
 

Contents lists available at ScienceDirect

Structures

journal homepage: www.elsevier.com/locate/istruc  

Fragility analysis of high-rise modular buildings with uncertain modal 

properties equipped with multiple vertically distributed tuned liquid 

dampers

Hollie Moore iD, Brian Broderick, Breiffni Fitzgerald iD, John Hickey∗

Department of Civil, Structural and Environmental Engineering, Trinity College Dublin, Dublin, Ireland
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• Impact of multiple vertically distributed tuned liquid dampers on performance of tall modular structures is considered.

• A reduced-order model is developed to investigate structural response to wind loads.

• Fragility curves demonstrate the effectiveness of MVDTLDs in controlling the dynamic response of high-rise modular buildings.
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A B S T R A C T

Application of modular construction techniques in high-rise structures is becoming increasingly popular. This 

innovative form of construction is relatively novel, with limited in-situ studies of modular buildings leading 

to uncertainty surrounding the inherent dynamic properties such as natural frequency and damping ratio. This 

results in difficulty predicting the dynamic response of high-rise modular buildings reliably and ensuring service­

ability limit requirements are satisfied. For any lightweight and flexible high-rise building, serviceability limits 

can become a governing design criterion. Given the novelty of the construction methodology, there is substantial 

uncertainty over the modal properties, with outstanding questions about how to effectively predict natural fre­

quency and the inherent level of damping. When uncertainty surrounds the modal properties of a structure, and 

hence the dynamic response, auxiliary damping can aid in controlling accelerations and ensuring habitability 

requirements are satisfied. This paper simulates the dynamic response of one of Europe’s tallest modular build­

ings, Ten Degrees, located in London, United Kingdom, with the aim of understanding the potential benefits of 

auxiliary damping in the presence of uncertainty. Both irreducible aleatory uncertainty arising from stochastic 

wind excitation and initial and reduced epistemic uncertainty in modal properties before and after in-situ mon­

itoring are considered. Multiple Vertically Distributed Tuned Liquid Dampers (MVDTLDs) are employed in the 

model to assess the improvement in reliability of the structure adhering to ISO 10,137 peak acceleration limits for 

occupant comfort. Fragility curves are calculated to demonstrate the effectiveness of MVDTLDs in reducing the 

dynamic response and ensuring occupant comfort despite uncertainty in inherent dynamic properties. MVDTLDs 

are shown to be an effective control measure, performing more effectively than a single TLD at roof level and 

improving the reliability of high-rise modular buildings in satisfying habitability requirements.

1 . Introduction

Modular construction is a Modern Method of Construction (MMC) 

which has become increasingly popular due to reported benefits such 

as speed of construction, improved quality and accuracy, and reduced 

environmental impact [1–4]. Recent advances in technology, construc­

tion methods and computational models have enabled this novel form of 

construction to be employed in high-rise buildings with heights of over 

150 m now realised [5,6]. For high-rise buildings, habitability require­

ments concerning occupant comfort can become a governing design 

requirement [7,8]. Standards such as ISO 10,137 set out limits for the 

acceleration response of buildings related to the natural frequency of the 

structure [9]. These limits are based on the level of acceleration at which 
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\begin {align}\label {eq:eqofmotion} \boldsymbol {M\ddot {x}}(t) + \boldsymbol {C\dot {x}}(t)\ + \boldsymbol {Kx}(t) = \boldsymbol {p}(t)\end {align}
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\begin {align}\label {eq:modeshape} \boldsymbol {\phi }_{j1} = {\left (\frac {z_j}{h} \right )}^{1.5}\end {align}
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humans begin to experience discomfort such as trouble concentrating, 

dizziness and nausea [8,10].

Assessing these habitability criteria can be challenging for tall mod­

ular buildings. The novelty of high-rise modular structures results in 

uncertain dynamic properties with limited research on the stiffness and 

damping ratios available to inform design [3,11–13]. Finite Element 

(FE) models of the structure can be used to estimate the natural fre­

quency. However, for modular structures which include a large number 

of elements, joints and bespoke connections, it can become more dif­

ficult to accurately predict the natural frequency using eigenanalysis 

[2,12,14,15]. Furthermore, estimates of the damping ratio of a structure 

are based on empirical data obtained through in-situ testing of buildings 

that employ similar construction methods [16–18]. However, there have 

been few reported in-situ studies of modular buildings that present es­

timates of the damping ratio or assess the natural frequency in order 

to validate FE models. Therefore, there can be significant uncertainty in 

estimates of the modal properties of high-rise modular buildings leading 

to difficulty ensuring serviceability limits are satisfied [11,19].

