)
or connected to the cone part of the tank (see Figure 5.5e,f). In some cases, the connection to the tank
allows for limited differential and sliding movement of the catwalk (see Figure 5.5a), while in other
cases an indentation from the catwalk being displaced towards the tank can cause damage to the tank
wall or cone parts of the tank (see Figure 5.5b). Tank-supported catwalks are mainly located between
two rows of tanks and are connected to the tanks on either side of the catwalks (see Figure 5.5b). Wine
tanks typically have a preinstalled dowel joint plate on the barrel or on the edge of the barrel and tank
cone (see Figure 5.6) to provide connection to the catwalk where required. In certain cases, tanksupported catwalks were located above the tank cone, wherein access to the tank lid is typically provided
by an opening in the catwalk (see Figure 5.5c). A review of the collected photographs from winery
inspections revealed that tank-supported catwalks are usually connected to the cone part of tanks when
the catwalk is located above the cone, with the cone providing support for the catwalk (see Figure
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5.5e,f). It was observed that tank-supported catwalks are more commonly used in the New Zealand
wine industry than the self-supported catwalks due to ease of construction, offering fewer obstructions
at ground level, and being more cost-effective when compared with self-supported catwalks. Less
material and fabrication are required for tank-supported catwalks compared with self-supported
catwalks, particularly when the catwalks are required to be 10-12m above ground level. Construction
sequence was observed to be an important reason for utilising self-supported catwalks. For example, in
some cases the overall construction process can be expedited if self-supported catwalks are utilised
which eliminates the need to wait for wine tanks installations. Note also that although tank-supported
catwalks have been more commonly used in the past, following the 2016 earthquake winery
stakeholders within the Marlborough region have shifted towards a preference for self-supported
catwalks.

(a) Steel column providing support for the

(b) Catwalk supported by columns and attached

catwalk

to the building wall from one side

Steel
crossbracing
Parallel flange
channels
(c) Parallel flange channels and steel tension

(d) Steel tension rods providing lateral support

rods providing catwalk support

for catwalk

Figure 5.3. Examples of self-supported catwalks
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i

Regular step

i

Pan

Top rail

Toe board

Mid rail

Figure 5.4. Self-supported catwalks designed according to tank height, with the catwalk elevation
increasing as the tank height increases

(a) 10 kL legged tank - steel plate connecting

(b) 150 kL flat-based tank - rectangular plate

the catwalk to the tank

welded to the tank wall is fixed to the catwalk
by bolted connection

(c) 50 kL flat-based tank - catwalk located

0 kL flat-based tank - catwalk is 13(d)

above the tank cone is connected to both sides

connected to the tank wall using L-shaped steel

of the tank wall

plates
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i

(e) Catwalk connected to tank cones

i

(f) Catwalk is connected to the tank using
rectangular hollow sections acting as columns
below the catwalk

Figure 5.5. Different types of connections between tank and tank-supported catwalks

(a) Flat-based tank with 175 kL capacity

(b) Flat-based tank with 80 kL capacity

Figure 5.6. Dowel joint plate fixed to the top part of the tank barrel

5.3 Collected inventory of catwalks
The 2016 Kaikōura earthquake imposed substantial financial losses to the New Zealand wine industry
[10], [37], and winery operators were required to undertake detailed post-earthquake damage
assessments before they could claim insurance for these losses. These assessments provided an
opportunity for structural engineers to collect a high-level inventory regarding the seismic damage to
wineries in the affected Marlborough region of New Zealand. As part of this in-field post-earthquake
damage assessment, the performance of catwalks and their impact on wine tanks was investigated. Five
wineries which collectively contained 1401 tanks were inspected during this damage assessment, with
associated Peak Ground Acceleration (PGA) values ranging from 0.23g to 0.36g (see Table 5.1). Based
on an analysis of PGA values correlated against the extent of damage to catwalks and to tanks due to
catwalk indenting, it was inferred that ground shaking intensity was one of several parameters that
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influenced the extent of damage to these structures. Parameters such as the earthquake performance of
wine tanks and the connection between the catwalk and tank were two other factors that also
significantly influenced the extent of catwalk damage.
Table 5.1. PGA sustained at the location of the five inspected wineries
Winery

PGA

ID

Number of catwalks
Self-

Tank-

supported

supported

Damage % to

Damage % to tanks

catwalk

due to catwalk
indenting

1

0.32

120

122

22 (9%) out of 242

41 (17%) out of 242

2

0.26

165

225

88 (22%) out of 390

59 (15%) out of 390

3

0.23

4

111

42 (36%) out of 115

39 (34%) out of 115

4

0.32

41

115

10 (6%) out of 156

26 (16%) out of 156

5

0.36

11

236

48 (19%) out of 247

140 (56%) out of
247

Sum based on

341

809

Not applicable

catwalk type
Total catwalk sum

1150

Note: Data related to tanks with unclear catwalk condition and tanks without catwalk are not
included in the table
Based on a critique of the collected earthquake damage data, of the 1150 catwalks reported in the dataset
there were 809 catwalks (70%) that were tank-supported and 341 catwalks (30%) that were selfsupported (see Figure 5.7). For those catwalks recorded as being self-supported, no connection between
the tank and catwalk was reported during the assessments. Typically catwalks are not installed for all
the tanks within a winery, such as for tanks having a small capacity (see Figure 5.8). Note that an
additional 163 inspected catwalks had unclear supporting conditions, meaning that it was not possible
to confidently identify their connection details using the in-field damage assessment data and a
companion desktop study of the associated photographs (see Figure 5.7). From the collected data it was
established that of the 341 self-supported catwalks, 218 catwalks (64%) were used for access to legged
tanks and the other 123 catwalks (36%) were used for access to flat-based tanks, despite the number of
flat-based tanks being larger than the number of legged wine tanks within the overall inventory. This
finding shows that self-supported catwalks were more frequently used for legged wine tanks compared
with flat-based tanks. In contrast, Figure 5.7 shows that of the 809 tank-supported catwalks, 593
catwalks (73%) were used for access to flat-based tanks and 216 catwalks (27%) were used for access
to legged tanks. According to the analysis of data presented herein, it was established that there was a
preference to use self-supported catwalks for access to legged wine tanks and to use tank-supported
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catwalks for access to flat-based tanks, and that self-supported catwalks are typically used for tanks
with a capacity of less than 100 kL (see Figure 5.8) whereas many tanks with tank-supported catwalks
had a capacity of 60 kL or greater (see Figure 5.8).

1000
809

800
600

88

400

341

1

200

87

0

No catwalk

593

163

123
218

85
216

Self- supported
Catwalk type

78

Tank supported

Unclear

Figure 5.7. Distribution of catwalk type according to tank type
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100-150

150-200

200-250

Figure 5.8. Distribution of catwalk type according to the capacity range of tanks

5.4 Earthquake-related tank-catwalk damage statistics
As discussed in [8], [10], [12] wine tanks sustained substantial damage during the 2016 Kaikōura
earthquake in New Zealand. Analysis of the damage data shows that catwalk indentation was the most
frequent cause of damage to the barrel portion of wine tanks [10], [11], wherein 24% of 1150 catwalks
caused damage to the barrel part of tanks due to catwalk indentation (see Figure 5.9). A critique of the
collected damage data revealed that self-supported catwalks performed well when compared to tanksupported catwalks. Of the 341 self-supported catwalks in the dataset, approximately 1% sustained
damage and 5% caused damage to wine tanks (see Figure 5.11), while of the 809 catwalks in the
inventory that had tank-supported catwalks, 205 catwalks (25%) sustained damage and 288 catwalks
(36%) caused damage to wine tanks (see Figure 5.12). Damage data indicated that while in some cases
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catwalks continued to be operational without significant damage to the catwalk frame, tank damage due
to catwalk indenting can cause damage to wine tanks and it was established that 33% of the 809 tanksupported catwalks caused tank barrel damage while only 7% of tank-supported catwalks caused
damage to the cone part of tanks (see Figure 5.12). Of these 809 tank-supported catwalks, 216 catwalks
(27%) caused damage to the barrel part of flat-based tanks and 49 catwalks (6%) caused damage to the
barrel part of legged wine tanks (see Figure 5.12).
Three different levels of damage to catwalks (i.e. minor, moderate, and major) were recorded based on
post-earthquake damage assessments (see Figure 5.13). The definition of damage extent corresponded
to the required repair, where minor damage was an indication of no required repair, moderate damage
indicated the need for localised repair, and major damage was an indication of localised replacement
being necessary (see Figure 5.13). The severity of damage is presented in Figure 5.14, wherein 12% of
catwalks in the inventory sustained major damage.
Catwalk indent

Catwalk indent

4%

Elephant foot buckling

1%

Elephant foot buckling

Diamond shaped buckling

1%

Diamond shaped buckling

Tank lean

1%

5%
3%

Tank pounding

1%
0%

8%

Tank lean

5%

Tank pounding

33%

2%
3%
4%
Percentage of damage

5%

6%
0%

6%

(a) 341 flat-based and legged tanks with

31%

Elephant foot buckling

Diamond shaped buckling

5%

Diamond shaped buckling

Tank lean

5%

Tank lean

5%
5%

15%
20%
25%
Percentage of damage

35%

1%
1%
1%

Tank pounding
10%

30%

13%

Catwalk indent

9%

0%

15%
20%
25%
Percentage of damage

tank-supported catwalk

Catwalk indent

Tank pounding

10%

(b) 809 flat-based and legged tanks with

self-supported catwalk

Elephant foot buckling

5%

30%

35%

5%
0%

2%

4%

10%
6%
8%
Percentage of damage

12%

14%

(c) 716 flat-based tanks including self-

(d) 434 legged tanks including self-supported

supported and tank-supported catwalk

and tank-supported catwalk

Figure 5.9. Percentage of different damage types to tank barrels
Note: Pictures of damage are shown in Figure 5.10
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Figure 5.10. Different damage types to tank barrel
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Figure 5.11. Distribution of damage to self-supported catwalks and tanks according to tank type
Note: Percentage relates to the number for each damage type against the total number of catwalks
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Figure 5.12. Distribution of damage to tank-supported catwalks and tanks according to tank type
Note: Percentage relates to the number for each damage type against the total number of catwalks
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(a) Minor damage to the cleat joint between the tank and catwalk (no repair required)

(b) Moderate damage to the cleat joint between the tank and catwalk (repair is required)

(c) Major damage to the catwalk, where the catwalk has separated from the tank (repair is
required)
Figure 5.13. Extent of damage to catwalk-tank connections
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120
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23 (2%)

16 (1%)

20
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0

0

32 (3%)

Minor
Moderate

Major

Figure 5.14. Damage severity recorded for catwalks
Note: Percentage relates to the number for damage extent against the number of tanks with either
self-supported or tank-supported catwalks

5.4.1 Data for tanks with catwalk related damage and anchorage system/leg
damage
Table 5.2 provides percentage of damage to tanks with catwalk related damage and anchorage
system/leg damage. The damage data indicated that 27 of 62 legged tanks (43%) sustained damage due
to catwalk-related and anchor-related damage. Of the 62 legged tanks that sustained catwalk indent
damage, 31 tanks (50%) sustained both damage to the catwalk and tank damage due to catwalk
indenting. A larger percentage of the tanks (92%) sustained frame/leg damage as well as damage to the
tank due to catwalk indenting. This high frequency of damage to both the catwalk and the tank
frame/legs is readily understandable because once a tank leg has buckled or bent, the catwalk connection
to the tank will be affected and damage to the connection occurs when induced displacements exceed
the capacity for differential movement (see Figure 5.15). 80 (33%) of 243 flat-based tanks that sustained
catwalk indenting also sustained anchor related damage, and 70 tanks (29%) had damage to both the
catwalk and tank as a result of catwalk indenting (see Table 5.2). In many cases, damage to the
connection between the tank and catwalk was due to failure of the anchorage system to resist lateral
seismic loads (see Figure 5.16). Anchorage systems are the main elements used to fix tanks to their
foundation and failure of the anchorage system is typically associated with lateral movement or uplift
of the tank, which then causes damage to the connected catwalk (see Figure 5.16). Some catwalks also
sustained damage due to tanks that were rotated during the 2016 Kaikōura earthquake (see Figure 5.17).
During the review and analysis of photographs from winery inspections it was noticed that the majority
of tank damage caused by self-supported catwalks was due to the movement and sliding of tanks
towards the catwalk, because no moderate or major damage to self-supported catwalks was observed
(see Figure 5.18).
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Wine tanks equipped with energy dissipation devices have shown they perform well during an
earthquake and consequently damage to the linked structures to the tanks were also minimised. Based
on damage data from two wineries, of 40 flat-based wine tanks that had tank-supported catwalks and
were fitted with energy dissipation devices, only three tanks sustained minor catwalk indenting,
indicating that the use of an appropriate anchorage system to control that lateral movement of tanks can
help to reduce damage due to the connected structures and services.
Table 5.2. Damage data related for tanks with catwalk related damage and anchorage system/leg
damage
Tank type

Tanks having

Damage to catwalk

Tanks having

Tank damage

catwalk damage and

and damage to the

catwalk related

due to

anchor related

tank due to catwalk

and frame/leg

catwalk

damage

indenting

related damage

indenting

Legged tank

27 (43%)

31 (50%)

57 (92%)

62

Flat-based

80 (33%)

70 (29%)

N/A

243

107 (35%)

101 (33%)

57 (19%)

305

tank
All tanks

Note: Percentage relates to the number of damage items (tanks and/or catwalks) divided by the
corresponding number in last column (tank damage due to catwalk)

iii
i

i

iii

ii
ii

iv

iv

Figure 5.15. Damage to catwalk due to failure of tank legs
(i) catwalk support connected to the upper part of tank has twisted; (ii) leg is buckled, causing
damage to the catwalk; (iii) catwalk connection to the tank has twisted and shows separation from
catwalk main structure; (iv) leg is bent, displaced and separated from the base plate

127

(a) Tank-supported catwalks caused damage to tank with capacity of 90 kL
See the performance of tank anchorage system in Figure 5.16 b-g

(b) Nut pull-out from anchor

(c) Anchor bolt bent below the

(d) Anchor and base plate

bolt due to overturning

anchor chair and nut separated

laterally displaced and caused

moment

damage to foundation

Figure 5.16. Tank-catwalk connection failure due to severe damage to anchorage system

(a) Rotated tank due to anchorage system

(b) Catwalk separated from tank due to tank

failure

rotation shown in (a)

Figure 5.17. Tank-catwalk connection failure due to rotated tank
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Crack created on cone part of
the tank due to the induced
pressure

Steel column
supporting the
catwalk with no
evidence of damage
to the steel column

Punched barrel

Figure 5.18. Self-supported catwalk caused damage to barrel and cone parts of 100 kL flatbased tank

5.4.2 Insufficient distance between tank and catwalk in design
The observed earthquake performance of tank-supported catwalks revealed that in some cases, in
addition to damage occurring at the location of the steel cleat joint (see Figure 5.19), the catwalk body
also caused damage to the tank structure due to minimal separation being provided between the tank
and catwalk (see Figure 5.19). This collision or pounding failure can result in damage to the cone or
barrel parts of tanks to a greater extent than potentially arising due to connection of the steel cleat joint.
Note also that unlike catwalk structures, wine tanks are constructed of thin shell material which can be
easily damaged by lateral impacts.

Steel cleat

Figure 5.19. Damage to tank cone due to lateral collision or pounding of catwalk body and
tank as well as damage to tank barrel due to the steel joint between the tank and catwalk
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5.4.3 Impact of liquid level
Based on the damage data provided in previous sections, it was established that performance of catwalks
can be affected by the lateral movement of tanks during an earthquake. Level of liquid in tank
significantly affects the tank performance during an earthquake [10], [11], [12]. Figure 5.20 shows a
comparison for the percentage of damage to catwalks and tanks due to catwalk indent between full and
empty tanks. The analysis of data related to tank-supported catwalks shows that full tanks sustained
more damage due to catwalk and also the catwalks of these tanks sustained more damage when
compared with empty tanks. Similarly, for the case of self-supported catwalks, full tanks sustained more
damage and caused more damage to catwalks when compared to empty tanks.