These issues emerged during the design of one of Europe’s tallest 

modular buildings, Ten Degrees, located in Croydon, London, United 

Kingdom, as reported in [19,21]. Pictured in Fig. 1, this is a 135 m 

tall development with volumetric modules stacked around cast in-situ 

reinforced concrete cores. As discussed in detail in [21], during the de­

sign process of Ten Degrees, uncertainty in the dynamic behaviour of the 

structure due to the novelty of this form of construction, led to concerns 

that the wind-induced acceleration response of the structure would not 

satisfy habitability requirements. Furthermore, the stiffness contribution 

of the modules was unknown and assumed to be negligible, resulting 

in the FE models of Ten Degrees underestimating the natural frequency 

of the structure compared to values obtained from in-situ monitoring. 

This led designers to consider suitable methods for controlling poten­

tially excessive vibrations. Ultimately, through in-situ testing, the real 

dynamic behaviour of Ten Degrees was captured and the designers de­

cided that no additional control methods were necessary [21]. However, 

as modular structures continue to increase in height, and for the future 

progress of this novel form of construction, it is imperative to assess 

suitable methods to control the wind-induced vibration response.

Tuned Liquid Dampers (TLDs) have been proven to be an effec­

tive vibration control method for tall, flexible structures with reported 

advantages including simple configuration, low maintenance, low in­

stallation cost and reduced space requirements compared to Tuned Mass 

Dampers [22–26]. The most basic form of a TLD involves a tank filled 

with water to a specified depth so that when excited the water sloshes 

at a frequency close to that of the structure with the aim of mitigat­

ing excessive vibrations. However, other configurations of TLDs have 

been explored such as including baffles or screens within the tank to 

further aid energy dissipation [27–29]. Furthermore, many studies have 

shown that Multiple Tuned Mass Dampers (MTMDs) can be more effec­

tive in controlling the dynamic response of a structure than a single TMD 

[30–35]. MTMDs enable a greater range of modes of a structure to be 

controlled as the individual TMDs can be tuned to the different natural 

frequencies of the structure [33]. Moreover, TMDs can be vertically dis­

tributed throughout the height of a building, with consideration given to 

the mode shapes of the structure when the optimal TMD locations and 

tuning frequencies are designed [36]. Despite the advantages of TLDs 

over TMDs, there have been limited studies on multiple distributed TLDs.

Conventional TLD implementation at present involves a single 

damper, typically near the top of a building. However, the concept of 

multiple distributed TLDs is appealing in the context of modular con­

struction for a number of reasons. From the point of view of maximising 

the TLD performance, the optimum ratio of the depth of liquid in TLDs 

to the length of the TLD is generally less than 0.3, with studies demon­

strating that as this ratio increases, damping decreases [37]. Therefore, 

to achieve significant damping and mass ratios whilst still tuning TLDs 

to the fundamental frequency of the primary structure, it is  poten­

tially more advantageous to use multiple smaller TLDs than one large 

TLD. Hence, distributing multiple small TLDs throughout a structure is 

a practical control strategy which capitalises on the optimum design 

of TLDs. This concept becomes practically achievable for modular con­

struction, where similar modules are typically fabricated on an assembly 

line in a factory. The repeatable nature of the individual units in modular 

buildings is well suited to the idea of distributing the TLDs throughout 

the structure, including vertically over a number of storeys. Therefore, 

Multiple Vertically Distributed Tuned Liquid Dampers, or MVDTLDs, 

appear to be well suited to the form of modular construction, taking ad­

vantage of the flexibility and repeated nature of the design. Fig. 2 shows 

how a number of damping devices can be distributed vertically over a 

structure. This idea distributes the space requirements of supplementary 

Fig. 1. The Ten Degrees development, the source of the data in this paper, pictured (a) during module installation and (b) after completion [20].
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Fig. 2. Multiple damping devices distributed vertically along the height of a 

structure.

damping devices and could be easily included in the off-site manufac­

turing of volumetric modules. This could be achieved by, for example, 

devoting a single module to house multiple TLDs on each of the up­

per storeys of a modular building or by installing a small TLD in every 

module at specified storeys.

In the case of modular construction, where uncertainty surrounds 

the dynamic properties, supplementing the inherent damping with aux­

iliary devices such as TLDs or MVDTLDs can potentially help to provide 

certainty that the dynamic response is controlled and that habitability 

requirements are met [38]. The addition of auxiliary damping devices 

results in the possible range in the estimate of the inherent damping 

becoming a smaller fraction of the total damping of the system [39]. 