Tank
damage due
to catwalk

Tank
damage due
to catwalk

47%
35%
Full tanks

Full tanks
Catwalk
damage

19%
0%

10%

4%

Empty tanks
31%

Catwalk
damage

5%

20%
30%
Damage percentage

40%

50%

Empty tanks
4%

0%
0%

2%

4%

6%

Damage percentage

(a) tank-supported catwalks

(b) Self-supported catwalks

Full tanks with tank-supported catwalks= 395

Full tanks with self-supported catwalks= 121

Empty tanks with tank-supported catwalks= 358

Empty tanks with self-supported catwalks= 196

Figure 5.20. Damage percentage to catwalks and tanks due to catwalk

5.5 Case study winery
The types of damage to different elements of catwalks in one of the inspected wineries were investigated
in detail (see Table 5.3). Damage severity was defined based on the repair recommended by the
structural engineers during the investigation. Minor damage type refers when repair is not required,
moderate damage type refers when localised repair is required, and major damage refers when localised
replacement is required. 61 catwalks were inspected in this winery, with 28 catwalks being selfsupported and 33 catwalks being tank-supported. 64% of the 33 tank-supported catwalks sustained
deformation at the location where the catwalk was attached to the tank (see Figure 5.21a), and 21%,
3%, and 18% of the tank-supported catwalks sustained minor, moderate, and major global deformation
of the catwalk frame, respectively. Only 3.5% of the self-supported catwalks sustained global
deformation of the catwalk frame, with this deformation being categorised as minor damage in all cases.
Minor localised deformation of the catwalk frame was observed for only 4 (12%) of tank-supported
catwalks in this winery, and minor global deformation of the catwalk handrail was noticed for 12% and
25% of tank-supported and self-supported catwalks. 3 tank-supported catwalks (9%) sustained minor
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localised deformation at their catwalk handrail. Sample photographs for these damage types (introduced
in Table 5.3) are presented in Figure 5.21a-d. A critique of the data regarding different types of damage
to the catwalks within this studied winery revealed that the primary damage was related to deformation
of the catwalk-tank supports. As discussed previously, catwalk indenting caused substantial damage to
the barrel and cone part of tanks and was the main earthquake-related performance issue regarding
catwalks within the inspected wineries, with self-supported catwalks shown to exhibit superior seismic
response when compared to tank-supported catwalks.
Table 5.3. Post-earthquake performance of catwalks in one winery (61 catwalks)
Tank-supported catwalks

Self-supported catwalks

Damage severity

Damage severity

Damage type
Deformation of catwalk-tank
support
Global deformation of catwalk
frame
Localised deformation of
catwalk frame
Global deformation of catwalk
handrail
Localised deformation of
catwalk handrail

Minor

Moderate

Major

Minor

Moderate

Major

0

0

21 (64%)

0

0

0

7 (21%)

1 (3%)

6 (18%)

1 (3.5%)

0

0

4 (12%)

0

0

0

0

0

4 (12%)

0

0

7 (25%)

0

0

3 (9%)

0

0

0

0

0

Note: The above data consists of 28 self-supported catwalks and 33 tank-supported catwalks in
total.
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(b) Global deformation of catwalk frame

(a) Deformation of catwalk-tank support

and handrail (major)

(major)

(c) Global deformation of catwalk frame

(d) Localised deformation of catwalk

(minor)

handrail (minor)

Figure 5.21. Damage examples for different types of catwalks

5.6 Implication and recommendations
5.6.1 Code of practice for design
From the presented data it is evident that tank designers need to be aware that catwalks can cause
substantial damage to tanks unless suitable precautions are taken. Currently there is no design standard
specifically for wine storage tanks and catwalks, but some tanks in New Zealand are designed using the
New Zealand Society for Earthquake Engineering (NZSEE) guideline for the seismic design of storage
tanks [38], [11]. Although the current NZSEE guideline provides general instructions pertaining to the
design of wine storage tanks, the guideline does not provide information regarding how seismic actions
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should be accounted for when a tank provides the primary support for a catwalk. In the New Zealand
loading standard [39] the significance of a structure is defined using the parameter of Importance level
(IL) that relates to the consequence of failure. Guidance on the selection of IL when tanks support a
catwalk is one topic that should be addressed if a new tank design standard is developed [11], with the
selection of the appropriate IL for the scenario where tank-supported catwalks are incorporated with the
tank design [19] being a topic that merits expanded guidance to account for the number of people that
the catwalk is designed for. If a tank design standard is to be developed for wine storage tanks then it
is recommended that instruction and related calculations regarding the interaction between tanks and
catwalks be provided as part of this document.

5.6.2 Key industry related learnings and recommendations
Based on the earthquake damage data presented herein it was established that self-supported catwalks
performed better than tank-supported catwalks and consequently caused less damage to the associated
tanks. It is thus recommended that where possible, self-supported catwalks with an appropriate
separation gap to the adjacent tanks be utilised, rather than tank-supported catwalks. If catwalks are to
be self-supported then the designer should consider the worst-case differential movement at least for
the serviceability limit state level of shaking and provide an appropriate separation gap between the
tank and the catwalk structure.
Where winery stakeholders or tank/catwalk designers require the implementation of tank-supported
catwalks it is recommended that measures be adopted to reduce the probability of damage to both the
tank and the catwalk. Observed earthquake damage to the tanks/catwalks was either from a collision
between the catwalk structure and the tank or due to an indent arising from the tank/catwalk connection.
In order to reduce the extent of damage resulting from a collision between the catwalk structure and
tank it is recommended that sufficient distance be provided between the catwalk and tank to allow
lateral movement. Reducing the probability of damage at the tank/catwalk connection can also be
achieved by utilising sliding joints (telescopic arrangement or similar) to connect the catwalk to the
tank. Sliding joints allow tanks to move horizontally independent of other tanks and allows tanks to
move laterally without collision with the adjacent catwalk [19]. It is also recommended that tanksupported catwalks be separated from each other by providing movement joints. Tanks that are
connected to a set of catwalks may be provided with movement joints to accommodate differential
movement. Such detailing of sliding and movement joints requires further investigation.
Tank-supported catwalks are typically placed between two rows of tanks, and each side of catwalk is
connected to the tank. The analysis of earthquake damage data revealed that there is a relationship
between damage to the anchorage system of tanks and damage to the tank-supported catwalk. Based on
damage observation, tanks equipped with energy dissipation anchorage systems performed well during
the 2016 Kaikōura earthquake, with very few minor damage to connected catwalk structure observed.
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Energy dissipation anchorage systems typically limit the lateral movement of tanks and accordingly
damage to catwalk structure is reduced. It is thus recommended that a coordination between the catwalk
and tank designer is made due to direct relation between catwalk and tank anchorage system
performance.
Following the 2016 Kaikōura earthquake it was noted that at least one of the wineries in the
Marlborough region had initiated the replacement of previously damaged tanks and catwalks with
‘smart tanks’ that report the level of liquid directly to the operators via installed sensors. It is therefore
recommended to investigate the possibilities of implementing novel technologies prior to the
installation of conventional tanks and catwalk systems within wineries.

5.6.3 Implications for future research
It is recommended that a robust design standard is developed based on extensive post-earthquake
damage observations collected herein, engineering principles and supplemented with finite element
(FE) modelling. For the case of FE modelling it is recommended to perform dynamic analysis using
numerical software. Results attained from numerical analysis can be compared with the earthquakerelated damage observed on site following the winery inspection. Based on damage observed for
catwalks and tanks following the winery inspection and numerical analysis results, detail resilience
options can be also provided. It is suggested that conceptual resilience options provided in section 5.6.2
of this paper including utilising sliding joints and movement joints for tank-supported catwalks are
tested as a possible solution in numerical analysis.

5.7 Conclusions
The in-field post-earthquake damage assessment of 1150 self-supported or tank-supported catwalks and
the damage that these catwalks caused to wine tanks following the 2016 Kaikōura earthquake
(New Zealand, Mw 7.8) was investigated herein. The following conclusions were established:
•

Of the 1150 catwalks in the inventory, 809 catwalks (70%) were tank-supported and 341 catwalks
(30%) were self-supported.

•

Self-supported catwalks were more frequently used for access to legged wine tanks and tanksupported catwalks were more frequently used for access to flat-based tanks.

•

Catwalk indenting was the most frequently recorded (24%) type of damage, resulting in impairment
to the barrel part of tanks. This percentage increased to 33% when considering only tank-supported
catwalks.

•

Damage analysis revealed that self-supported catwalks performed well and that very few selfsupported catwalks sustained damage (1%) or caused damage to wine tanks (5%).

•

Tank-supported catwalks performed poorly, with 25% of tank-supported catwalks sustaining
damage and 36% of tank-supported catwalks causing damage to wine tanks.
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•

18% of catwalks sustained damage and 12% sustained major damage.

•

Based on damage data it was concluded that failure of legs/frame can cause damage to attached
catwalks, where 92% of legged tanks that sustained damage due to catwalk indenting also sustained
frame/leg damage.

•

Based on damage data it was concluded that failure of anchorage system can cause damage to
attached catwalks, where 33% of flat-based tanks that had catwalk indent damage also sustained
anchorage system damage.

•

Analysis of damage data from a case study winery showed that damage to the tank-catwalk
connection was the most frequently occurring damage type.

•

The research proposed herein identified several significant issues such as lack of sufficient distance
between the catwalk and tank, and catwalks installed by a fabricator with no specific structural
design. It has been also noted that damage to catwalks was significant once lateral/rocking
movement of storage tanks occurred.
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Seismic fragility curves for stainless-steel wine storage
tanks
Wine storage tanks in seismically active parts of the world sustain significant earthquake-related
damage with major financial loss implications. Consequently the development of fragility curves for
such tanks using empirical damage data offers an opportunity to better understand real risk exposures
and to plan for and mitigate earthquake-related damage in the future. Fragility curves for wine storage
tanks were developed utilising damage data collected from approximately 3400 tanks that were
subjected to three major earthquakes in New Zealand in 2013 and 2016. Two-parameter (median and
log-standard deviation) log-normal distribution functions were used to represent the fragility curves,
and peak ground acceleration (PGA) was used to represent the intensity of the seismic ground motion.
Damage states for Flat-Based (FB) and Legged (LG) wine tanks were introduced in accordance with
the repair that was recommended by the structural engineers at the time of post-earthquake damage
assessment of the affected wineries. A parametric study was also conducted, considering fragility curves
for tanks with different capacities and different percentage of wine contents. Based on the analysis,
complete damage of FB and LG wine tanks was forecast at median PGAs of 1.0g and 0.88g respectively
in the 2013 and 2016 earthquakes, while the median PGA for minor damage to FB tanks was 0.18g and
the median PGA for minor damage to LG tanks was 0.23g. The research presented herein highlighted
the importance of evaluating and improving the seismic resilience of storage tanks within wineries
located in seismicity active regions.

6.1 Introduction
Liquid storage tanks are used in a wide range of industries such as oil and gas, water supply, wastewater
management, dairy, and wineries [1], [2] with characteristics that vary significantly depending on their
application and purpose. While water and oil tanks are mainly constructed of carbon steel, wine storage
tanks are usually constructed of stainless-steel. Use of stainless-steel for the construction of wine
storage tanks started in the 1950s in the United States, and before this date wineries generally used
wooden and concrete tanks [3].
Wine storage tanks in a winery are typically either Flat-Based (FB) or Legged (LG) (see Figure 6.1)
[4]–[6], with FB wine tanks typically having a larger capacity (typically ranging from 30 kL to 300 kL)
than LG wine tanks (typically 80 kL maximum capacity)[5]. Wine storage tanks in wineries have been
repeatedly shown to be susceptible to damage when subjected to high-intensity earthquake-induced
shaking (see [7]–[15]), with previous research having demonstrated that earthquake damage to wine
tanks is mainly due to one or more of the following factors: (a) use of a stainless-steel material with a
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thin shell thickness of 2-6 mm; (b) little distance between adjacent tanks, leading to tank pounding; (c)
tanks being full of wine due to the fermentation process; (d) tanks having a large height to radius (H/R)
aspect ratio of between 3 to 5 or greater; and (e) deficiencies related to technical design in some cases
[16]. The study reported herein is limited to stainless-steel wine storage tanks and considers both FB
and LG typologies.

(a) Flat-Base (FB) wine tanks

(b) Legged (LG) wine tanks

Figure 6.1. Typical types of wine storage tanks found in New Zealand wineries
A fragility curve represents the probability of attaining or exceeding a certain damage state, conditional
on a level of ground motion intensity [17]. Such curves can be developed in many ways; e.g. based on
the collected damage data (empirical), numerical modelling of the seismic response of structures,
experimental tests, or professional judgment [18]. The last form of data (professional judgment) is based
on expert comments and opinions when insufficient data is available or when the scope is extrapolated
to ground shaking levels where no data exists [19], [20].
Housner [21] undertook a pioneering study on the dynamic behaviour of liquid storage tanks, where
hydrodynamic pressure, weight, and other tank parameters were divided into convective and impulsive
parts. Understanding of the seismic behaviour of liquid storage tanks has been widely studied in the
literature [22]–[31], resulting in completed research to develop seismic fragility curves for liquid
storage tanks using different numerical approaches. For example, fragility curves were previously
developed for anchored liquid storage tanks using finite element modelling [32]–[36], for unanchored
liquid storage tanks using simplified models [37]–[39], and for base-isolated liquid storage tanks [40].
Wine tanks were excluded from the aforementioned research works due to having different dynamic
behaviour when compared with other steel cylindrical storage tanks. While for the case of oil and water
storage tanks the liquid convective mode can cause damage to the roof system, wine tanks are typically
slender and fully filled with liquid (fermenting wine) which means that the convective term can
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generally be neglected. For the case of wine tanks the impulsive mode is dominant and the full mass of
wine acts in the impulsive mode. Another difference between wine tanks and other steel tanks is their
more thin-walled structure, with observations showing that wine tanks are more prone to diamondshaped buckling (DSB) and elephant-foot buckling (EFB) when subjected to ground shaking (for
example, see Figure 6.2e). Due to typically having slender aspect ratios, wine tanks are more vulnerable
to overturning when compared with broader water and oil steel tanks, and therefore wine tanks are
typically connected to the ground using an anchorage system whereas in some cases broad-based water
and oil tanks are simply sat on the ground.

(a) Measuring possibility of

(b) Use of ruler to measure

(c) Profile gauge to measure

tank leaning

tank base deformation

possible knuckle deformation
at the tank base shell

Elephant-foot
buckling (EFB)
Leg tilting

(d) Measuring the slack

(e) Invasive investigation by

(f) Inspection of underside of

between the chair and nut

picking up the barrel to identify

LG tanks to identify damage

damage
Figure 6.2. Example of methods and devices used to capture earthquake damage to wine tanks
Several studies have been undertaken using numerical methods to establish seismic fragility curves for
wine storage tanks. Colombo and Almazan [31] used non-linear numerical time history analysis to
produce fragility curves for FB tanks with and without energy dissipation devices, with results showing
that the probability of reaching the failure limit state decreased by 80% for the case of FB tank with
energy dissipation devices. Similarly for LG tanks, Colombo and Almazan [41] used non-linear time
history analysis to generate fragility curves for LG tanks with and without isolation devices, with
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observations indicating that the probability of reaching the failure limit state decreased by 90% for the
case of LG tank with an isolation system.
In order to develop empirical fragility curves an earthquake damage database should be compiled
following a number of damaging earthquakes, specifically for the specific type of structure under
consideration. The primary empirical seismic damage dataset previously reported in literature for liquid
storage tanks consists of 424 water and petroleum liquid storage tanks that was reported by Cooper [17]
and is included in a National Institute of Standards and Technology (NIST) report [42]. The inventory
reported in [42] was later revised by the American Lifeline Alliance (ALA) [43] with the addition of
further damage data for liquid storage tanks from other earthquakes, such that the ALA [43] inventory
is composed of 532 tanks, with a corresponding peak ground acceleration (PGA) range from 0.10g to
1.20g. Several researchers (see [44]–[48]) have used the damage data reported by Cooper [17] and ALA
[18] to produce fragility curves for liquid storage tanks. Initially, O’Rourke and So [44] used the damage
database presented in the NIST report [42] and developed fragility curves by considering approximately
400 on-grade tanks from nine earthquake events. Later, Berahman and Behnamfar [46] used a Bayesian
approach and utilised the damage states and the tank database reported by ALA [43] for un-anchored
storage tanks with a fill level higher than 50%. They also presented and compared expected loss
estimation in terms of US dollars according to ALA [43] and HAZUS [49] methods and a Bayesian
approach. In 2019, D’Amico and Buratti [48] utilised geographic information system (GIS) archives to
collect an inventory of earthquake-related damage data for storage tanks, accumulating data for 3026
tanks to produce fragility curves for storage tanks used in chemical and process industries. Wine storage
tanks were excluded in the extensive dataset collected by D’Amico and Buratti [48].
Due to the lack of statistical damage data for FB and LG wine tanks, fragility curves have not been
developed for these tank types. Consequently, the research presented herein provides fragility curves
for FB and LG wine storage tanks based on post-earthquake damage assessments of New Zealand
wineries collectively containing 1427 FB and 1986 LG wine tanks. Fragility curves are also generated
considering tanks with different capacities and different fill levels for wine in the tanks.

6.2 Damage database used to develop fragility curves
The Marlborough region of New Zealand is home to approximately 70% of the country’s wine
production. Damage to wineries in this region during the 21 July, 2013 Seddon earthquake (Mw 6.5),
the 16 August, 2013 Lake Grassmere earthquake (Mw 6.6) and the 14 November, 2016 Kaikōura
earthquake (Mw 7.8) provided an opportunity to assemble an extensive damage database for wine
storage tanks [50]. Following these earthquakes, structural engineers inspected the interior and exterior
parts of wine storage tanks and collected damage data for insurance purposes using both non-destructive
and minimally intrusive investigation techniques (see Figure 6.2). Damage type, number of damage
occurrences to each individual tank, and the severity of each damage type was recorded during post143

earthquake damage assessment. Detailed statistics of these damage data for FB tanks and LG tanks were
reported in [4], [5]. For the study reported here, additional damage data for 117 FB tanks were added
to the 1310 FB tank damage data reported in [4] to collectively include 1427 FB tanks, with the data
for these additional 117 tanks not included in [4] because the information was not available for research
purposes earlier. The earthquake performance data of these 117 tanks was collected using the same
methodology as utilised to collect damage data for the tanks reported in [4], such that this additional
data could be directly added to the earlier dataset. These earthquake damage data were collectively used
for the development of damage states, and accordingly fragility curves.
Table 6.1 and Table 6.2 provide a summary of the damage data used for the development of fragility
curves, along with information regarding the percentage of leaking tanks in each winery. The number
of leaking tanks is reported because this data was considered an important criterion in the development
of damage states, with further information regarding tank damage states and tank leakage being
provided in section 6.4. Due to the wine selling price and the effort required for fermentation of the
wine, winery stakeholders consider it critical that the loss of wine following an earthquake be avoided.
Different wines have different pricings, but based on the available information for one of the wineries
in the inventory the average price of “bulk wine” for the 2016-2017 year was approximately 3 NZD per
litre. This pricing excludes the cost of running the winery, bottling of wines, packaging, marketing,
freight and mark-up. Thus, this approximate 3 NZD per litre distinctly differs from the much higher
selling price. It should also be noted that wines in the market are usually sold in 750 mL bottles.
Considering tank capacities, this 3 NZD/L pricing of the bulk wine is greater than the cost of the wine
tank. For example, a 15 kL LG tank costs approximately 15,000 NZD, and the bulk value of the contents
would be approximately 45,000 NZD, being 300% of the tank value.
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Table 6.1. Summary of data for FB tanks and number of leaking FB tanks in each winery
Winery

Earthquake

No. of FB

No. of

No. of leaking

PGA

Source of

event

tanks

damaged

FB tanks

[g]

data
New data

FB tanks
1

117

0 (0%)

0 (0%)

0.10

2

2013 Mw

30

17 (57%)

0 (0%)

0.12

3

6.5 Seddon

24

24 (100%)

0 (0%)

0.20

4

and Mw 6.6

82

80 (97%)

6 (7.3%)

0.40

5

Lake

317

213 (67%)

21 (6.6%)

0.21

6

Grassmere

14

8 (57%)

1 (7.1%)

0.20

41

27 (66%)

0 (0%)

0.20

8

191

111 (58%)

3 (1.6%)

0.32

9

276

180 (65%)

34

26 (76%)

174

146 (84%)

127

94 (74%)

7

earthquakes

2016 Mw
10
11
12

7.8
Kaikōura

145

Data not
available
Data not
available
6 (3.4%)
Data not
available

0.26
0.32
0.36
0.23

[4]

Table 6.2. Summary of data for LG tanks and number of leaking LG tanks in each winery
Winery

Earthquake

No. of LG

No. of

No. of leaking

PGA

Source of

event

tanks

damaged

LG tanks

[g]

data

LG tanks
1

80

28 (35%)

0 (0%)

0.12

252

179 (71%)

2 (2.5%)

0.20

147

122 (83%)

8 (5.4%)

0.40

260

89 (34%)

6 (2.3%)

0.21

256

97 (38%)

5 (1.9%)

0.20

392

149 (38%)

0%

0.20

7

74

30 (40%)

1 (1.3%)

0.32

8

129

32 (25%)

Data not

0.26

2
3
4
5
6

2013 Mw 6.5
Seddon and
Mw 6.6 Lake
Grassmere
earthquakes

[5]

available
9

2016 Mw 7.8

179

90 (50%)

Kaikōura

Data not

0.32

available

10

125

108 (86%)

8 (6.4%)

0.36

11

92

73 (79%)

Data not

0.23

available

6.3 Method utilised to develop fragility curves
Two-parameter (median and log-standard deviation) log-normal distribution functions were used to
represent the fragility curves utilising the maximum likelihood procedure [51], with the maximum
likelihood method presented in [51], [52] being implemented in MATLAB software to produce the
results. According to Mandal et al. [53], [54], and Dang et al. [55] the maximum likelihood estimation
gives a more accurate estimation when compared to other popular methods such as scaled seismic
intensity and probabilistic seismic demand. Also, Ader et al. [19] compared several fragility curve
methods and showed that maximum likelihood estimation provides an unbiased fragility function.
Using this method a log-normal dispersion is enforced to be constant over all damage states as in
Shinozuka et al. [52], with a constant log-normal dispersion ensuring that the fragility curves for
different damage states cannot cross each other.
The peak ground acceleration (PGA) was used to represent the intensity of the seismic ground motion.
The selection of the most appropriate intensity measure is a critical decision when generating seismic
fragility curves, and the natural period of the tanks is one of the key parameters to consider. As noted
earlier, liquid storage tanks typically have two fundamental natural periods: (i) convective, (ii)
impulsive. Due to the large height to radius aspect ratio (H/R) of wine tanks, the impulsive mode is the
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dominant mode and is sensitive to acceleration values due to having the larger effective mass of the two
modes. The collected inventory includes a large portfolio of tanks with different capacity ranges and
different fill levels of wine, which accordingly results in a wide variety of natural periods. A review of
literature on fragility curves for liquid storage tanks similarly shows that PGA has been used routinely
by other researchers [44], [46], [40], [48], [43] as the appropriate intensity measure. Therefore, PGA
was used in this study to represent the intensity of the seismic ground motion, with the values of PGA
relating to the three earthquakes for different wineries obtained from spatially joining the winery
location (represented by its centroid) with PGA maps generated using ShakeMap (NZ) and Seisfinder
(NZ).

6.4 Utilised damage states
6.4.1 FB wine tanks
Six damage states (see Table 6.3) were defined for FB wine tanks, where damage state DS1 was applied
for no damage and damage state DS6 represented complete tank failure. Other damages states (i.e. DS2
to DS5) represent damage that is of an intermediate extent between the above two extreme damage
states. Damage states were assigned to each tank in accordance with the severity of damage observed
and the repair recommended by the structural engineers who assessed the performance of the wine
storage tanks (see Table 6.3). Documents presenting tank repair costs were also reviewed and
considered while assigning damage states, with the repair cost for damage to the anchor or foundation
generally being small when compared to the cost to repair damage to the tank shell. Consequently, tanks
with only foundation and/or anchor damage were categorised as having DS2, while tanks with shell
damage that had been recommended to receive localised repair were categorised as DS3. Also, tanks
with shell damage types that were recommended for localised replacement and for section replacement
were registered under DS4 and DS5 respectively. FB tanks with leakage (see Table 6.1) were also
considered when assigning damage states because in some cases severe tank wall buckling (EFB and/or
DSB) or other forms of severe damage to tank base shell caused leakage of stored wine, and therefore
FB tanks with leakage were registered as either DS5 or DS6 based on assessment recommendations of
either section replacement or tank replacement. Other documents such as ALA [43] that relates to
damage to petroleum and water storage tanks give similar damage states based on increased repair costs.
While ALA [43] does not consider damage to the foundation/anchors as an individual damage state,
DS2 was assigned to foundation/anchor damage in this research as a result of the many FB wine tanks
having foundation/anchor related damage. Due to large weight and low aspect ratio the damage to the
anchorage system of petroleum and water storage tanks is not as critical as for slender wine tanks. While
some liquid storage tanks are un-anchored and sit on compacted soil or on a concrete ring wall
foundation [25], analysis of the damage data revealed that all 1427 FB wine tanks considered in the
research presented herein were anchored to a concrete slab.
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6.4.2 LG wine tanks
Similar to FB wine tanks, there were no defined guidelines or previous literature pertaining to definition
of the damage states appropriate for LG wine tanks and therefore damage state assignments were made
following a similar approach to that described above for FB tanks, with a database of 1986 LG wine
tanks from the 2013 and 2016 earthquakes being used to develop the fragility curves. Exterior and
interior parts of LG wine tanks was investigated in close detail and any observed damage (e.g. see Table
6.3) was recorded for each of the inspected tanks. LG tanks with no visible damage were assigned DS1
(i.e. no damage), and for the scenarios when tanks could not be repaired or when tank replacement was
more sensible than tank repair the damage was categorised as complete damage (DS6). Other damage
states (i.e. DS2 to DS5) represented intermediate levels of damage between the above two extreme
damage states. LG tanks that were registered as completely damaged mostly sustained overturning or
were significantly damaged due to impact with a neighbouring overturned tank. Typically pounding
from an adjacent tank or leg buckling/leg tilting (see Figure 6.2f) were the main contributing reasons
for tank overturning [6]. In addition, multiple situations of severe damage to different parts of an
individual LG tank typically resulted in sufficient overall damage to cause the winery stakeholder to
replace the damaged tank with a new tank such that this scenario was considered as complete damage.
Most of the damaged LG tanks that were assigned a minor damage state (DS2) require only minor
repair. An example of DS2 was LG tanks experiencing global movement, where the affected tank could
be moved back to its original location without any repair. Some damage types such as minor or moderate
cone creasing could be repaired on-site without replacement of the affected parts of the tanks, and these
tanks were registered as having moderate damage (DS3). Where LG tanks required either localised
repair or section replacement they were assigned either a major damage state (DS4) or a severe damage
(DS5) respectively. An example of localised replacement occurred when some tank legs required
replacement, with an example of section replacement being when the cone part of the tank required
replacement. Leakage of LG tanks resulted from severe damage to the tank base shell and consequently
leaking tanks were assigned either DS5 or DS6 according to recommendations by structural engineers
regarding the requirement for either section replacement or tank replacement. It was noted that LG tanks
typically sustained less damage when compared with FB tanks because LG tanks typically have smaller
dimensions than FB tanks.
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Table 6.3. Damage states assigned to FB and LG wine tanks
Damage

FB tanks

LG tanks

states
No damage
(DS1)

No damage to
tank anchors

No damage to
tank barrel

No damage to tank
cone

No damage to tank
skirt

No damage to
tank base shell

No damage to
tank interior

No evidence of damage to FB tank
Minor
damage
(DS2)

Damage to
foundation due to
anchor pull out

No damage
to tank cone

No damage to
tank barrel

No damage
to tank skirt

No damage to
tank barrel

No damage
to tank frame

No damage to
tank leg and
tank feet

Global movement
No damage to
tank interior

No damage to
tank interior

No damage to tank
cone

No damage to
tank base shell

No evidence of damage to LG tank

Global movement

No damage to
tank base shell

No damage to
tank cone

No damage to
tank barrel

No damage to
tank cone

No damage to
tank leg/frame

Repair not required (tank fully

Repair not required in most cases, or some

operational), or repair limited to

minor alignment or adjustments needed on

foundation/anchor without affecting tank some tanks (not affecting tank operation).
operation. Approximate range of repair Approximate range of repair cost as a % of
cost as a % of replacement cost: 0% to
10%
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replacement cost: 0% to 10%

Moderate

Frame/skirt
damage

damage
(DS3)

Damage to
tank cone

Interior view of tank
showing cone damage

Tank cone
creasing
Tank skirt
damage

No damage
to tank barrel

Foundation and
anchor damage

No damage to
tank-catwalk
connection

Localised repair required (e.g. roof

Interior view of
tank showing
cone damage

No damage
to tank barrel

No damage to
tank base shell

No damage to tank
due to catwalk

Localised repair required (e.g. minor

damage/shell damage). Approximate range damage to the tank shell or legs/frame).
of repair cost as a % of replacement cost: Approximate range of repair cost as a % of
10% to 25%

replacement cost: 10% to 25%

Major

A few of tank
legs buckled

damage
(DS4)

Elephant-foot
buckling (EFB)

Damage to tank
barrel due to catwalk
indent
No damage to
tank skirt

Elephant-foot
buckling (EFB)

Leg buckled from
joint to the frame

Tank skirt
damage
No damage
to tank barrel

No damage to
tank anchors

No damage to
tank interior

Tank skirt
damage

No damage to
tank cone

Localised replacement required (e.g. EFB, Localised replacement required (e. g. some
DSB). Approximate range of repair cost as parts of leg-frame or one layer of the tank
a % of replacement cost: 25% to 50%

barrel require replacement). Approximate
range of repair cost as a % of replacement
cost: 25% to 50%
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Severe
damage
(DS5)

Elephant-foot
buckling (EFB)

View of tank interior
showing diamondshaped buckling (DSB)

Legs buckled and
tank skirt set on
the slab

Tank skirt
damaged

Damage
to anchors
Elephant-foot
buckling (EFB)

Diamond-shaped
buckling (DSB)

Tank skirt damaged
due to collision
with slab

Legs buckled

Anchor rod and rod
cover separated

Severe damage
to tank cone

Leg separated
from frame

Section replacement required (e.g. major

Section replacement required (e.g.

damage to barrel due to EFB, DSB).

legs/frame or entire tank shell elements

Approximate range of repair cost as a % of such as base shell, barrel, or cone require
replacement cost: 50% to 75%

replacement). Approximate range of repair
cost as a % of replacement cost: 50% to
75%

Complete
damage
(DS6)

Barrel damaged

Barrel damage due
to overturned tank
Tank overturned

Barrel damaged

Tank separated
from catwalk

Leg tilting

Tank separated
from frame

Tank base
shell collapse

Extensive damage to tank (mostly beyond Extensive damage to tank (mostly beyond
repair). Approximate range of repair cost repair). Approximate range of repair cost
as a % of replacement cost: 75% to 100% as a % of replacement cost: 75% to 100%
Note: The approximate repair cost provided for each damage state is based on limited information
available from insurance companies
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6.5 Fragility curve development
6.5.1 FB tanks
Fragility curves were developed using the damage data and associated PGA values for the 1427 FB
tanks that were inspected after the 2013 and 2016 earthquakes. The damage matrix for the FB tanks in
the inventory is shown in Table 6.4 and the probability of being in or exceeding each Damage State
(DS) for all FB tanks within the inventory is shown in Figure 6.3. An analysis of the earthquake damage
data indicated that 35% of the tanks within the collected inventory sustained no damage (see Table 6.4)
and based on the fragility curves developed for the collected data (see Figure 6.3) the median PGA for
FB tanks reaching complete damage (DS6) is 1.0g, and the median PGA for FB tanks attaining minor
damage (DS2) is 0.18g. The corresponding median PGA for the probability of FB tanks in the inventory
being at DS4 (major damage) and above is 0.26g, and almost 47% of the FB tanks attained or exceeded
this damage state in the 2013 and 2016 earthquakes. A critique of the generated fragility curves for FB
tanks based on the damage data from the 2013 and 2016 earthquakes showed that the probability of
being at DS5 and DS6 is 13% and 3% respectively, where the corresponding median PGA is 0.50g and
1.0g for DS5 and DS6, respectively (see Table 6.4).
Table 6.4. Damage matrix for all the FB tanks in the inventory
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.10

117

0

0

0

0

0

117

0.12

13

12

2

1

2

0

30

0.20

124

84

32

84

68

4

396

0.23

34

8

12

24

49

0

127

0.26

96

0

18

111

51

0

276

0.32

89

9

50

72

3

2

225

0.36

28

1

13

114

13

5

174

0.40

2

0

5

35

6

34

82

503

114

132

441

192

45

1427

(35%)

(8%)

(9%)

(31%)

(13%)

(3%)

(100%)

PGA (g)

Grand total

152

Grand
Total

1
0.9

Observed proportion of tank failure (dots)

Probability of exceeding damage state (line)

0.8
0.7
0.6
DS2 (Minor damage)

0.5

DS3 (Moderate damage)

0.4

DS4 (Major damage)

0.3

DS5 (Severe damage)

0.2

DS6 (Complete damage)

0.1
0

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

PGA (g)

Figure 6.3. Fragility curves for FB wine tanks
Median PGA (g) for damage states: 0.18(minor), 0.21(moderate), 0.26(major), 0.50(severe),
1.0(complete)
Log-normal dispersion: 0.69

6.5.1.1 Fragility curves for FB tanks with different capacities
During winery inspections the FB wine tanks were found to have capacities ranging from 5 kL to
>300 kL, with tank capacity having previously been found to be one of the most influential predictors
of seismic performance[50]. Based on the distribution of earthquake-related damage data for the FB
tanks shown in Table 6.5, Table 6.6, Table 6.7, 66% of the tanks with a capacity of 150 kL to >300 kL,
67% of tanks with a capacity of 60-150 kL, and 61% of tanks with a capacity of 0-60 kL sustained
damage. Further details on seismic performance in the 2013 and 2016 earthquakes for FB wine tanks
correlated against tank capacity are reported in [4]. In order to consider the influence of capacity as a
primary parameter, a damage matrix for FB tanks was generated for each of the three different capacity
ranges 0 kL to 60 kL (see Table 6.5), 60 kL to 150 kL (see Table 6.6), and 150 kL to >300 kL (see
Table 6.7). Comparison and analysis of the fragility curves developed for the set of tanks in each
capacity range revealed that the median PGA values for the probability of reaching different damage
states were slightly different for the set of tanks in each capacity range (see Figure 6.4). For example,
the corresponding median PGA for the probability of a FB tank being at complete damage (DS6) was
0.87g for tanks with a capacity of between 150 kL and >300 kL, which is a lower PGA value than for
tanks with a capacity range of between 0 kL – 60 kL or between 60 kL – 150 kL, while the median PGA
associated with attaining major damage (DS4) for FB tanks with a capacity range of between 0 kL –
60 kL was slightly lower when compared with the other two capacity ranges, at 0.24g. The slight
variations in corresponding median PGA to attain a prescribed damage state for FB tanks with different
capacity ranges occurred due to a nonlinear relation between damage percentage and tank capacity. In
addition, damage data for FB tanks were strongly influenced by the seismic upgrading strategies
implemented within each individual winery (see detailed explanation in Yazdanian et al. [4]). Following
the 2013 earthquakes some winery stakeholders invested in improving the seismic resilience of wine
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tanks having larger capacities, but these resilience plans were not extended to the smaller capacity wine
tanks within some of the wineries [4], resulting in a disproportionately greater level of damage to some
of the small capacity FB tanks.
Table 6.5. Damage matrix for FB tanks with capacities between 0 kL and 60 kL
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.10