This reduces the overall uncertainty in the acceleration response; thus 

offering a potential solution to the challenge of ensuring serviceability 

limits are satisfied under uncertain modal properties. There are few stud­

ies examining the reliability enhancement of structural response with 

the use of auxiliary damping devices [40], particularly for SLS design 

considering the ability of dynamic performance to meet habitability 

requirements. With this in mind, the aim of this work is to develop 

fragility curves for a 45 storey modular building which compare the 

probability of exceeding ISO 10,137 [9] habitability criteria with un­

certain levels of natural frequency and damping ratio with and without 

MVDTLDs. A reduced-order model of the Ten Degrees building is devel­

oped to calculate the wind-induced peak acceleration response of the 

modular high-rise building. An initial ‘uninformed’ analysis is performed 

employing modal properties obtained using Eurocode recommended 

methods and empirical estimates of errors in these estimates. A second 

‘data-informed’ analysis is performed using modal properties identified 

through in-situ testing and application of Operational Modal Analysis 

methods as described by Hickey et al. in [19]. For both the initial and 

informed cases the dynamic response of the structure both in its uncon­

trolled state without TLDs and in its controlled state with MVDTLDs is 

assessed using a number of simulations at different wind speeds and 

the peak acceleration response is compared to ISO 10,137 limits for 

human comfort. Fragility curves are generated and used to assess the 

performance of supplementary damping devices in the presence of epis­

temic uncertainty. The developed fragility curves provide a useful tool 

for investigating the enhancement of the reliability of high-rise modu­

lar structures satisfying serviceability requirements when equipped with 

supplementary damping devices.

2 . Reduced-order modelling

In structural engineering it is common to use reduced-order mod­

els, such as equivalent beam models or lumped mass models with a 

small number of degrees of freedom, as surrogates to represent a com­

plex structure in order to predict the dynamic response [41]. Given 

their computational simplicity compared to large FE models, these sur­

rogate models can be particularly useful when performing parametric 

assessments, uncertainty quantification or investigating the effective­

ness of supplementary damping devices in increasing the reliability of 

a structure. Therefore, in this paper  a reduced-order model consider­

ing the first mode of vibration and variable distribution of Tuned Liquid 

Dampers of Ten Degrees is created in order to investigate control of the 

dynamic response with auxiliary damping devices.

2.1 . Multi degree of freedom modelling using modal superposition methods

The fundamental equation of motion for a Multi Degree of Freedom 

(MDOF) System is:

𝑴𝒙̈(𝑡) + 𝑪𝒙̇(𝑡) +𝑲𝒙(𝑡) = 𝒑(𝑡) (1)

where 𝐌, 𝐂 and 𝐊 are the mass, damping and stiffness matrices rep­

resenting each DOF, ẍ(𝑡), ẋ(𝑡) and x(𝑡) are vectors of the acceleration, 

velocity and displacement response of each DOF and p(𝑡) is a time-history 

of the forces applied at each DOF. In this paper, one DOF is defined for 

each storey of the structure.

Using the standard modal transformation 𝒙 = 𝝓𝑞, the structure can 

be analysed in modal coordinates:

𝑞𝑖(𝑡) + 2𝜁𝑖𝜔𝑛,𝑖𝑞̇𝑖(𝑡) + 𝜔2
𝑛,𝑖𝑞𝑖(𝑡) =

𝑝∗(𝑡)
𝑀∗

𝑖
(2)

where 𝑞𝑖(𝑡), 𝑞̇𝑖(𝑡) and 𝑞𝑖(𝑡) are the 𝑖𝑡ℎ modal acceleration, velocity and 

displacement responses and 𝑀∗
𝑖  is the 𝑖𝑡ℎ modal mass, calculated as 

𝝓𝑇
𝑖 𝐌𝝓𝑖. 𝜁𝑖 is the critical damping ratio and 𝜔𝑛,𝑖 is the natural frequency 

in the 𝑖𝑡ℎ mode. 𝑝∗(𝑡) is the modal force calculated as 𝝓𝑇
𝑖 𝐩. In this form of 

the equation, all variables can be informed by the properties in Table 2 

considering only the first mode,  which is regularly assumed to be suf­

ficient to predict wind-induced response of structures of this scale (e.g. 

[42,43]). The first mode shape vector, 𝝓1, can be approximated using 

Eq. (3), which Eurocode 1991-1-4 [44] recommends ‘for slender can­

tilever buildings and buildings supported by central reinforced concrete 

cores.’

𝝓𝑗1 =
( 𝑧𝑗

ℎ

)1.5
(3)

Here 𝑧𝑗  is the height of the 𝑗𝑡ℎ DOF above ground and ℎ is the total 

height of the building.

2.2 . Multiple vertically distributed tuned liquid dampers

To incorporate MVDTLDs in the data-informed MDOF reduced-order 

model, the equivalent Tuned Mass Damper (TMD) model of a TLD pro­

posed by Sun et al. [45] and further developed by Tait [37] is employed. 