50

0

0

0

0

0

50

0.12

11

10

0

0

0

0

21

0.20

58

26

7

39

16

1

147

0.23

4

7

2

15

14

0

42

0.26

49

0

7

85

29

0

170

0.32

18

1

14

4

0

0

37

0.36

3

0

1

20

0

0

24

193

44

31

163

59

1

491

(39%)

(9%)

(6%)

(33%)

(12%)

(0%)

(100%)

PGA (g)

Grand Total

Grand
Total

Table 6.6. Damage matrix for FB tanks with capacities between 60 kL and 150 kL
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.10

49

0

0

0

0

0

49

0.12

2

2

2

1

1

0

8

0.20

52

36

19

37

31

2

177

0.23

0

1

0

0

4

0

5

0.26

11

0

2

22

15

0

50

0.32

67

6

36

45

0

0

154

0.36

17

0

3

64

13

5

102

0.40

1

0

5

34

5

19

64

199

45

67

203

69

26

609

(33%)

(7%)

(11%)

(33%)

(11%)

(4%)

(100%)

PGA (g)

Grand Total

154

Grand
Total

Table 6.7. Damage matrix for FB tanks with capacities between 150 kL and >300 kL
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.10

18

0

0

0

0

0

18

0.12

0

0

0

0

1

0

1

0.20

14

22

6

8

21

1

72

0.23

30

0

10

9

31

0

80

0.26

36

0

9

4

7

0

56

0.32

4

2

0

23

3

2

34

0.36

8

1

9

30

0

0

48

0.40

1

0

0

1

1

15

18

111

25

34

75

64

18

327

(34%)

(8%)

(10%)

(23%)

(20%)

(6%)

(100%)

PGA (g)

1

1

0.9

0.9

0.8

0.8

Observed proportion of tank failure (dots)

0.7
0.6
DS2 (Minor damage)

0.5
DS3 (Moderate damage)

0.4
DS4 (Major damage)

0.3
DS5 (Severe damage)

0.2
DS6 (Complete damage)

0.1
0

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

PGA (g)

Probability of exceeding damage state (line)

Observed proportion of tank failure (dots)

Probability of exceeding the damage state (line)

Grand total

Grand
Total

0.7
0.6
0.5

DS2 (Minor damage)

0.4

DS3 (Moderate damage)

0.3

DS4 (Major damage)

0.2

DS5 (Severe damage)

0.1
0

DS6 (Complete damage)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

PGA (g)

(a) FB tanks with capacities between 0 kL and

(b) FB tanks with capacities between 60 kL and

60 kL

150 kL

Median PGA(g) for damage states: 0.19 (minor),

Median PGA(g) for damage states:

0.22 (moderate), 0.24 (major), 0.45 (severe),

0.18 (minor), 0.21 (moderate), 0.27 (major),

1.0 (complete), Log-normal dispersion: 0.56

0.57 (severe), 0.99 (complete), Log-normal
dispersion: 0.72

155

2

1
0.9

Observed proportion of tank failure (dots)

Probability of exceeding damage state (line)
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Log-normal dispersion: 0.71
Figure 6.4. Fragility curves for FB wine tanks with different capacities

6.5.1.2 Fragility curves for empty and full FB tanks
An important parameter affecting the dynamic behaviour of FB tanks [4], [6] is to account for whether
the tank was full of wine, partially full (measured as a percentage of full), or empty at the time of the
earthquake. To consider this parameter, damage data from the inventory was divided into two categories
of empty and full (noting that it is comparatively unusual within winery operations to have a tank being
part-full). FB tanks with the percentage of wine being between 0% to 10% full were considered as
empty and those FB tanks that had a percentage of wine between 90% to 100% full were considered to
be full (see Figure 6.5). Of 1427 FB tanks in the inventory, 570 FB tanks were considered as full and
661 FB tanks were considered as empty, with the fill level of wine within the tank being not available
for 92 FB tanks. Based on the generated fragility curves it can be seen that the probability of damage to
full FB tanks is greater than that for empty FB tanks (see Figure 6.6), with the probability of full FB
tanks attaining complete damage (DS6) having a median PGA value of 0.74g whereas for empty FB
tanks the corresponding median PGA value to attain complete damage (DS6) was 1.91g. Similarly for
the case of attaining minor damage (DS2), for full FB tanks the median PGA value was 0.13g whereas
for empty FB tanks the corresponding median PGA value was 0.24g (see Table 6.8).
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Figure 6.5. Distribution of FB tanks in the inventory based on damage level and fill level of wine
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Figure 6.6. Fragility curves for empty and full FB wine tanks with different capacities
Table 6.8. Median PGA (g) for empty and full FB tanks at different damage states
Median PGA
Percentage

Minor

Moderate

Major

Severe

Complete

Log-normal

full

damage

damage

damage

damage

damage

dispersion

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

Empty tanks

0.24

0.27

0.34

0.88

1.91

0.78

Full tanks

0.13

0.15

0.19

0.35

0.74

0.63

6.5.2 LG tanks
The distribution of LG tanks assigned to each damage state is shown in Table 6.9, with the fragility
curves developed from this data being shown in Figure 6.8. The median PGA values for the probability
of being at or exceeding DS2 and DS4 are 0.23g and 0.40g respectively. The median PGA for the
probability of being at DS6 is less than the corresponding value for FB tanks (see Table 6.9), indicating
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that in the 2013 and 2016 earthquakes LG tanks attained complete damage at a lower PGA value (0.88g)
when compared with FB tanks (1.0g). This finding is in agreement with post-earthquake damage
observations following the 2013 and 2016 earthquakes (see [50]), where it was identified that the
seismic performance of LG wine tanks is largely dependent on the performance of tank legs/frame and
that in some cases a lack of bracing of the legs/frame caused LG tanks to sustain complete damage at
comparatively low values of PGA [6].
Table 6.9. Damage matrix for all LG tanks in the inventory
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.12

52

24

4

0

0

0

80

0.20

475

241

97

35

32

20

900

0.20

171

60

10

14

5

0

260

0.23

15

14

4

28

27

4

92

0.26

97

5

3

20

4

0

129

0.32

133

20

24

37

36

3

253

0.36

10

4

11

44

50

6

125

0.40

25

22

30

26

29

15

147

Grand

978

390

183

204

183

48

1986

Total

(49%)

(20%)

(9%)

(10%)

(9%)

(2%)

(100%)

PGA (g)

Grand
Total
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Figure 6.7. Fragility curves for LG wine tanks
Median PGA (g) for damage states: 0.23 (minor), 0.33 (moderate), 0.40 (major), 0.52 (severe),
0.88 (complete)
Log-normal dispersion: 0.61
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6.5.2.1 Fragility curves for LG tanks with different capacities
The distribution of LG tanks based on sustained damage level and tank capacities are presented in Table
6.10, Table 6.11, and Table 6.12, where 35%, 71% and 86% of tanks with capacity ranges of 0-20 kL,
20-60 kL, and 60-100 kL sustained damage respectively. As for the FB tanks, the LG wine tanks in the
inventory were divided into three categories of 0 kL to 20 kL (see Table 6.10), 20 kL to 60 kL (see
Table 6.11), and 60 kL to 100 kL (see Table 6.12). Fragility curves for these three capacity ranges are
presented in Figure 6.8a,b,c, with results showing that the probability of damage to LG wine tanks
increased with an increase in tank capacity. Compared to FB tanks, the damage to LG wine tanks was
more sensitive to tank capacity, with all LG tanks having a capacity of between 60 kL and 100 kL
sustaining complete damage at a PGA value of 1.3g.
Table 6.10. Damage matrix for LG tanks with capacities between 0 kL and 20 kL
No

Minor

Moderate

Major

Severe

Complete

Grand

damage

damage

damage

damage

damage

damage

Total

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.12

35

21

2

0

0

0

58

0.20

349

95

41

9

2

0

496

0.20

126

28

3

6

1

0

164

0.23

15

11

4

19

21

1

71

0.26

95

5

3

20

4

0

127

0.32

108

6

6

16

0

2

138

0.36

8

1

0

24

18

0

51

0.40

19

11

16

6

0

0

52

755

178

75

100

46

3

1157

(65%)

(15%)

(6%)

(9%)

(4%)

(0%)

(100%)

PGA (g)

Grand Total
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Table 6.11. Damage matrix for LG tanks with capacities between 20 kL and 60 kL
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.12

17

3

2

0

0

0

22

0.20

113

124

46

23

24

20

350

0.20

43

26

6

6

1

0

82

0.23

0

3

0

9

6

3

21

0.26

2

0

0

0

0

0

2

0.32

23

10

16

19

25

0

93

0.36

2

3

9

20

28

2

64

0.40

5

11

13

20

22

13

84

205

180

92

97

106

38

718

(29%)

(25%)

(13%)

(14%)

(15%)

(5%)

(100%)

PGA (g)

Grand Total

Grand
Total

Table 6.12. Damage matrix for LG tanks with capacities between 60 kL and 100 kL
No

Minor

Moderate

Major

Severe

Complete

damage

damage

damage

damage

damage

damage

(DS1)

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

0.20

13

22

10

3

6

0

54

0.20

0

2

1

2

3

0

8

0.32

2

4

2

2

11

1

22

0.36

0

0

2

0

4

4

10

0.40

0

0

1

0

7

2

10

Grand

15

28

16

7

31

7

104

Total

(14%)

(27%)

(15%)

(7%)

(30%)

(7%)

(100%)

PGA (g)
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Median PGA (g) for damage states: 0.16 (minor), 0.22 (moderate), 0.27 (major), 0.29 (severe),
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Log-normal dispersion: 0.36
Figure 6.8. Fragility curves for LG wine tanks with different capacity ranges

6.5.2.2 Fragility curves for empty and full LG tanks
Similar to FB wine tanks, the seismic performance of LG tanks also varied based on the percentage of
wine within the tank. Tanks with percentage full values of 0% to 20% tank capacity were considered as
empty LG tanks and those tanks with percentage full values of 80% to 100% tank capacity were
considered as full LG tanks, with the definitions of empty and full being varied with respect to the
definition used for FB tanks because the capacity of LG tanks is typically less than the capacity of FB
tanks and this revised definition allowed more tanks to be included in the analyses. 410 LG tanks were
considered as being empty and 579 LG tanks were considered to be full. The distribution of tanks in
each damage state is shown in Figure 6.9, indicating that full LG tanks sustained more major, severe
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and complete damage when compared against empty LG tanks. The fragility curves that were developed
suggest a similar outcome, revealing that full LG tanks are generally more likely to sustain damage
compared with empty LG tanks (see Figure 6.10). While the probability of reaching complete damage
for empty LG tanks occurred at a median PGA value of 2.15g, this value reduced to 0.95g for the case
of full LG tanks. Similarly for the case of minor damage, a median PGA value of 0.34g was identified
for the case of empty LG tanks whereas a corresponding median PGA value of 0.16g was attained for
the case of full LG tanks at this damage state (see Table 6.13).
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Figure 6.9. Distribution of LG tanks in the inventory based on damage level and fill level of wine
1

0.9

0.9

0.8

0.8

Observed proportion of tank failure (dots)

0.7
0.6
0.5

DS2 (Minor damage)

0.4

DS3 (Moderate damage)

0.3

DS4 (Major damage)

0.2

DS5 (Severe damage)

0.1

DS6 (Complete damage)

0

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Probability of exceeding damage state (line)

Observed proportion of tank failure (dots)

Probability of exceeding damage state (line)

within the tank
1

2

0.7
0.6
DS2 (Minor damage)

0.5
DS3 (Moderate damage)

0.4
DS4 (Major damage)

0.3
DS5 (Severe damage)

0.2
DS6 (Complete damage)

0.1
0

0

0.2

0.4

PGA (g)

0.6

0.8

1

1.2

1.4

1.6

1.8

2

PGA (g)

(a) Empty LG tanks (0 to 20% full wine)

(b) Full LG tanks (80 to 100% full wine)

Figure 6.10. Fragility curves for empty and full LG wine tanks with different capacities
Table 6.13. Median PGA (g) for empty and full LG tanks
Median PGA
Percentage

Minor

Moderate

Major

Severe

Complete

Log-normal

full

damage

damage

damage

damage

damage

dispersion

(DS2)

(DS3)

(DS4)

(DS5)

(DS6)

Empty tanks

0.34

0.51

0.60

1.26

2.15

0.72

Full tanks

0.16

0.20

0.26

0.40

0.95

0.82
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6.6 Conclusions
Fragility curves for both FB and LG wine tanks were developed using damage data and PGA maps
from the 2013 Seddon and 2013 Lake Grassmere earthquakes, and the 2016 Kaikōura earthquake in
New Zealand. Damage states were assigned to tanks based on the damage and repair information
compiled by the structural engineers who inspected the wineries.
Fragility curves for FB and LG tanks with different capacity ranges and different levels of wine within
the tank (empty or full) were developed and reported. The accuracy of the fragility curves presented
herein and the relevance of these findings to other scenarios is dictated by the collected damage data in
the inventory and the estimated values of PGA.
According to the presented results and discussions, the following outputs are summarised:
•

Based on a comparison of fragility curves for FB and LG tanks, in the 2013 and 2016 earthquakes
LG tanks reached complete damage (DS6) at a lower median PGA (0.88g) when compared to FB
tanks (1.0g). Conversely, the median PGA for minor damage (DS2) to FB tanks was 0.18g and for
LG tanks was 0.23g, indicating that in the 2013 and 2016 earthquakes FB tanks sustained minor
damage at a lower PGA when compared with LG tanks.

•

Using the developed fragility curves it was established that 47% of FB wine tanks reached or
exceeded DS4 at a median PGA value of 0.26g and that 16% of FB tanks reached or exceeded DS5
at a median PGA of 0.5g. For the case of LG wine tanks 22% of tanks reached or exceeded DS4 at
a PGA value of 0.40g and 11% of the LG tanks reached or exceeded DS5 at a median PGA of
0.52g.

•

Based on a comparison of the generated fragility curves for the case of FB wine tanks with different
capacity ranges it was established that the values of median PGA for different damage states
fluctuated across the three selected capacity ranges. A similar comparison for the LG tanks revealed
that the probability of damage increased with an increase in the capacity range.

•

A comparison of fragility curves for empty and full FB and LG tanks revealed that there was a
distinct difference in seismic behaviour dependent on whether tanks were empty or full, with
median PGA values necessary to cause complete damage being greater for LG tanks when
compared with FB tanks.
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In-field dynamic response of instrumented wine tanks
subjected to aftershock earthquakes
An experimental investigation of the dynamic behaviour of anchored flat-based wine storage tanks in a
winery located in Marlborough, New Zealand is presented herein. Six wine storage tanks with different
dimensions, capacities, and anchorage systems were instrumented with accelerometers for
approximately six weeks following the 2016 Kaikōura earthquake, providing an opportunity to conduct
a parametric study of their dynamic response when subjected to 37 aftershock earthquakes. The largest
accelerations measured in the horizontal (X and Y) and vertical (Z) axes directions at the top of the six
tanks occurred in conjunction with a Mw 5.48 aftershock earthquake, with analysis indicating that the
peak acceleration at the tank top occurred along the horizontal (Y) axis with a value of 0.545g.
Analysis of accelerations recorded at the top of the six tanks revealed that for low-intensity earthquake
shaking the largest accelerations were measured at the top of the 40 kL tank. A comparison of the tank
instrumentation data indicated that the 175 kL tank with a shear bolt anchorage system performed better
than the nominally identical 175 kL tank with a necked tension anchorage system, with the maximum
lateral accelerations attained in the horizontal X and Y axes directions for the tank with the necked
tension anchorage system being on average 1.59 times and 1.39 times the acceleration attained for the
tank with the shear bolt anchorage system. Analysis of the results for the highest intensity earthquake
shaking (Mw 5.48) also indicated that the two tanks with installed energy dissipation devices sustained
less acceleration when compared to tanks with a traditional anchorage system. Also, good agreement
was observed between the values of the impulsive period attained from analysis of the tank
instrumentation data and from finite element (FE) modal analysis.

7.1 Introduction
Wine tanks are thin-walled stainless-steel structures that typically have a height to radius aspect ratio
of between 3-5 and can be classified as being either flat-based or mounted on legs, with in-field
observations having revealed that flat-based tanks are typically fixed to the ground using anchorage
devices while legged tanks may be either anchored or unanchored [1]. Although there is an extensive
research record on the dynamic response of steel liquid storage tanks ([2]–[17]), researching on the infield dynamic response of instrumented wine storage tanks is limited. Compared with typical water and
oil storage tanks, wine storage tanks are slender, with thinner shell thickness. These tank characteristics
result in wine storage tanks having a different dynamic behaviour when compared with other steel liquid
storage tanks.
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Real-time ambient vibration monitoring of structures has become an area of interest for the structural
engineering community [18]. Sensors (in-field instrumentation) installed to large-scale structures such
as dams, bridges, nuclear power plants, buildings and large scale storage tanks to measure their dynamic
properties is well-established as a viable option because of the low operating cost and high efficiency
of the methodology [19], allowing analysis of the real-time dynamic performance of structures during
an earthquake and accordingly providing insightful information to engineers expeditiously. Analysis of
data recorded from this in-field instrumentation can be used in parallel with observed damage data to
make informed decisions regarding detailed seismic assessment and associated asset maintenance, and
to update or verify current design guidelines.
In the early 1930s the U.S. Coast and Geodetic Survey used in-field instrumentation to measure the
fundamental periods of multiple buildings [20], [21]. Later interest in this method increased and since
the 1960’s many studies have been conducted using in-field instrumentation to report the dynamic
properties of full-scale buildings (see [18], [21]–[28]). Using instrumentation to measure the in-field
dynamic response of large scale buildings following destructive earthquakes has also been investigated
by researchers in several countries such as New Zealand ([18] and [28]), the US ([29], [30]), and Nepal
([31]), with the results of these studies indicating that the data from in-field instrumentation is reliable
and in agreement with visual observation and numerical modelling. In-field instrumentation has also
been used to measure viscous damping and the natural frequencies of other structures such as bridges
([32]–[36]), dams ([37], [38]), and reinforced concrete silos for grain storage [39].
Studies using in-field tank instrumentation have not been widely investigated, and it was in 2020 that
Kirtas et al. [40] investigated the modal response of an instrumented steel water storage tank. The
utilised tank in their study had a height to radius aspect ratio of 0.74 and two accelerometers were
installed at the tank roof level and the ground surface. 74 low-intensity earthquake acceleration records
were analysed and the impulsive period of the tank was extracted. The extensive literature review did
not reveal any research reported for in-field instrumentation of wine storage tanks although a high-level
discussion about the instrumentation of wine tanks was previously presented in Dizhur et al. [41], with
the research presented herein being the consequential data analysis that was previously addressed in
Dizhur et al. [41].
The Marlborough region of New Zealand is dominated by the Marlborough fault system (MFS) [42]
and is categorised as a high seismicity hazard area based on the New Zealand seismic map. In 2016 a
Mw 7.8 earthquake occurred at 12:03 a.m. local time in Kaikōura, New Zealand, with the earthquake
epicentre being located approximately 4 km southwest of the town of Waiau in North Canterbury and
with rupture initiation identified to occur at a shallow depth of 14.1 km [43]. The earthquake generated
landslides, surface displacements, ground failures, and a regional tsunami that impacted an area of
200 km2 from the earthquake epicentre, affecting the Marlborough region where approximately 70% of
170

New Zealand wine production is located [44]. The Mw 7.8 Kaikōura earthquake caused substantial
financial loss to the wine industry in the Marlborough region, with collected damage data showing that
wine storage tanks sustained the largest damage in wineries ([1], [45], [46]). Substantial damage to wine
storage tanks was also reported in other parts of the globe (see [5], [47], [48]). Following the Mw 7.8
Kaikōura earthquake six wine storage tanks with different capacity ranges were instrumented with
accelerometers in a winery located in Marlborough, New Zealand, providing an opportunity to conduct
a parametric study considering the influence of tank capacity on the dynamic response of tanks, the
difference between the dynamic response at the top and the base of tanks, the influence of distance from
the earthquake record epicentre to the winery on the dynamic response of tanks, and the influence of
anchorage system on the dynamic response of tanks. Finally the measured dynamic responses obtained
from instrumentation of two of the largest sized wine tanks using accelerometer devices are compared
with the forecast response obtained from FE modelling.

7.2 In-field tank instrumentation
7.2.1 Instrumented tanks
The instrumented wine storage tanks in the reported study had varying sizes of 40, 120, 150, 175, and
240 kL, providing an opportunity to investigate the dynamic performance of tanks with various
capacities. Within a typical winery some wine tanks are located inside warehouses and some wine tanks
are located outdoors, and in the reported study four of these instrumented wine tanks were located
outdoors and two tanks were located indoors. Instrumentation of legged wine tanks was out of scope
for this research, and the instrumented tanks were limited to the flat-based tank type. It should be noted
that all the instrumented wine tanks had an H/R ratio of between 4 and 5 and all were anchored to a
concrete slab using different types of anchorage systems, providing an opportunity to compare the
dynamic response of tanks equipped with different anchorage systems. Also, both the base and the top
part of tanks with capacities of 40 kL and 175 kL were instrumented, allowing the peak ground
acceleration to be recorded and also allowing comparison between the dynamic response of the base
and top parts of tanks. Details of the instrumented tanks and of an instrumented stair tower are shown
in Table 7.1 and Figure 7.1.
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Table 7.1. Details of instrumented structures
Tank no. (T)

Structure/location of the

Tank capacity

Location

Ground no. (G)

accelerometer

(kL)

T40*

Tank/top

40

Indoor

T120

Tank/top

120

Indoor

T150

Tank/top

150

Indoor

T175 (1) **

Tank/top

175

Indoor

T175 (2)

Tank/top

175

Outdoor

T240

Tank/top

240

Outdoor

G1

Stair tower column/base

N/A

Outdoor

T40*-G2

Tank/base

40

Indoor

T175 (1)**-G3

Tank/base

175

Indoor

* Two accelerometers were attached, (i) one to the tank top and (ii) one to the tank base
** Two accelerometers were attached, (i) one to the tank top and (ii) one to the tank base. This
tank was equipped with a shear bolt anchorage system.
The average of the three main benchmark ground readings (G1, G2, G3) was adopted as the
PGA

12.22

G2

T40

G3

T120

T150

T175 (1)

T175 (2)

T240

G1

Figure 7.1. Red boxes identify location of accelerometers on wine storage tanks and stair tower
column
All of the instrumented wine tanks had continuing operation following the 2016 Kaikōura earthquake
because there was no evidence of earthquake-related tank damage. Tanks with capacities of 40 kL and
240 kL were equipped with a ductile energy dissipation anchorage system that had a replaceable
yielding element that can be investigated after an earthquake and replaced if damaged. In the 2016
Kaikōura earthquake it was identified that tanks equipped with energy dissipation devices performed
well, with only one tank reported to have sustaining minor damage out of the collected inventory of 55
tanks identified to be equipped with energy dissipation devices (see [1], [49]).
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7.2.2 Accelerometer specifications
The utilised accelerometers were Multifunction Extended Life (MEL) data loggers having dimensions
of 150 mm×100 mm×50 mm and weighing approximately 0.5 kg. The MEL devices had a tri-axial
accelerometer sensor with high sensitivity (±2g) and 15-bit resolution, with each device having a realtime clock to allow accurate time stamping of recorded data. Each device was set to a sampling
frequency of 128 Hz and equipped with 2-D cell batteries and an 8 GB micro SD card to allow the
continuous collection of acceleration data for approximately six weeks duration. The devices were set
to a high gain default to improve data quality and limit the maximum recorded accelerations to ±1.25g,
as captured earthquake vibration data is typically well within this threshold. Catwalks oriented 48° from
North were used to gain access and to attach the accelerometers at the top of tanks. Consequently, all
accelerometers were orientated with the global Z-axis direction pointing in the upwards direction and
were mounted with the X-axis direction pointing 48° from North and the Y-axis direction pointing 318°
from North.

7.3 Recorded aftershock events
The six wine storage tanks were instrumented from 28/11/2016 to 04/01/2017 and data for 622
earthquakes above Mw 3 and with epicentral distances of within 150 km of the subject winery were
recorded during the instrumentation period (see Figure 7.2 and Table 7.2), indicating that the
Marlborough region sustained a large number of aftershock earthquakes. There were approximately 170
earthquakes with Mw>3.5 and having epicentral distances of within 120 km of the subject winery, as
shown in Figure 7.3. During the instrumentation period two trips to the region were undertaken to check
instrumentation and retrieve data.
Table 7.2. Total number of earthquakes that occurred over the tank instrumentation period
Magnitude (Mw)
Total number of events
from 28/11/2016 to 04/01/2017
3-3.49
431
3.5-3.99
139
4-4.49
39
4.5-4.99
11
≥5
2
Total
622
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Tank
instrumentation
period

Kaikōura
earthquake

Figure 7.2. Earthquakes occurred from 29/10/2016 to 23/03/2017 within 150 km of the subject
winery
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80
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M5.0
M4.5
M4.0
M3.5
M3.0

14

Distance (km)

3
60
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1
15

2
12

28
29
30

40

20

4 5

33

11

6

16
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13

7

20
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9
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34 36
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25

27

24

32

26

21

37

0
04/12

11/12

18/12

25/12

01/01

Date (day/month)

Figure 7.3. Earthquakes recorded with Mw>3.5 during the instrumentation period from 28/11/2016
to 04/01/2017 located within 120 km of the subject winery
*Note: the numbered earthquakes indicate the 37 earthquakes selected for the analysis. Details of
these 37 earthquakes are listed in Table 7.3
*Note: the earthquakes indicated with an arrow had Mw 5.48 occurring on 4/12/2016 and Mw 5.56
occurring on 29/12/2016, and the recorded accelerations at the top of the tank T240 for the Mw 5.48
and Mw 5.56 earthquakes are presented in Figure 7.4
As identified in Figure 7.3 and reported in Table 7.3, 37 earthquakes having the greatest magnitudes
and with epicentres located within close proximity to the subject winery were selected for cropping to
investigate the dynamic response of the tanks. Two earthquakes with Mw > 5 occurred: (i) a Mw 5.56
earthquake on 29 December 2016 which had a 16.020 km depth and a distance of 29.626 km from
earthquake epicentre to the winery; and (ii) a Mw 5.48 earthquake on 4 December 2016 which had a
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12.258 km depth and a distance of 5.507 km from the earthquake epicentre to the winery. The largest
acceleration values at the top of the tanks were attained in the Mw 5.48 aftershock earthquake and the
second largest acceleration values at the top of the tanks were attained in the Mw 5.56 earthquake.
Recorded data were the acceleration versus time history that tanks sustained during the earthquakes in
two horizontal directions (X and Y) and the vertical direction (Z). Each recorded file also contained
location name, latitude and longitude of instrumentation, start time, end time, the direction of recording,
units of acceleration, magnitude of the earthquake, depth of the earthquake, the distance of epicentre of
the earthquake from the winery, the latitude and longitude coordinates of the earthquake, and the device
identification number. These details on recorded files simplified the data processing exercise and
allowed expeditious tracing of results accordingly.
Table 7.3. Details of 37 selected earthquake events for analyses
Earthquake

Recorded

Earthquake

magnitude at

PGA (g)

Date

number

epicentre

(X, Y, Z)

Distance

Latitude Longitudinal

Depth

(D-M-Y)

(degree)

(degree)

(km)

29/11/2016

-42.087

173.752

7.906

57.997

29/11/2016

-42.078

173.768

7.698

56.401

29/11/2016

-42.268

173.790

14.127

74.416

30/11/2016

-41.657

174.328

13.230

16.348

30/11/2016

-41.803

174.072

15.737

17.844

2/12/2016

-41.734

174.388

13.611

23.383

2/12/2016

-41.694

174.268

15.262

12.400

(Mw)

(D)
(km)

X: 0.004
1

4.13

Y: 0.002
Z: 0.002
X: 0.004

2

4.46

Y: 0.002
Z: 0.002
X: 0.004

3

4.26

Y: 0.002
Z: 0.002
X: 0.004

4

3.86

Y: 0.002
Z: 0.002
X: 0.006

5

4.14

Y: 0.006
Z: 0.02
X: 0.004

6

4.12

Y: 0.003
Z: 0.002
X: 0.008

7

4.22

Y: 0.009
Z: 0.008
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X: 0.004
8

4.05

Y: 0.005

3/12/2016

-41.703

174.304

15.353

15.525

4/12/2016

-41.682

174.180

12.258

5.459

5/12/2016

-42.124

173.712

8.350

63.229

6/12/2016

-41.720

174.418

14.375

25.105

6/12/2016

-42.028

173.965

9.813

44.332

7/12/2016

-41.760

174.229

10.319

14.830

8/12/2016

-42.148

173.639

10.126

68.844

10/12/2016

-42.021

173.793

6.343

49.986

12/12/2016

-41.808

174.161

15.388

17.930

12/12/2016

-41.673

174.301

14.037

14.323

17/12/2016

-41.676

174.176

10.479

4.762

18/12/2016

-41.690

174.167

10.723

5.423

Z: 0.004
X: 0.08
9

5.48

Y: 0.122
Z: 0.052
X: 0.004

10

4.25

Y: 0.002
Z: 0.001
X: 0.003

11

3.90

Y: 0.002
Z: 0.002
X: 0.003

12

4.07

Y: 0.002
Z: 0.002
X: 0.007

13

4.64

Y: 0.01
Z: 0.004
X: 0.004

14

4.42

Y: 0.002
Z: 0.002
X: 0.004

15

4.07

Y: 0.002
Z: 0.002
X: 0.01

16

4.74

Y: 0.009
Z: 0.009
X: 0.004

17

3.79

Y: 0.002
Z: 0.002
X: 0.009

18

3.61

Y: 0.009
Z: 0.008
X: 0.015

19

3.62

Y: 0.016
Z: 0.02

176

X: 0.008
20

3.96

Y: 0.005

19/12/2016

-41.808

174.161

9.951

17.938

21/12/2016

-41.736

174.122

18.359

9.689

22/12/2016

-41.800

174.103

18.828

16.994

23/12/2016

-41.688

174.308

15.078

15.347

24/12/2016

-41.762

174.231

7.619

15.138

25/12/2016

-41.637

174.270

15.078

11.588

28/12/2016

-41.673

174.151

14.258

3.228

28/12/2016

-41.795

174.209

12.734

17.489

29/12/2016

-41.549

174.461

16.016

29.626

29/12/2016

-41.539

174.429

10.391

27.578

29/12/2016

-41.548

174.434

13.203

27.548

30/12/2016

-41.854

174.132

8.150

22.825

Z: 0.005
X: 0.020
21

4.03

Y: 0.016
Z: 0.017
X: 0.014

22

4.55

Y: 0.015
Z: 0.017
X: 0.006

23

4.30

Y: 0.004
Z: 0.004
X: 0.004

24

3.70

Y: 0.002
Z: 0.002
X: 0.028

25

4.68

Y: 0.018
Z: 0.019
X: 0.011

26

3.36

Y: 0.008
Z: 0.012
X: 0.007

27

4.14

Y: 0.004
Z: 0.005
X: 0.037

28

5.56

Y: 0.024
Z: 0.029
X: 0.004

29

3.82

Y: 0.003
Z: 0.004
X: 0.021

30

4.64

Y: 0.014
Z: 0.015
X: 0.005

31

3.57

Y: 0.002
Z: 0.002
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X: 0.004
32

3.76

Y: 0.003

31/12/2016

-41.791

174.257

11.890

18.986

1/01/2017

-41.561

174.449

10.458

28.179

2/01/2017

-41.617

174.425

9.625

24.683

2/01/2017

-42.338

173.557

5.533

90.096

3/01/2017

-41.779

174.190

5.867

15.281

4/01/2017

-41.616

174.190

20.012

6.127

Z: 0.004
X: 0.004
33

4.31

Y: 0.002
Z: 0.002
X: 0.004

34

3.88

Y: 0.003
Z: 0.004
X: 0.004

35

4.61

Y: 0.002
Z: 0.002
X: 0.005

36

3.90

Y: 0.004
Z: 0.004
X: 0.004

37

3.81

Y: 0.004
Z: 0.004

Note earthquakes are listed in chronological order based on the date of earthquake
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(a) Mw 5.56

(b) Mw 5.48

(c) Mw 5.56

(d) Mw 5.48

(e) Mw 5.56

(f) Mw 5.48

Figure 7.4. Recorded accelerations for the 240 kL tank during the Mw 5.56 and Mw 5.48
earthquakes
Note that the blue (top plots, a, b) and red (middle plots, c, d) lines are for horizontal (X and Y)
directions and the black (lower plots, e, f) line shows the vertical (Z) direction