The equivalent TMD properties of the TLDs can be used to represent the 

TLDs at the relevant DOFs within the surrogate model. The reduced-

order model has been developed to accommodate any number of TLDs 

added to any storey over the height of the structure. Where multiple 

TLDs are located on one storey, the properties are lumped at that DOF.

Table 1 

Properties of TLDs used in data-informed surro­

gate model.

Property Value

Storeys TLDs installed 31 - 45

Number of TLDs per Storey 15

TLD Length, 𝐿 2.5 m

TLD Width, 𝑏 2 m

TLD Depth 0.5 m

Liquid Depth, ℎ 0.26 m

Tuning Ratio, Ω 1

Total Mass Ratio, 𝜇 2.5%
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Table 2 

Properties of Ten Degrees used in the data-informed reduced-

order MDOF model.

Building Parameter Uninformed Case Data-informed Case

Building height 135 m

Building width 41 m

Building depth 44 m

Mass per meter height 263,737.7 kg/m

Mean 𝐹1 0.316 Hz 0.3131 Hz

CoV 𝐹1 0.25 0.015

Mean 𝜁1 1.27% 1.33%

CoV 𝜁1 0.5 0.091

The equivalent TMD model proposed by Tait [37] uses equivalent 

natural frequency, 𝜔𝑒𝑞 , mass, 𝑚𝑒𝑞 , stiffness, 𝑘𝑒𝑞 , and damping ratio, 𝜁𝑒𝑞 , 
values to model the behaviour of the TLD. These values are calculated 

based on the tank length, 𝐿, width, 𝑏, liquid height, ℎ, liquid density, 𝜌, 

and the kinematic viscosity of the fluid, 𝜈, as shown in Eqs. (4)-(8).

𝜔𝑒𝑞 =
𝜋𝑔
𝐿

𝑡𝑎𝑛ℎ(𝜋ℎ
𝐿

) (4)

𝑚𝑒𝑞 =
8𝜌𝑏𝐿2

𝜋3
𝑡𝑎𝑛ℎ(𝜋ℎ

𝐿
) (5)

𝑘𝑒𝑞 =
8𝜌𝑏𝐿𝑔
𝜋2

𝑡𝑎𝑛ℎ2(𝜋ℎ
𝐿

) (6)

𝜁𝑒𝑞 =
1
2ℎ

√

𝜈
2𝜔𝑛

(1 + 2ℎ
𝑏

+ 𝑆𝐶) (7)

𝑐𝑒𝑞 = 𝜁𝑒𝑞2𝑚𝑒𝑞𝜔𝑒𝑞 (8)

where 𝑆𝐶 is a surface contamination factor which is taken as 1 [37].

To maximise the performance of the TLD, the mass ratio, 𝜇, of the TLD 

equivalent mass, 𝑚𝑒𝑞  to the modal mass, 𝑀∗, is defined as in Eq. (9):

𝜇 =
𝑚𝑒𝑞

𝑀∗ + 𝜌𝑏ℎ𝐿 − 𝑚𝑒𝑞
(9)

The value of the mass ratio, 𝜇, typically lies between 0.5% and 5% [22,

45,46], with a larger value providing more supplemental damping. The 

relationship between damping ratio, 𝜁 , and the mass ratio, 𝜇, is shown 

in Eq. (10).

𝜁𝑒𝑓𝑓 = 1
4

√

√

√

√

𝜇 + 𝜇2

1 + 3𝜇
4

(10)

The size of the TLD can be chosen in order to maximise 𝜇 or to 

achieve the desired level of supplemental damping. However, in some 

cases, such as with modular structures, it  is potentially more efficient 

to use multiple TLDs to maintain the optimum ratio of the liquid depth 

to the TLD length, ℎ∕𝐿 as less than 0.3 [37].

It is important that the TLDs are tuned to the frequency of the vi­

bration mode to be suppressed. The tuning ratio, Ω, is the ratio of the 

natural frequency of the TLD, 𝜔𝑒𝑞 , to the natural frequency of the struc­

ture, 𝜔𝑠. To optimise the performance of a TLD, this value is chosen as 

close to 1 as possible [37,47,48].

Ω =
𝜔𝑒𝑞

𝜔𝑠
(11)

The equivalent values, mass ratio and tuning ratio outlined above are 

used to represent the MVDTLDs in the data-informed surrogate model. 

The mass, stiffness, damping and force matrices are modified as shown 

in Eqs. (12) to (15).