7.4 Parametric study
7.4.1 Influence of capacity on the dynamic response of tanks
In order to investigate the impact of capacity on the dynamic response, tanks with varying capacities
were instrumented. Figure 7.5 indicates the measured peak acceleration at the top of each of the 6 tanks
versus the corresponding maximum PGA for each of the 37 earthquakes and for each axis direction (X,
Y, Z), except that the 120 kL tank had only 23 readings available and the 150 kL tank had only 32
readings available, resulting in a total of 203 acceleration readings measured at the top of the tanks
((37×4) + (23+32)). Note that the maximum accelerations in each axis directions (X, Y, Z) differed,
and that peak accelerations at the top of the tank were not in synchronous time phase with the maximum
PGAs in each loading direction, such that the reported maximum values are the largest values at the top
of the tanks and the largest PGAs regardless of whether the readings were recorded in the same time
step. The PGA values on the horizontal axes in Figure 7.5 are based on the average of maximum
accelerations from three main benchmarks (G1, G2, G3) in each axis direction for each individual
earthquake
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Analysis of the data reported in Figure 7.5 indicated that values of top-of-tank acceleration increased in
correspondence with an increase in PGA values for all three axes directions (X, Y, Z). Analysis of the
acceleration values revealed that while tanks with a capacity of 40 kL and 240 kL sustained larger
acceleration at the top of the tanks during the low-intensity earthquake shakings, these two tanks
sustained lower acceleration during the earthquake with Mw 5.48 when compared to other tanks. These
two tanks were equipped with energy dissipation devices and so under the highest-intensity earthquake
shaking records performed better when compared to other tanks. To find a representative average of
top-of-tank acceleration for each axis direction and to identify the maximum average of top-of-tank
acceleration among the three axes of direction, the average of developed acceleration attained at the top
of the six tanks along the X, Y, and Z-axes were attained in 37 earthquakes, with data showing an
average of 0.021g in X, 0.028g in Y, and 0.012g in Z-axes direction. So the largest acceleration on
average attained in the Y-axis direction and the smallest acceleration on average attained in the Z-axis
direction. Similarly, the PGA values attained in the Y-axis direction were on average larger than the
PGA values attained in the X and Z-axes direction, with data showing that PGAs in the Z-axis direction
were the smallest values.
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Figure 7.5. Acceleration at the top of the tanks versus PGA in each axis of direction for the
MW 5.48 aftershock earthquake
To compare the acceleration of six tanks with varying capacity together under low and high-intensity
earthquake shakings, top-of-tank acceleration values were compared when subjected to 8 low-intensity
and 8 high-intensity earthquake shakings (see Figure 7.6). Classification of low-intensity and highintensity earthquake shakings were based on the PGA intensity attained from the average of maximum
accelerations from three main benchmarks (G1, G2, G3) in each earthquake. As explained above, these
three benchmarks were the acceleration obtained from the stair tower, base of tank T40, and base of
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tank T175 (1). It should be noted that values of tank accelerations in conjunction with Mw 5.48 was
excluded from the set of high-intensity earthquake shakings as the acceleration values for the tank with
a capacity of 120 kL was not recorded during this shaking. However, the values of top acceleration
already provided in Figure 7.5 and described above for other tanks except the tank with a capacity of
120 kL. Based on the analysis of data presented in Figure 7.6, acceleration values attained from tank
instrumentation were varying with the shaking intensity, and as expected, the values of acceleration
increased when the shaking intensity (PGA) increased. In the absence of results under Mw 5.48, the
largest values of acceleration attained when tanks were subjected to earthquake Mw 5.56, with the
average of acceleration attained from three benchmarks (PGA) for this earthquake was 0.037g in X,
025g in Y, and 0.030g in Z-axes direction. Based on the analysis of data, it was established that tank
T175 (1) sustained the lowest acceleration in all axes direction when compared with other tanks and the
largest acceleration values at the top of the tank was attained for the tank with a capacity of 40 kL in
the horizontal direction (X, Y) when subjected to high-intensity earthquake shakings. On average,
acceleration values attained for tanks along the Z-axis direction (vertical) were less than those
acceleration attained for tanks along with X and Y-axes directions.
Based on the analyses of results for tanks with different capacities, it was established that other
parameters such as the anchorage system also impact the tank accelerations during an earthquake. While
tanks T175 (1) and T175 (2) had similar capacities (175 kL), different acceleration values were attained
for these two tanks. To identify the influence of anchorage system on the dynamic performance of tanks,
the acceleration values attained for these two tanks with different anchorage system will be investigated
in the following sections.
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Figure 7.6. Accelerations for tanks with different capacities subjected to earthquakes with low and
high shaking intensity
Note that PGA values are the average of three main benchmarks (G1, G2, G3)
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7.4.2 Difference between the dynamic response of the top and base of tanks
The base and top parts of two tanks T40 and T175 (1) were instrumented, providing an opportunity to
compare the accelerations attained from the base and top parts of tanks. The ratio of top to base
acceleration can be used for different purposes such as to identify the dynamic responses of tanks and
also practical for the design of jointed structures to wine tanks such as catwalks. Catwalks are
constructed steel structures providing access to the upper portion of wine tanks and Yazdanian et al.
[50] indicated that the performance of tank-supported catwalks is dependent on the performance of wine
storage tanks. Figure 7.7 indicates the recorded time history acceleration for top and base of tanks T40
and T175 (1) during the earthquake with Mw 5.48, showing that the peak acceleration at the top was
2.389 times that at the base for tank T40 and this ratio was 3.878 for tank T175 (1).

T40

T175 (1)

T40

Figure 7.7. Accelerometers attached to base and top of the tanks with recorded accelerations during
the earthquake with Mw 5.48
The amplification ratio of acceleration at the top of the tank to base versus PGA is shown in Figure 7.8
for tank T40 and Figure 7.9 for tank T175 (1). There was no trend observed between the amplification
of acceleration at tank top to base versus the PGA for the case of T40, with the largest amplification
ratio of acceleration at the top of the tank to base was 6.06 along the horizontal Y-axis direction. Along
the vertical axis direction (Z) and for the case of tank T40 the largest amplification ratio of acceleration
at the top of the tank to base was 2.277. For the case of tank T175 (1) the largest amplification of
acceleration at the top of the tank to base was attained during the earthquake with Mw 5.48, with an
amplification ratio of 4.82 in horizontal (Y) direction and 10.16 in vertical (Z) direction.
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Figure 7.8. Amplification of acceleration developed at the tank top to base as versus PGA (T 40)
6

3.5

Mw
5.48

3

2.5
2

1.5
1

0.5
0

0

0.03
0.06
PGA (g)

(a) X-axis direction

0.09

12

Mw
5.48

5

Top acceleration to base acceleration

4

Top acceleration to base acceleration

Top acceleration to base acceleration

4.5

10

4
3
2
1
0

0

0.03
0.06
PGA (g)

(b) Y-axis direction

0.09

Mw
5.48

8
6
4
2
0

0

0.03
0.06
PGA (g)

0.09

(c) Z-axis direction

Figure 7.9. Amplification of acceleration developed at the tank top to base versus PGA (T175 (1))
Figure 7.10 compares average accelerations attained from the base and top of the tanks T40 and T175
(1) in selected 37 earthquakes. Based on analysis of results, maximum accelerations attained at the top
of the tank T40 was on average 2.69, 3.73, 1.44 times those attained at the base of the tank T40 in two
horizontal directions (X, Y), and vertical direction (Z). Similarly, analysis of results for tank T175 (1)
indicated that the maximum acceleration response attained from the top of the tank was on average
1.32, 2.47, and 1.40 times those attained from the base of the tank in two horizontal directions (X, Y),
and vertical direction (Z).
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Figure 7.10. Comparison of accelerations at the top and base of the tanks T40 and T175 (1)
Note that values are average of tank accelerations attained in selected 37 earthquakes

7.4.3 Influence of distance from earthquake epicentre on the dynamic response of
tanks
In order to investigate the impact of distance between the structure and epicentre of earthquake on
attained tank acceleration, two low-intensity shaking records (Mw 3.36 and Mw 3.57) and two highintensity shaking records (Mw 5.48 and Mw 5.56) were selected to compare the acceleration responses
of six tanks in these records. Results from two low-intensity earthquake shakings were compared
together, and the results from two high shaking records were also compared together. In both groups,
while records had close magnitude together, earthquake epicentre distance to the subject winery was
varied.
Based on analysis of responses from two low-intensity earthquake shakings, average acceleration
attained at the top of the six tanks from the record with less epicentre distance to the subject winery was
3.463 times those attained from the record with higher epicentre distance (see Figure 7.11a).
Based on analysis of responses from two high-intensity earthquake shakings, average acceleration
attained at the top of the six tanks from the record with less epicentre distance to the subject winery was
11.583 times those attained from the record with higher epicentre distance (see Figure 7.11b).
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Figure 7.11. Maximum accelerations attained from records with different distance from the
epicentre
Note that the PGA is the average acceleration from G1, G2, G3

7.4.4 Influence of anchorage system type on acceleration for tank 175 kL
Two tanks of T175 (1) and T175 (2) with the same dimension and capacity were equipped with
different sets of anchorage system type, providing an opportunity to compare the earthquake-induced
acceleration of two tanks equipped with two different anchorage system type (see Figure 7.12).
Analyses of results from 37 earthquakes indicated that maximum accelerations attained at the top of the
tank with necked tension anchorage system (T175 (2)) was on average 1.59, 1.39 times those attained
for the tank with shear bolt anchorage system (T175 (1)) in X and Y-axes direction (see Figure 7.13).
Tank with necked tension anchorage system sustained slightly less vertical acceleration on average
(10%) when compared with the tank with shear bolts (see Figure 7.13). Analysis of post-earthquake
damage observation of flat-based wine tanks following the 2016 Kaikōura earthquake showed that tanks
equipped with shear bolts anchorage system performed well compared to the tanks equipped with
necked tension anchorage system (see [1]). So less attained horizontal acceleration for flat-based wine
tank with shear bolts when compared to those attained for the tank with necked tension anchorage
system was in alignment with findings from post-earthquake damage observation with reference to the
seismic performance of shear bolts and necked tension anchorage systems.

186

Square Hollow
Section (SHS)

Nut
Tank skirt

steel bar
welded to SHS

(a) Shear bolts

(b) Necked tension bolts

Figure 7.12. Details of anchorage systems used for tanks with a capacity of 175 kL
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Figure 7.13. Comparison of accelerations for tank 175 kL with necked tension bolts and shear bolts
Note that values are average of tank top accelerations recorded in selected 37 earthquakes

7.5 New Zealand design response spectral versus recorded spectral
response of tanks
In the New Zealand society of earthquake engineering (NZSEE) guideline for the design of liquid
storage tanks [51], elastic site hazard spectrum for horizontal loading shall be obtained to calculate the
earthquake actions for the liquid storage tanks, with NZS 1170.5 (2004) [52] being referred for the
relative calculations. NZS 1170.5 (2004) [52] provides quantitative prescriptions for design ground
motion intensities in the form of design response spectra according to the following equation [53]:
C(T) = Ch(T)×Z×R×N (T, D)
where Ch is the spectral shape factor determined from Clause 3.1.2 of NZS 1170.5 [52]; Z is the hazard
zone factor from Clause 3.1.4 of NZS 1170.5 [52]; R is the return period factor; and N(T, D) is the
near-fault factor. In the research presented herein, a soil class of D is considered as per reviewing of
several design documents of wine tanks in the Marlborough region. It should be noted that studied wine
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tanks were in the Seddon (a town in the Marlborough region of New Zealand). Considering NZS 1170.5
[52] and assuming soil type D, wine tanks in Seddon should have typically designed to sustain at least
0.60 g ground acceleration considering the design working life of 50 years and annual probability of
exceedance 1/100 years (see Table 7.4).
Table 7.4. Calculation of elastic site spectra for horizontal loading
Annual

Soil Type

Ch(T)

Z

R

N (T, D)

C(T)

1/100

D (assuming)

3

0.4

0.5

1

0.6 g

1/500

D (assuming)

3

0.4

1

1

1.2 g

probability of
exceedance

Spectral acceleration responses of tanks in 37 earthquakes were attained and analysed, with observation
showing that the largest spectral acceleration of tanks attained when the tank was subjected to Mw 5.48
and after that earthquake with Mw 5.56 (see Figure 7.14). While the spectral acceleration responses
attained from the top of the tanks during the record with Mw 5.48 was larger than the design spectral
acceleration of 0.6g (annual probability of exceedance 1/100), the spectral acceleration responses
attained from G1 (base of stair tower), G2 (base of T40), and G3 (base of T175 (1)) were less than the
design spectral acceleration attained from NZS 1170.5 [52]. It should be noted the design spectral
accelerations attained from NZS 1170.5 [52] can be merely compared to the recorded spectral
acceleration responses attained from G2 (base of T40), and G3 (base of T175 (1)) because the provided
formulation are based on site hazard and the design spectral acceleration values at the tank height are
not accounted for in NZS 1170.5 [52].
The largest spectral acceleration at the top of the tanks attained for tank T175 (2) when subjected to Mw
5.48, with 1.293g in the X-axis direction and 1.354g in the Y-axis direction. The second largest spectral
acceleration responses was attained for tank T40, with 0.853g in the X-axis direction and 1.071g in the
Y-axis direction (see Figure 7.14c,d).

(a) spectral acceleration in X-axis direction (Mw 5.56). Distance from epicentre (km): 29.626
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(b) spectral acceleration in Y-axis direction (Mw 5.56). Distance from epicentre (km): 29.626

(c) Spectral acceleration in X-axis direction (Mw 5.48). Distance from epicentre (km): 5.507

(d) Spectral acceleration in Y-axis direction (Mw 5.48). Distance from epicentre (km): 5.51
Figure 7.14. Spectral acceleration of tanks with different capacities during earthquakes Mw 5.56
and Mw 5.48

7.6 Fundamental impulsive period of tank vibration
Liquid storage tanks have two fundamental periods of vibration, i.e., convective period and impulsive
period. The upper portion of liquid that generates seismic waves is typically labelled as convective
mode and the lower portion of liquid that tends to move with the tank wall with acting as an added mass
to the mass of the structure is labelled as impulsive mode. For the case of wine tanks, the impulsive
mode is dominant because of their high H/R aspect ratio [51]. According to Malhotra [54], Lomax et
al. [49] and NZSEE [51], full mas of liquid acts in the impulsive mode and no convective mode is
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developed for the case of containers full of liquid such as wine tanks. While the convective periods
cannot be extracted from the tank instrumentation, they can be attained from modal analysis in FE
modelling when the sloshing is allowed by removing the tank roof. To compare the accuracy of tank
instrumentation and FE modelling method for the case of identification of fundamental natural
frequency, two largest capacity tanks of T175 (2) and T240 were considered for the case of derivation
of the fundamental impulsive period of tank vibration.

7.6.1 Estimated impulsive period using instrumentation
The fundamental impulsive period of vibrations was derived considering the maximum spectral
acceleration response of tanks. Figure 7.15 shows the spectral acceleration response of tanks normalised
to the range of 0 to 1 versus the fundamental impulsive period of tank vibration for each of the selected
37 earthquakes records. The yellow colour in Figure 7.15 represents the maximum normalised response
spectral accelerations attained in each earthquake event. Analysis of data revealed that the largest
density of period of vibration for tank 175 kL was in the range between 0.1 s and 0.2 s. Also for the
case of the tank with a capacity of 240 kL the largest density period of vibration was between 0.2 s and
0.3 s. A slightly larger period of vibration was attained when the tanks were subjected to the two highest
intensity of earthquake shaking with Mw 5.48 and Mw 5.56. Typically earthquakes with a low level of
shaking give more precise dynamic characteristics of the structure and literature review [55], [56], [19]
showed that when the level of shaking is increased the non-linearity behaviour of structure may affect
the ambient vibration results. The non-linearity behaviour typically is due to the permanently or
temporarily decrease in the stiffness of the structure. Changes in the range of attained fundamental
period during a variety of earthquake events for tank 175 kL was more than the changes in the range of
attained fundamental period for the tank with a capacity of 240 kL (see Figure 7.15). It should be noted
that the tank with a capacity of 240 kL was equipped with energy dissipation devices which are typically
used to control the dynamic input loads to the structure. The range of impulsive period of vibration of
tanks attained from instrumentation discussed in this section will be compared to those attained from
FE modelling in the next section.
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(b) Tank 240 kL
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~between 0.1s to 0.2s

~between 0.2s to 0.3s

Figure 7.15. Surface plot showing the fundamental impulsive periods of vibration captured from
the instrumentation of tanks
Note that yellow colours represent the maximum normalised acceleration response spectra

7.6.2 Estimated impulsive period using FE modelling
Tanks with capacities of 175 kL and 240 kL were modelled using the FE method in order to calculate
the impulsive periods of tank vibration and then compare with those attained from tank instrumentation.

7.6.2.1 FE modelling method and material properties
ANSYS software was used for FE modelling and element type shell 63 and fluid 80 were utilised for
simulating tank shell and liquid, respectively (see Figure 7.16). Fluid-structure interaction (FSI) has
been considered by coupling the nodes of liquid elements with nodes of steel elements in the shell/liquid
interface. For the case of tank 240 kL, the number of elements to represent the steel part of the tank
(shell 63) was 704 and the number of mesh for the liquid part (fluid 80) was 3072. For the case of tank
175 kL number of elements representing steel and liquid were 512 and 1920, respectively. Considering
that the specific design of anchorage systems used for the modelled tanks was not available, and for
simplicity, tanks assumed to be fixed to the ground during the FE modelling.
The dimensional characteristics of tanks (listed in Table 7.5) attained from reviewing tank structural
drawings were assigned to the model in the pre-processor stage of FE modelling. Based on the review
of tank structural design drawings, it was established that the tank material was stainless-steel grade
304. The material considered in the design for the steel was used in FE modelling, namely modulus of
elasticity of steel = 2×1011 N/m2, steel density = 7900 Kg/m3, and liquid density of 1000 Kg/m3.
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Table 7.5. Details of tanks used for attaining period of vibration
Tank capacity

Height (H) and

Thickness

(kL)

diameter (D)

(mm)

H: 10.5m

175

2.5, 3, 4

D: 4.7m
H: 12.22m

240

2, 2.5, 3, 4

D: 5.13m

(a) Tank 175 kL

(b) Tank 240 kL

Figure 7.16. FE modelling of tanks

7.6.2.2 FE modelling validation and results
Modal analysis was conducted and extracted modes of vibration with the highest ratio of effective mass
to total mass considered as the fundamental impulsive and convective period of vibration for liquid
storage tanks. To validate the FE modelling results, the convective period of vibration attained from FE
modelling was compared with those attained from the analytical solution proposed in guideline and
standards. Appendix E of the API code [57] presents comprehensive equations incorporating
formulations for the calculation of convective and impulsive periods. To calculate the convective
period, the API code [57] suggests Eq. 1, 2 and NZSEE [51] suggests Eq. 3.
API
API

(1)

𝑇𝑇𝑐𝑐 = 1.8 𝐾𝐾𝑠𝑠 √𝐷𝐷

𝐾𝐾𝑠𝑠 =

0.578

(2)

�tanh (3.68𝐻𝐻 )
𝐷𝐷
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NZSEE
𝑇𝑇𝑐𝑐 =

2𝜋𝜋�

(3)