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑀∗ 0 0 ⋯ 0
0 𝑚eq,1 0 ⋯ 0
0 0 𝑚eq,2 ⋯ 0
⋮ ⋮ ⋮ ⋱ ⋮
0 0 0 ⋯ 𝑚eq,𝑃

⎤

⎥

⎥

⎥

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐌

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝑞(𝑡)
𝑥̈1(𝑡)
𝑥̈2(𝑡)
⋮

𝑥̈𝑃 (𝑡)

⎤

⎥

⎥

⎥

⎥

⎥

⎦

(12)

+

⎡

⎢

⎢

⎢

⎢

⎢

⎣

𝐶∗ +
∑𝑃

𝑗=1 𝑐eq,𝑗𝜙2
𝑗1 −𝜙11𝑐eq,1 −𝜙21𝑐eq,2 ⋯ −𝜙𝑃1𝑐eq,𝑃

−𝜙11𝑐eq,1 𝑐eq,1 0 ⋯ 0
−𝜙21𝑐eq,2 0 𝑐eq,2 ⋯ 0

⋮ ⋮ ⋮ ⋱ ⋮
−𝜙𝑃1𝑐eq,𝑃 0 0 ⋯ 𝑐eq,𝑃

⎤

⎥

⎥

⎥

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐂

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑞̇(𝑡)

𝑥̇1(𝑡)

𝑥̇2(𝑡)

⋮

𝑥̇𝑃 (𝑡)

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(13)

+

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝐾∗ +
∑𝑃

𝑗=1 𝑘eq,𝑗𝜙2
𝑗1 −𝜙11𝑘eq,1 −𝜙21𝑘eq,2 ⋯ −𝜙𝑃1𝑘eq,𝑃

−𝜙11𝑘eq,1 𝑘eq,1 0 ⋯ 0

−𝜙21𝑘eq,2 0 𝑘eq,2 ⋯ 0

⋮ ⋮ ⋮ ⋱ ⋮

−𝜙𝑃1𝑘eq,𝑃 0 0 ⋯ 𝑘eq,𝑃

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐊

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑞(𝑡)

𝑥1(𝑡)

𝑥2(𝑡)

⋮

𝑥𝑃 (𝑡)

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(14)

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝑝∗(𝑡)

0

0

⋮

0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(15)

where the subscripts 1 to 𝑃  represent the DOFs where a TLD is located 

and 𝐶∗ and 𝐾∗ are defined as in Eqs. (16) and (17).

𝐾∗ = 𝑀∗𝜔2
𝑛 (16)

𝐶∗ = 2𝜁𝑀∗𝜔𝑛 (17)

Previous studies have shown that distributing TLDs based on the 

mode shape can be as effective as standard approaches of locating all 

TLDs at the top of the structure [36,49].  In light of this, a prelim­

inary investigation was performed to establish a suitable distribution 

of MVDTLDs. Seven different distribution scenarios were considered 

in which the same number of TLDs, with the same properties, were 

distributed throughout the structure. The number of TLDs and their 

properties were kept constant to ensure the mass ratio was consistent 

across scenarios and that each TLD was tuned to the fundamental fre­

quency of the structure. The methods outlined in Section 2.3 were 

performed to calculate the median peak acceleration response of the 

structure in each distribution scenario with a basic wind speed, 𝑣𝑏0 of 

21 m/s which is the value recommended by Eurocode 1-1-4 and the 

British National Annex for a wind event with a return period of 50 

years. The building parameters used were those listed in Table 2 for 

the uninformed case and the TLD properties are those listed in rows 

3–8 of Table 1. For each distribution scenario, the peak acceleration re­

sponse to 100 wind time histories was calculated and the median value 

was calculated to account for aleatory uncertainty. The median peak 

acceleration for each distribution strategy was compared to that of the 

uncontrolled structure with no auxiliary damping and the percentage 

reduction in peak acceleration response was calculated. The percentage 

reduction in peak acceleration is presented in Fig. 3. It is observed that 

the maximum reduction occurs when MVDTLDs are distributed over the 

top third of the building. From this, it was concluded that a distribution 

of MVDTLDs over storeys within the top third of the structure was the 

best performing configuration. Therefore, this distribution configuration 

was considered for further analysis.

2.3 . Simulation of along-wind loads

Time histories of along-wind forces at each floor level are calculated 

as the sum of a mean and fluctuating component. The force, 𝑝(𝑧, 𝑡), which 
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Fig. 3. Reduction in peak acceleration response at the top storey under different 

distribution strategies.

varies with both time and height, is calculated as:

𝑝(𝑧, 𝑡) = 0.5𝐶𝐷𝜌𝐴𝑣𝑚(𝑧)
2 + 𝐶𝐷𝜌𝐴𝑣𝑚(𝑧)𝑢(𝑧, 𝑡) (18)

where 𝐶𝐷 is the drag coefficient, 𝜌 is the density of air, 𝐴 is the cross-

sectional area taken as storey height by building width, 𝑣𝑚(𝑧) is the mean 

wind speed at height 𝑧, 𝑢(𝑧, 𝑡) is the variable component of the wind 

speed at height 𝑧 and time 𝑡. The drag coefficient is calculated based on 

the approach presented for structures with rectangular cross sections in 

Eurocode 1991-1-4, which for the dimensions of the case study building 

here results in a value of 𝐶𝐷 = 1.  The mean wind speed at height 𝑧 is 

given by the logarithmic law applied in Eurocode 1991-1-4:

𝑣𝑚(𝑧) = 0.19
𝑧0
0.05

ln
(

𝑧
𝑧0

)

𝑣𝑏0 (19)

where the basic wind velocity, 𝑣𝑏0, is the 10 minute mean wind velocity 

at 10 m above ground level in open country and 𝑧0 is the roughness 

length, given as 1𝑚 for urban areas in Eurocode 1991-1-4.

A time history representing the variable component of the wind 

speed, 𝑢(𝑧, 𝑡), is generated using the methodology proposed by Wittig 

and Sinha to simulate a multi-correlated random process [50]. This pro­

cess involves first generating a vector of 𝑛𝑠 Gaussian complex numbers 

at each frequency, 𝜺(𝑓 ) = 𝝃 + 𝑖𝜼, such that 𝝃 and 𝜼 have a mean of zero 

and a variance of 0.5. This is then used to generate a frequency domain 

representation of the fluctuating wind speed at height 𝑧𝑖:

𝑈 (𝑧𝑖, 𝑓 ) =
𝑛𝑠
∑

𝑘=1
𝐺𝑖,𝑘(𝑓 )𝜀𝑘(𝑓 )

√

2𝑓𝑐𝑁 (20)

where 𝑓𝑐  is the Nyquist frequency (which is dictated by the time step, 

which is chosen as 0.03𝑠), 𝑁  is the total number of points to be simulated 

and 𝑛𝑠 is the number of storeys,  45 in this case. 𝐺𝑖,𝑘(𝑓 ) is the Cholesky 

decomposition of the cross power spectral density matrix at frequency 

𝑓  representing the random process to be synthesized, which in this case 

is the normalized Kaimal wind velocity spectrum presented in Eurocode 

1991-1-4. The diagonal terms of this matrix are defined as:

𝑆𝑣(𝑧𝑖, 𝑓 ) =
6.8 𝑓𝐿(𝑧𝑖)

𝑣(𝑧𝑖)

(1 + 10.2 𝑓𝐿(𝑧𝑖)
𝑣(𝑧𝑖)

)
5
3

(21)

where 𝑣(𝑧𝑖) is the mean wind speed at height 𝑧𝑖 calculated using Eq. (19) 

and 𝐿(𝑧𝑖) is the turbulence length scale at 𝑧𝑖 given as:

𝐿(𝑧𝑖) = max
(

300
𝑧𝑖
200

0.67+0.05𝑙𝑛(𝑧0)
, 34.7

)

(22)

Off-diagonal terms in the cross power spectral density matrix are 

calculated as:

𝑆𝑣(𝑧𝑖, 𝑧𝑗 , 𝑓 ) =
√

𝑆𝑣(𝑧𝑖, 𝑓 )𝑆𝑣(𝑧𝑗 , 𝑓 )𝑐𝑜ℎ(𝑧𝑖, 𝑧𝑗 , 𝑓 ) (23)

where the coherence function between 𝑧𝑖 and 𝑧𝑗  is defined as:

𝑐𝑜ℎ(𝑧𝑖, 𝑧𝑗 , 𝑓 ) = exp
(

−
2𝑓𝑐𝑧|𝑧𝑖 − 𝑧𝑗 |
𝑣𝑚(𝑧𝑖) + 𝑣𝑚(𝑧𝑗 )

)

(24)

where 𝑐𝑧 is the decay coefficient, taken as 11.5 as per Eurocode 1991-

1-4. Eqs. (21) and (23) are used to construct the cross power spectral 

density matrix, which in turn is used to obtain the 𝐺𝑖,𝑘(𝑓 ) term in 

Eq. (20). Once Eq. (20) has been evaluated for all frequencies, a discrete 

inverse Fourier transform can be performed to obtain a time history, 

𝑢(𝑧, 𝑡). An example of a generated time history and power spectral den­

sity at roof level for a basic wind velocity of 15𝑚∕𝑠 is presented in Fig. 4, 

where it can be appreciated that the frequency content of the generated 

wind speed matches the target spectrum.

The along-wind loading is calculated for a time period of ten minutes 

plus some time,  set equal to three decay constants for the structure in 

question, to accommodate removal of the transient response  to ensure 

statistical stationarity. The time-history of wind forces are applied to the 

model as 𝒑(𝑡) in Eq. (15) to calculate the wind-induced dynamic response 

of the structure. The Newmark Beta numerical integration method,  us­

ing the standard constant average acceleration approach with 𝛾 = 0.5
and 𝛽 = 0.25, is used to solve Eq. (15) for the acceleration, velocity and 

displacement response at each step of the wind loading time history. The 

transient response of the system can then be removed from the begin­

ning of each of the responses leaving a remaining 10-minute dynamic 

response.

2.4 . Model validation

The reduced-order modelling approach discussed above was vali­

dated using the CAARC building, which is widely used as a benchmark in 

wind engineering (e.g. [52–54]). This example building was originally 

selected by the Commonwealth Advisory Aeronautical Research Council 

(CAARC) of Australia in 1980 as a benchmark high-rise structure to be 

employed for studying wind-induced dynamic response [51]. The full-

scale building is a prismatic structure of height 183 m with a rectangular 

floor plan of dimensions breadth 30.5 m and depth 45.7 m. This building 

was employed here as the recorded wind speed data from Ten Degrees

is not sufficient for validation. Dynamic properties of the CAARC build­

ing, including first mode natural frequency of 0.2 Hz and damping of 

1%, used as model inputs were obtained from previous work by Smith 

and Caracoglia [43]. 100 different wind speed time histories were gen­

erated in accordance with the procedure described in Section 2.3 and 

applied to the modelled structure. The mean root mean square along-

wind acceleration response across these 100 analyses is compared with 

wind-tunnel-based experimental results reported from a series of aeroe­

lastic wind tunnel tests [51]. As can be seen in Fig. 5, results from the 

proposed reduced-order model closely replicate the benchmark results. 

Thus the modelling approach is deemed appropriate for further analysis, 

including the investigation of the impact of MVDTLDs.

2.5 . Consideration of aleatory and epistemic uncertainty

When modelling modular buildings, the modal properties, namely 

the natural frequency and damping ratio, are considered to be epistem­

ically uncertain; that is they are uncertain due to a lack of knowledge 

but the extent of this uncertainty can be reduced as more information 

becomes available. On the other hand the stochastic wind excitation is 

also uncertain, but in an aleatory sense as it arises from inherent ran­

domness in the turbulent wind field. This represents an irreducible form 

of uncertainty.
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Fig. 4. Example power spectral density and time history of generated variable wind speed for the top storey for a basic wind velocity of 15𝑚∕𝑠.

Fig. 5. Comparison of along wind RMS roof acceleration from aeroelastic wind 

tunnel [51] testing and numerical model for the CAARC building.

In light of this, two different sets of distributions are employed to 

represent the modal properties of the building. For the first distribution, 

termed the ‘uninformed case’, natural frequency and modal damping 

are assumed to be normally distributed with mean values taken from 

the closed form expressions given in Eurocode 1991-1-4 [44]; this cor­

responds to a mean fundamental frequency, 𝐹1, of 𝐻𝑒𝑖𝑔ℎ𝑡∕46 = 𝐻𝑧, 

and a mean damping value, 𝜁1 of 1.27%. The coefficients of variation 

(CoV) are assumed to be 25% and 50% respectively; this aligns with the 

recommended values proposed by Picozzi et al. based on comprehen­

sive analysis of various predictive models for the dynamic properties 

of tall buildings [55]. These distributions represent the knowledge of 

the structure during the initial stages of the design process, prior to 

construction and further information becoming available.

A second distribution, termed the ‘data-informed case’, is devel­

oped using modal properties identified from ambient acceleration data 

recorded from in-situ monitoring of Ten Degrees. The natural frequency 

and damping ratio of the building in the first mode were obtained 

through the application of  a Bayesian Fast Fourier Transform (BFFT) 

[56,57] Operational Modal Analysis (OMA) approach as discussed in 

[19]. The reader is referred to [19,21] for a full description of the struc­

tural form and design of Ten Degrees and analysis of the in-situ results. 

From this OMA approach, the mean natural frequency was identified as 

0.313𝐻𝑧, with a standard deviation of 0.0045 𝐻𝑧, which corresponds to 

a coefficient of variation of 1.5%. Similarly, the mean modal damping 

ratio was identified as 1.33% with a standard deviation of 0.12%, which 

corresponds to a coefficient of variation of 9.1%. It can be appreciated 

from the coefficients of variation and Fig. 11 that the extent of the epis­

temic uncertainty is substantially reduced in the data-informed case. 

This is particularly true for the natural frequency which can be identified 

with high precision from OMA. Consideration of both the ‘uninformed’ 

and ‘data-informed’ cases is important as the ability to assess the bene­

fit of auxiliary damping is dependent on the state of knowledge of the 

structure.

In the case of Ten Degrees, in-situ monitoring showed that FE models 

underestimated the natural frequency of the structure substantially [21]. 

This highlights the necessity for improved data-informed models that 

more accurately reflect the dynamic properties of modular buildings.