𝑅𝑅
𝑔𝑔

�𝜆𝜆𝑖𝑖 tanh (𝜆𝜆𝑖𝑖 𝐻𝐻 )
𝑅𝑅

where Tc is the natural period of the convective period (s), D is the nominal tank diameter (m), H is the
maximum design product level (m), Ks is the sloshing factor, R is the radius of the tank (m), g is the
acceleration of gravity (m/s2), and 𝜆𝜆𝑖𝑖 is equal to 1.841. The convective period from FE modelling for

the case of tank 175 kL was 0.42 s and that period was 0.41 s for the case of tank 240 kL. These
convective periods were further compared with those attained from the API [57] code and NZSEE [51]
(see Table 7.6), with data showing that good agreement was attained between convective periods
obtained from the FE method and those obtained from the API code [57] and NZSEE [51]. The close
agreement was due to the consideration of FSI in FE modelling. Figure 7.17 shows the first three
convective and impulsive modes of tank 240 kL. The first three convective and impulsive modes
attained based on the first three maximum effective masses in FE modelling.
The impulsive period attained from the FE modelling was 0.17 s for the case of tank 175 kL and this
value was 0.22 s for the case of tank 240 kL. The comparison shows that close agreement was attained
between impulsive periods obtained from the FE method and those obtained from the tank
instrumentation (see Table 7.6), because impulsive periods attained from FE modelling were in the
range of periods attained from the analysis of instrumentation data in the earlier section. Also from
reviewing of tank design documents provided by the engineering consultant for these two tanks, an
impulsive period of 0.17 s for the case of tank 175 kL and 0.22 s for the case of tank 240 kL was attained
which is similar to the values attained from FE modelling (see Table 7.6). It should be noted that to
calculate the impulsive period, an impulsive constant value is required when using API code, NZSEE
guideline [51] and EURO 8 standard [58], and this constant is not provided in the graphs of these
documents for the very slender tanks with H/R>4 such as the studied wine tanks. However, Jaiswal and
Jain [59] proposed a formula to calculate the impulsive constant which does not have any limitation for
H/R aspect ratio. The wine tank designers from the engineering design consultant may have used this
formula or their interpretation or FE modelling to calculate the impulsive constant.
Table 7.6. Comparison of the period of vibration attained from an experimental and numerical
method
Tank

Impulsive

Impulsive

Impulsive

Convective

Convective

Convective

capacity

period (tank

period (FE)

period

period (FE)

period

period

(kL)

instrumentation)

(API)

(NZSEE)

(design
document)

175

0.1 s <T<0.2 s

0.17 s

0.17 s

0.42 s
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(a) First three convective modes from FE modelling

(b) First three impulsive modes from FE modelling
Figure 7.17. First three modes of tank 240 kL attained from FE modelling
Note tank cone is lifted in FE modelling to capture the liquid sloshing profile

7.7 Conclusions
Six wine storage tanks with different capacity ranges were instrumented with accelerometers following
the Mw 7.8 Kaikōura earthquake in a winery located in Marlborough, New Zealand, providing an
opportunity to conduct a parametric study considering capacity on the dynamic response of tanks, the
difference between the dynamic response of top and base of tanks, the impact of distance from
earthquake record epicentre to winery on the dynamic response of tanks, as well as impact of anchorage
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system on the dynamic response of tanks. The research was further supported by FE modelling and
extraction of the fundamental impulsive period of vibration of tanks from instrumentation and FE
modelling. Based on the study reported herein, the following conclusions can be drawn:
•

Accelerations attained at the top of the six tanks along the X, Y, and Z-axes directions were on
average 0.021g, 0.028g, and 0.012g respectively in selected 37 earthquakes, showing that the largest
acceleration on average attained in horizontal (Y) direction and the smallest acceleration on average
attained in vertical (Z) direction.

•

Analysis of results attained for tanks with different capacities showed that while tanks with a
capacity of 40 kL and 240 kL equipped with energy dissipation devices sustained larger acceleration
at the top of the tanks during the low-intensity earthquake shakings, these two tanks sustained lower
acceleration during the earthquake with Mw 5.48 when compared to other tanks.

•

Based on the comparison of results attained from the top and base of tanks, maximum accelerations
attained at the top of the tank T40 was on average 2.69, 3.73, 1.44 times those attained at the base
of the tank T40 in two horizontal directions (X, Y), and vertical direction (Z). Similarly analysis of
results for tank T175 (1) indicated that the maximum acceleration response attained from the top of
the tank was on average 1.32, 2.47, and 1.40 times those attained from the base of the tank in two
horizontal directions (X, Y), and vertical direction (Z).

•

Based on analysis of responses from two low-intensity earthquake shakings, average acceleration
attained at the top of the six tanks from the record with less epicentre distance to the subject winery
was 3.463 times those attained from the record with higher epicentre distance. Analysis of responses
from two high-intensity earthquake shakings revealed that average acceleration attained at the top
of six tanks from the record with less epicentre distance to the subject winery was 11.583 times
those attained from the record with higher epicentre distance.

•

Analyses of results indicated that maximum lateral accelerations attained for a tank with a necked
tension anchorage system was on average 1.59, 1.39 times those attained for a tank with a shear
bolt anchorage system in the X and Y-axes direction. Tank with necked tension bolts sustained
slightly less vertical acceleration on average (10%) when compared with the tank with shear bolts.

•

Analyses of spectral acceleration responses of six tanks in 37 earthquakes indicated that the largest
spectral acceleration at the top of the tanks attained for tank T175 (2) when subjected to Mw 5.48,
with 1.293g in X-axis direction and 1.354g in Y-axis direction.

•

Analysis of dynamic responses of tanks showed that the maximum spectral acceleration attained at
the fundamental impulsive period of vibration. Good agreement between the fundamental impulsive
period of tanks attained from tank instrumentation and FE modelling observed, with comparisons
showing that the utilised FE modelling technique can appropriately estimate the modal response of
the tanks.
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Conclusions and future work
8.1 Conclusions
In-field post-earthquake damage assessment of wine storage tanks and catwalks was conducted
following the 2013 Seddon earthquake (Mw 6.5), the 2013 Lake Grassmere earthquake (Mw 6.6), and
the 2016 Kaikōura earthquake (Mw 7.8) in New Zealand. These assessments provided an opportunity
to assemble the largest database ever collected on the earthquake performance of wine storage tanks.
Fragility curves for wine storage tanks were developed utilising damage data collected following three
major earthquakes in New Zealand in 2013 and 2016. Further six wine storage tanks with different
dimensions, capacities, and anchorage systems were instrumented with accelerometers for
approximately six weeks following the 2016 Kaikōura earthquake, providing an opportunity to conduct
a parametric study of their dynamic response when subjected to 37 aftershock earthquakes.
Based on the analysis of earthquake damage data for the flat-based wine storage tanks, the following
conclusions are summarised:
•

Based on the results presented herein, following the 2013 earthquakes winery operators applied
more effort to the strengthening of flat-based wine tanks having a larger storage capacity, leaving
smaller flat-based wine tanks (having a capacity of 20-40 kL) either un-anchored or anchored using
less effective anchorage systems. In the 2016 earthquake this behaviour resulted in 83% of smaller
flat-based tanks sustaining damage, while 67% of flat-based tanks with a capacity of 200-250 kL
sustained damage. Results showed that 71% and 83% of damage to the foundation was associated
with damage to the anchors in the 2013 and 2016 earthquakes, respectively. It was also noted that
the damage to anchors was significantly influenced by the level of liquid content within the tank.

•

In the 2013 earthquakes the tank base shell (39%) and the tank anchors (47%) of flat-based wine
tanks were the most damaged elements, while in the 2016 earthquake the tank barrel (54%) and the
tank cone (43%) of flat-based wine tanks sustained the largest percentage of damage.

•

Tank wall buckling and damage to tank anchors required the highest percentage of remedial works,
where following the 2016 earthquake greater than 90% of the tanks with wall buckling damage
required remediation of the buckled shell course and 86% of tanks with damaged anchors required
anchor replacement.

•

Catwalk indenting was the most frequently observed cause of damage to the barrel parts of tanks,
where 10% of flat-based tanks sustained damage to their barrels in the 2013 earthquakes and 24%
of flat-based tanks sustained damage to their barrels in the 2016 earthquake. In many cases tank
indenting caused by catwalk deformation during earthquake shaking also led to damage to tank
cones.
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•

Comparing the performance of full and empty tanks revealed that full tanks experienced
significantly more damage (87%) when compared with empty tanks (52%). Severe damage (30%)
and major damage (28%) to full flat-based wine tanks was also higher when compared with the
extent of severe damage (2%) and major damage (12%) sustained to empty flat-based wine tanks
in the 2016 earthquake.

Based on the analysis of earthquake damage data for the legged wine storage tanks, the following
conclusions are summarised:
•

Based on the observation, legged tanks that were not anchored to the concrete slab had
unpredictable behaviour. They sometimes bounced and rocked, causing relatively more damage,
but they also slide causing relatively less damage.

•

In the 2013 earthquakes 50% of legged tanks in the inventory sustained damage and in the 2016
earthquake 57% of legged tanks in the inventory sustained damage.

•

The frame and leg parts of legged wine tanks sustained the largest damage proportion in the 2013
earthquakes (40%) and in the 2016 (44%) earthquake.

•

Leg buckling and leg tilting were the most common damage types observed to the leg parts of
legged wine tanks.

•

Post-earthquake damage assessment results indicated that the percentage of damage to legged wine
tanks increased as the storage capacity of the tanks increased.

•

It was observed that following the 2013 earthquakes, winery stakeholders were inclined to retrofit
the damaged legged wine tanks by extending the skirt to the concrete slab and adding an anchorage
system in order to change the tank types to flat-based tanks.

•

Elephant-foot buckling and diamond-shaped buckling were not frequently observed damage types
for legged wine tanks compared with flat-based tanks.

•

Comparing the seismic performance of legged wine tanks based on contents level indicated that full
tanks were damaged more frequently (81%) when compared to empty tanks (37%).

•

Comparison of the seismic performance of tanks revealed that tanks with no braced legs sustained
more damage (62%) when compared with tanks having braced legs (45%).

•

Based on the analysis of post-earthquake damage data for 2111 legged tanks, it is evident that
legged tanks should be carefully designed for seismic loading and that this tank configuration
should be considered in design codes. It is suggested that winery stakeholders identify their
potential earthquake-prone legged tanks and work towards seismic upgrading of these tanks
because their failure in future earthquakes could potentially cause injury and/or high financial
losses.
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Based on damage observations and remedial options for approximately 1500 legged and flat-based
liquid storage tanks following the 2016 Kaikōura earthquake, the following conclusions were
established:
•

Unlike the flat-based tanks, the legged wine tanks did not sustain significant elephant-foot buckling
(less than 1%) and diamond-shaped buckling (3%). This is considered to be due to the fact that
legged tanks typically have much lower liquid storage capacity compared to the flat-based tanks.

•

With reference to the design of wine tanks, the lack of suitable guidelines for the design of legged
tanks as well as little information for the implementation of modal masses following the
cancellation of the convective mode procedure are important parameters that have not been
addressed within the NZSEE guideline for flat-based tanks.

•

Analysis of post-earthquake performance of anchorage system of flat-based tanks revealed that
while chair mounted necked tension anchors (145 out of 298 tanks) and short I-shaped anchor bolts
(80 out of 104 tanks) sustained the largest proportion of damage, energy dissipation devices
performed well with the least amount of reported damage (1 out of 55 tanks).

•

Remedial options included skirt extension and replacement of the traditional anchor bolts with the
energy dissipation devices, which were observed to be the most common types of remedial option
for the flat-based tanks.

•

Preliminary comparisons between the repair costs and replacing costs revealed that retrofitting of
the tanks depending on the type of damage may be more cost-effective than tank replacement.

Based on the earthquake damage assessment of 1150 self-supported or tank-supported catwalks and the
damage that these catwalks caused to wine tanks following the 2016 Kaikōura earthquake, the following
conclusions were established:
•

Of the 1150 catwalks in the inventory, 809 catwalks (70%) were tank-supported and 341 catwalks
(30%) were self-supported.

•

Self-supported catwalks were more frequently used for access to legged wine tanks and tanksupported catwalks were more frequently used for access to flat-based tanks.

•

Catwalk indenting was the most frequently recorded (24%) type of damage, resulting in impairment
to the barrel part of tanks. This percentage increased to 33% when considering only tank-supported
catwalks.

•

Damage analysis revealed that self-supported catwalks performed well and that very few selfsupported catwalks sustained damage (1%) or caused damage to wine tanks (5%).

•

Tank-supported catwalks performed poorly, with 25% of tank-supported catwalks sustaining
damage and 36% of tank-supported catwalks causing damage to wine tanks.

•

18% of catwalks sustained damage and 12% sustained major damage.
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•

Based on damage data it was concluded that failure of legs/frame can cause damage to attached
catwalks, where 92% of legged tanks that sustained damage due to catwalk indenting also sustained
frame/leg damage.

•

Based on damage data it was concluded that failure of anchorage system can cause damage to
attached catwalks, where 33% of flat-based tanks that had catwalk indent damage also sustained
anchorage system damage.

•

Analysis of damage data from a case study winery showed that damage to the tank-catwalk
connection was the most frequently occurring damage type.

•

The research proposed herein identified several significant issues such as lack of sufficient distance
between the catwalk and tank, and catwalks installed by a fabricator with no specific structural
design. It has been also noted that damage to catwalks was significant once lateral/rocking
movement of storage tanks occurred.

According to the presented results and discussions on seismic fragility curves for flat-based and legged
wine storage tanks, the following outputs are summarised:
•

Based on a comparison of fragility curves for FB and LG tanks, in the 2013 and 2016 earthquakes
LG tanks reached complete damage (DS6) at a lower median PGA (0.88g) when compared to FB
tanks (1.0g). Conversely, the median PGA for minor damage (DS2) to FB tanks was 0.18g and for
LG tanks was 0.23g, indicating that in the 2013 and 2016 earthquakes FB tanks sustained minor
damage at a lower PGA when compared with LG tanks.

•

Using the developed fragility curves it was established that 47% of FB wine tanks reached or
exceeded DS4 at a median PGA value of 0.26g and that 16% of FB tanks reached or exceeded DS5
at a median PGA of 0.5g. For the case of LG wine tanks 22% of tanks reached or exceeded DS4 at
a PGA value of 0.40g and 11% of the LG tanks reached or exceeded DS5 at a median PGA of
0.52g.

•

Based on a comparison of the generated fragility curves for the case of FB wine tanks with different
capacity ranges it was established that the values of median PGA for different damage states
fluctuated across the three selected capacity ranges. A similar comparison for the LG tanks revealed
that the probability of damage increased with an increase in the capacity range.

•

A comparison of fragility curves for empty and full FB and LG tanks revealed that there was a
distinct difference in seismic behaviour dependent on whether tanks were empty or full, with
median PGA values necessary to cause complete damage being greater for LG tanks when
compared with FB tanks.

Based on the analysis of data from instrumentation of six wine storage tanks with different capacity
ranges following the Mw 7.8 Kaikōura earthquake in a winery located in Marlborough, New Zealand,
following results are summarised:
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•

Accelerations attained at the top of the six tanks along the X, Y, and Z-axes directions were on
average 0.021g, 0.028g, and 0.012g respectively in selected 37 earthquakes, showing that the largest
acceleration on average attained in horizontal (Y) direction and the smallest acceleration on average
attained in vertical (Z) direction.

•

Analysis of results attained for tanks with different capacities showed that while tanks with a
capacity of 40 kL and 240 kL equipped with energy dissipation devices sustained larger acceleration
at the top of the tanks during the low-intensity earthquake shakings, these two tanks sustained lower
acceleration during the earthquake with Mw 5.48 when compared to other tanks.

•

Based on the comparison of results attained from the top and base of tanks, maximum accelerations
attained at the top of the tank T40 was on average 2.69, 3.73, 1.44 times those attained at the base
of the tank T40 in two horizontal directions (X, Y), and vertical direction (Z). Similarly analysis of
results for tank T175 (1) indicated that the maximum acceleration response attained from the top of
the tank was on average 1.32, 2.47, and 1.40 times those attained from the base of the tank in two
horizontal directions (X, Y), and vertical direction (Z).

•

Based on analysis of responses from two low-intensity earthquake shakings, average acceleration
attained at the top of the six tanks from the record with less epicentre distance to the subject winery
was 3.463 times those attained from the record with higher epicentre distance. Analysis of responses
from two high-intensity earthquake shakings revealed that average acceleration attained at the top
of six tanks from the record with less epicentre distance to the subject winery was 11.583 times
those attained from the record with higher epicentre distance.

•

Analyses of results indicated that maximum lateral accelerations attained for a tank with a necked
tension anchorage system was on average 1.59, 1.39 times those attained for a tank with a shear
bolt anchorage system in the X and Y-axes direction. Tank with necked tension bolts sustained
slightly less vertical acceleration on average (10%) when compared with the tank with shear bolts.

•

Analyses of spectral acceleration responses of six tanks in 37 earthquakes indicated that the largest
spectral acceleration at the top of the tanks attained for tank T175 (2) when subjected to Mw 5.48,
with 1.293g in X-axis direction and 1.354g in Y-axis direction.

•

Analysis of dynamic responses of tanks showed that the maximum spectral acceleration attained at
the fundamental impulsive period of vibration. Good agreement between the fundamental impulsive
period of tanks attained from tank instrumentation and FE modelling observed, with comparisons
showing that the utilised FE modelling technique can appropriately estimate the modal response of
the tanks.
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8.2 Future work
Considering the extensive research that was conducted in the current study, there are four main further
research opportunities which can be investigated:
•

Considering the presence of several seismic design standards for liquid storage tanks with H/R≤4,
it is recommended that a design code be specifically developed for stainless-steel storage tanks that
include both flat-based and legged wine tanks. The evolution of available design codes with respect
to the design of wine storage tanks could be compared together in order to identify the possible
defects and further use the lessons learnt from the comparisons and defects for the development of
a design code for stainless-steel wine storage tanks. The largest earthquake damage database for the
wine storage tanks was collected and presented in Chapter 3 and 4 of the current research. The
results presented in Chapter 3 and 4 will assist the identification of issues that need to be addressed
in such a design code to ensure that the most vulnerable elements of wine tanks will remain
undamaged in future large earthquakes.

•

For the connection of wine tanks to catwalks conceptual seismic resilience options were provided
in the current study, section 5.6. It is recommended these conceptual solutions are further expanded
with detailed design, followed by experimental and/or numerical investigations.

•

Seismic fragility curves were developed in the current study for the wine storage tanks and the
results were presented in Chapter 6. One of the functionalities of seismic fragility curves for wine
storage tanks is typically on running an earthquake scenario for other wine regions to estimate the
probability of earthquake damage and further financial loss estimation. It is thus suggested to use
the fragility curves presented herein and damage states to estimate the probability of earthquake
damage for the Hawke’s Bay and Auckland wine region.

•

As part of this thesis, experimental shaking table tests were conducted on an empty legged wine
storage tank. A summary of results attained from the shaking table test of a legged empty wine tank
are presented in Appendix A. The research is recommended to further be continued on the legged
wine storage tank fully filled with liquid. Wine tanks are typically either empty or full of liquid and
so shake table testing of a fully filled of liquid legged wine storage tank could be worthwhile.
Consequently, the experimentally tested tank could be modelled using FE software such as
Ansys/Abaqus to compare results attained from experimental tests and FE modelling and further
dynamic analysis of wine storage tanks. This will help to establish a comprehensive study on the
dynamic behaviour of legged wine tanks.
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Appendix A: Shake table testing of full scale 22 kL legged liquid
storage tank
The 2013 Seddon and 2016 Kaikōura earthquakes in New Zealand caused substantial damage to wine
storage tanks. Post-earthquake data analysis revealed that damage percentage to legged wine tanks
increased from 2013 to 2016 earthquakes. Research presented herein provides a conspectus of results
attained from shake table test of a full-scale empty legged wine storage tank with a capacity of 22 kL.
Shake table testing of empty legged wine tank was the first stage of experiments and the tank will be
tested with liquid in future. The tested tank was 2.5 m in diameter, 6 m heigh, being supported on six
legs, and was tested in unanchored and anchored conditions. The tank was subjected to harmonic ground
motions of varying shaking characteristics, and different scales of two natural earthquake records.
Based on analysis of results attained from harmonic tests, maximum accelerations and strain values of
anchored tank increased by an increase in input peak ground acceleration and this increase was more at
shaking frequency of 10 Hz compared with when tank subjected to shaking frequency less than 10 Hz.
Analysis of results attained from time-history shaking tests revealed that the value of the maximum
strain developed on the legs of the tank was five times greater than the maximum strain value developed
on the tank wall.

A.1 Introduction
Liquid storage tanks have been widely used within a wide range of industries such as dairy, wine, oil
and gas plants, and municipal water systems. These structures are frequently constructed in circular or
rectangular shape and from steel and concrete materials. Storage tanks can also be constructed with
different support conditions, such as ground-supported, underground, elevated, and legged. The study
reported herein is limited to stainless-steel legged wine storage tanks.
Dynamic behaviour of liquid storage tanks has been widely investigated, with Housner [1] being a
pioneer in this field. Some of the research conducted in the literature considered both experimental and
numerical modelling, with an emphasis on validating the numerical modelling using the experimental
studies. For example, Li et al. [2] conducted a shaking table test on a 1/20 scale prototype steel storage
tanks subjected to seismic excitations, with the results showing a high level of consistency between the
structural responses attained from finite element (FE) modelling and experimental campaigns. Similarly
Compagnoni and Curadelli [3] conducted an experimental and numerical study on the seismic
behaviour of cylindrical steel tanks by considering the effect of fluid-structure interaction.
Seismic performance of legged wine storage tanks was considered by researchers following the 2010
Maule earthquake (Mw 8.8) in Chile, where a large number of legged wine storage tanks sustained
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damage. The performance of stainless-steel wine storage tanks during the 2010 Maule earthquake is
reported by González et al. [4]. Colombo and Almazán [5] compared the seismic behaviour of anchored
(fixed base) and base-isolated legged cylindrical steel storage tank. They considered two different types
of isolation system, namely flat sliding bearings with a restoring element connecting the central part of
base to the ground and flat sliding bearings without any central restoring element. Their results indicated
that when the tank is supported on flat sliding bearings with a central restoring element, the shear and
axial forces are decreased when compared with the anchored tank. Their tested tank with a capacity of
3 kL had a height of 1.7 meter and diameter of 1.6 meter and when full of liquid had a mass of 3300
kg.
Literature review revealed that the conducted shaking table tests have been on either scaled tanks or
low height and weight tanks. Legged wine tanks are typically either empty or full depends on harvest
season and operation conditions at wineries. Post-earthquake damage data following the 2013 Seddon
earthquake in New Zealand and 2016 Kaikōura earthquake in New Zealand revealed that legged wine
tanks in some cases sustained damage while they were empty (see [6]). Therefore, an empty legged
wine storage tank with a capacity of 22 kL was experimentally investigated on a shake table with an
aim to determine the dynamic performance characteristics of empty tanks.

A.2 Tested 22 kL tank
A stainless-steel legged wine tank with 22 kL liquid capacity has been used for the experimental test
reported herein. The tested tank was decommissioned from a Marlborough, New Zealand winery and
was used in a winery for fermentation and wine storage purpose during its service life. The elastic
modulus of tank steel materials was E = 195 GPa, the yield strength was fy = 210 MPa, and the ultimate
strength was fu = 520 MPa. The total tank weight was 1 ton when it was empty of liquid and it had six
legs. The tank had a diameter of 2.5 m, tank wall height of 5.5 m, leg height of 0.5 m, leg diameter of
0.1 m, leg thickness of 0.004 m, tank wall thickness of 0.002 m, and tank feet diameter of 0.2 m (see
Figure A. 1).
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stronghold
wall

Steel beam

(a) Tank overall geometric details and collapse

(b) Top view of the tank on shaking table

prevention system
Figure A. 1. Dimension and an aerial view of the tested tank

A.3 Experimental shake table testing programme
A.3.1 Overall test setup
The shaking table with a plate dimension of 3.6 × 3.6 m in the Structures Testing Laboratory (STL)
complex at the University of Auckland was used for undertaking experimental investigation on the
legged tank. A combination system of Universal Columns (UC) 305×305×158 mm cantilever steel
beam with 6.0 m length and strap cables were used to eliminate any hazards generated from possible
tank overturning scenario during the shaking table tests. The strap cables were connected to the top of
the tank at four locations and were loose to alleviate the effect of strap tightness on the dynamic
performance characteristics of the tank (see Figure A. 1).

A3.2 Instrumentation arrangement
Twenty-four longitudinal and circumferential strain gauges were attached to the tank wall at axes lines
perpendicular and parallel to the shaking direction. Three strain gauges were installed to one of the legs
in the direction of the excitation (see Figure A. 2). Six accelerometers were attached to the tank wall at
axis line parallel to the shaking direction. Also, one accelerometer was installed to the shake table to
capture the intensity level of input ground motions. One LVDT was used to capture the displacement
of the shaking table. Two draw wire sensors were fixed to the shake table and then connected to one of
the legs of the tank to capture the lateral displacement of the tank leg along and transverse to the shaking
directions. The type and location of tank and shake table instrumentation are indicated in Figure A. 2.
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Figure A. 2. Instrumentation setup on the tank and shake table

A3.3 Tank base condition
Investigation of damage data for the legged wine tanks following the 2013 Seddon and 2016 Kaikōura
earthquakes in New Zealand [6] revealed that the seismic performance of legged wine tanks varied
when the tank was anchored or unanchored. Therefore, in the research presented herein the effect of
anchored and unanchored conditions on the seismic performance of legged wine tanks was investigated.
For the case of anchored tank, timber blocks were used to restrict the lateral and vertical movement of
the tank feet. Analysis of the test results indicated that the timber block prevents the tank from lateral
movement.

A3.4 Ground motion and input data
Initially impulse test was undertaken to capture the natural frequency of the structure in free vibration
analysis. During the experimental tests, horizontal component of displacement time-history of 2011
Christchurch (CHC), New Zealand (Mw 6.2) and 2010 Maule, Chile (Mw 8.8) with intensity scales of
40%, 60%, 80%, 100%, and 120% were used as earthquake ground motion inputs. Additionally,
harmonic sine-wave ground motions with shaking frequencies ranged from 1 Hz to 10 Hz and
incremental peak ground accelerations (PGA) from 0.1 g to 0.5 g were used to investigate the effect of
shaking frequency and PGA on the dynamic response of tank. Figure A. 3 shows typical registered data
by the shaking table during the experimental tests.
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Figure A. 3. Example of typical registered table accelerations and table displacements

A.4 Experimental shake table test results
A.4.1 Harmonic test analysis
The maximum acceleration values recorded on the shake table and at the base and top of the tank for
both anchored and unanchored conditions when the tank was subjected to PGA input of 0.2 g are shown
in Figure A. 4, with the result showing that in the case of anchored conditions, the maximum
acceleration occurred at the top of the tank and was approximately 2.12 times the base acceleration
whilst for the unanchored condition the maximum acceleration occurred at the base of the tank and was
approximately 1.43 times the top acceleration. On average, the maximum acceleration attained for a
tank in unanchored condition was 1.14 times the maximum acceleration recorded in the anchored tank
(see Figure A. 4).
When the tank was anchored, the maximum tank top acceleration was attained for a shaking frequency
of 2 Hz at 1.59 g and the lowest tank top acceleration was attained under a shaking frequency of 10 Hz
at 0.04 g. The tank top acceleration subjected to a shaking frequency of 2 Hz was approximately 35
times larger than the acceleration obtained when the shaking frequency was 10 Hz. For the case of an
unanchored tank, the maximum base acceleration was attained for a shaking frequency of 3 Hz and was
equal to 1.88 g and the lowest base acceleration was attained at the shaking frequency was 10 Hz and
was equal to 0.06 g (see Figure A. 4).
It should be noted that the unanchored legged tank was not subjected to the PGA input larger than 0.2
g to ensure the tank is not laterally displaced outside of the platform of the shake table.
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Figure A. 4. Acceleration values under harmonic ground motions with shaking frequency ranging
from 1 Hz to 10 Hz and PGA of 0.2 g
To investigate the combination of accelerations input and frequencies, the anchored tank was subjected
to harmonic excitations with varying input PGA and shaking frequencies. Figure A. 5 shows the top
and base acceleration of anchored tank subjected to PGA input of 0.1 g, 0.3 g and 0.5 g and shaking
frequencies ranged from 2 Hz to 10 Hz. The tank top and base acceleration increased with an increase
in input acceleration value, with the maximum acceleration occurring at the tank top and was equal to
1.95 g when the tank was subjected to a harmonic excitation with PGA = 0.5 g and shaking frequency
of 10 Hz. Based on the analysis of results presented in Figure A. 5, on average the tank top acceleration
was 1.91 times more than the base acceleration.
Analyses of the results revealed that, when the anchored tank was subjected to a shaking frequency of
10 Hz and PGA input of 0.5 g, the acceleration was amplified more, while the lowest tank acceleration
values were attained when the tank was subjected to a shaking frequency of 10 Hz and acceleration
input of 0.1 g and 0.3 g. This amplification in tank acceleration at shaking frequency of 10 Hz was
because the dynamic behaviour of tank is sensitive to increase of PGA at a shaking frequency close to
the natural frequency of tank.
Figure A. 6 shows the maximum results attained from strain gauges installed on the anchored tank wall
and leg when subjected to different shaking frequencies and PGA inputs. The tank wall strain value
attained when subjected to shaking frequency of 2 Hz and acceleration of 0.5 g was only 1.91 times
more than the tank wall strain values when subjected to shaking frequency of 2 Hz and acceleration of
0.1 g. When the tank was subjected to a frequency of 10 Hz and acceleration of 0.5 g the maximum
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tank wall strain value was 17.38 times more than the tank wall strain values attained from a frequency
of 10 Hz and acceleration of 0.1g. Similar amplification in strain response was observed at the tank
legs, with data showing that when the tank was subjected to a shaking frequency of 10 Hz and PGA of
0.5 g the maximum strain value was 30.55 times more than the maximum strain value developed when
the tank was subjected to shaking frequency of 10 Hz and PGA of 0.1 g (see Figure A. 6).
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Figure A. 6. Recorded strain values for anchored tank subjected to a variety of shaking frequencies
and PGAs
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A4.2 Earthquake records test analysis
In total the tank was subjected to 10 seismic records with different PGAs in each supporting condition,
i.e., anchored and unanchored (see Table A. 1). The registered PGAs of the shake table are presented
in Table A. 1, showing that the maximum and minimum PGAs were attained for Chile 120% and CHC
40% records.
Table A. 1. Measured PGA of table during the tests
EQ Record

CHC

Chile

Intensity

40%

60%

80%

100%

120%

40%

60%

80%

100%

120%

Table PGA

0.32

0.58

0.73

0.85

0.87

0.54

0.62

0.78

0.82

0.97

In Figure A. 7 the acceleration responses of the anchored and unanchored tank are compared at the top
and at the base when the tank was subjected to varying scales of CHC and Chile earthquake records.
The results show that larger accelerations occurred at the tank top compared to the tank base when the
tank was anchored but larger accelerations developed at the tank base compared to the tank top when
the tank was unanchored. For the case of the anchored tank when subjected to the CHC record, the
maximum acceleration at the tank top was 2.02 times the maximum acceleration developed at the tank
base and when the anchored tank was subjected to the Chile earthquake, the ratio of the top to base
maximum acceleration was 1.71.
For the case of an unanchored tank subjected to the CHC earthquake, the maximum acceleration at the
tank base was 1.86 the maximum acceleration at the tank top. This value was 3.09 when the unanchored
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Figure A. 7. Recorded tank acceleration for CHC and Chile earthquake records
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In Figure 8 the maximum strains developed on the leg of the anchored and unanchored tanks are
compared, with the results showing that for all the earthquake ground motions except for CHC 40%
larger values of strain were attained for the unanchored tank when compared to anchored tank. Values
of leg strain for the unanchored tank were on average 2.66 and 2.72 times larger than the leg strain
values for the case of the anchored tank when subjected to CHC and Chile records, respectively.
Additionally, the maximum values of tank leg strain when subjected to Chile records were, on average,
1.40 times those developed when subjected to CHC records (see Figure A. 8).
Based on analysis of the attained strain values, it was established that the maximum strain values
developed on the wall of the anchored tank was on average 1.72 and 1.60 times those attained for the
case of the unanchored tank when subjected to CHC and Chile records, respectively. Analysis of the
results also revealed that the values of strain developed on the tank wall when subjected to Chile records
were on average 1.41 times those recorded when subjected to CHC records (see Figure A. 9).
Comparison of maximum strain values developed on the leg and wall parts of tanks indicated that the
leg sustained approximately 5 times larger strain values than the wall (see Figure A. 9). More extensive
damage to legs than to the tank wall was also reported in post-earthquake damage data analysis of wine
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Figure A. 8. Recorded leg strain for CHC and Chile records
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Figure A. 9. Recorded tank wall strain for CHC and Chile records
Analysing the results attained from the draw wire displacement sensors revealed that the unanchored
tank sustained 285 mm lateral displacement on the shake table when subedited to 120% of the Chile
earthquake record, and this lateral displacement can cause damage to the adjacent wine tanks and
catwalks if the tank is located at the winery. Damage to neighbouring tanks and catwalks due to lateral
movement was reported in the damage assessment of wineries following the 2013 Seddon earthquake
in New Zealand and 2016 Kaikōura earthquake in New Zealand (see [6], [7]).

A.5 Conclusions
A 22 kL capacity legged wine storage tank was instrumented and subjected to harmonic and earthquake
ground motions. The structural responses attained from the shaking table tests, including acceleration
of the tank wall and strain in the tank leg and wall, were analysed and reported herein.
•

When the tank anchored to the shaking table was subjected to a shaking frequency of 10 Hz and
PGA input of 0.5 g, acceleration and wall strain values were 1.4 times those recorded when
subjected to a shaking frequency of 2 Hz and PGA input of 0.5 g. Maximum acceleration and strain
values were attained when the anchored tank was subjected to PGA input of 0.5 g and a shaking
frequency of 10 Hz, which is close to the natural frequency of the tank.

•

Maximum strain values developed on the wall of the anchored tank were on average 1.72 and 1.60
times those attained for the case of the unanchored tank when subjected to CHC and Chile records.

•

Analysis of the results attained from earthquake record tests revealed that strain values on the tank
leg were 5 times those developed on the tank wall.
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Overall, large lateral displacements (285 mm) were observed for the unanchored tank during the
experimental investigation and this lateral displacement can cause damage to the neighbouring wine
tanks and catwalks if the tank is located at the winery when subjected to the shaking. Based on the
analysis of the results presented herein it is thus recommended that legged tanks are anchored to the
concrete slab. Larger strain developed on the legs compared with those developed on the tank wall.
Moreover, larger damage extent to legs than to tank walls was reported in data analyses following the
2013 and 2016 earthquakes in New Zealand. This reveals that engineers should pay particular attention
to the design of the legs of these structures.
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