2.6 . Numerical simulation and effectiveness of multiple vertically 

distributed tuned liquid dampers

The  reduced-order model is used to perform simulations to investi­

gate the effectiveness of MVDTLDs in reducing the dynamic response of 

modular buildings where uncertainty surrounds the inherent dynamic 

properties.  In order to do this, analysis is performed for the structure 

with three different auxiliary damping strategies; namely a baseline case 

with no auxiliary damping, a conventional approach with TLDs located 

at roof level, and a case with MVDTLDs distributed over the top third of 

the building. Furthermore, analysis is performed considering represen­

tations of modal properties corresponding to the ‘uninformed case’ and 

the ‘data-informed case’. Thus, overall, six analysis cases are considered. 

This allows the impact of various auxiliary damping approaches on hab­

itability to be assessed given different levels of epistemic uncertainty as 

the design progresses.

As discussed, the building parameters and dynamic properties used 

in the data-informed surrogate model reflect those of Ten Degrees as 

detailed in Table 2.

3 . Development of fragility curves

A fragility analysis has been performed to further investigate the 

effectiveness of MVDTLDs in improving the reliability of high-rise 

modular buildings. Fragility curves have been widely used across wind 

and earthquake engineering to assess the probability of exceeding pre­

scribed limit states (for example by [40,58,59] amongst others). Fragility 

curves are a useful tool for relating the probability of exceeding pre­

scribed damage state thresholds to a chosen wind speed interval [43]. 

A nested loop approach is adopted to separately consider aleatory and 

epistemic uncertainty in the development of the fragility curves, as 

illustrated in Fig. 6 and discussed in the following sections.
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Fig. 6. Flow chart explaining the nested loop methodology followed in the development of the fragility curves.

Fig. 7. ISO 10,137 peak acceleration limits [9].

3.1 . Damage state definition

The acceleration thresholds chosen to construct the fragility curves 

are based on peak acceleration limits defined by the International 

Organisation for Standardisation (ISO). ISO 10,137 imposes serviceabil­

ity limits on peak acceleration for a 1 in 1 year wind event for both 

residential and commercial buildings. ISO 10,137 [9] limits for residen­

tial buildings are used as the damage state in this study and are presented 

in Fig. 7. These criteria are based on accelerations that are disruptive 

to approximately 2% of the people occupying the upper third of the 

building.

3.2 . Aleatory failure probability

As mentioned, aleatory and epistemic uncertainties are considered 

separately through a nested sampling approach in analysis, illustrated 

in Fig. 6, with aleatory uncertainty considered within the inner sam­

pling loop. For a given mean wind speed value, 𝑣𝑏0 and combination of 

fundamental frequency and damping, time history analysis is performed 

using 100 samples of variable wind time histories which are generated as 

described in Section 2.3. This sample approximates the aleatory uncer­

tainty present due to the stochastic wind excitation. The peak absolute 

acceleration response over 10 minutes is recorded for each sampled 

wind speed time history. A generalized extreme value distribution is 

fitted to this set of peak responses. This represents the aleatory proba­

bility density of peak acceleration for a given combination of frequency 

damping and mean wind speed, 𝑝(𝑥̈|𝑓1, 𝜁1, 𝑣𝑏0). Using this distribution, 

the conditional aleatory probability of exceeding the limit state defined 

by ISO 10137, 𝑃 (𝑥̈ > 𝑥̈𝐼𝑆𝑂|𝑓1, 𝜁1, 𝑣𝑏0), can be estimated through Eq. (25):

𝑃 (𝑥̈ > 𝑥̈𝐼𝑆𝑂|𝑓1, 𝜁1, 𝑣𝑏0) =

∞

∫
𝑥̈𝑖𝑠𝑜

𝑝(𝑥̈|𝑓1, 𝜁1, 𝑣𝑏0)d𝑥̈ (25)

where 𝑃  denotes a probability and 𝑝 is a probability density.

3.3 . Epistemic failure probability

Epistemic uncertainty is considered in the outer loop, where 100 

samples of fundamental frequency and damping are taken from the 

distribution under consideration, which is either the ‘uninformed’ or 
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Fig. 8. Example for a mean wind speed of 14.5𝑚∕𝑠 from the data-informed, no TLD scenario showing (a) the distribution of peak acceleration and calculated 

aleatory failure probability for a set fundamental frequency and damping combination and (b) the epistemic distribution of aleatory failure probabilities across 100 

combinations of fundamental frequency and damping.

‘data-informed’ case. The analysis to evaluate aleatory failure probabil­

ity is repeated for each of these samples. This gives a distribution of 

failure probabilities across the epistemically uncertain parameters.

These concepts are illustrated in Fig. 8 for a mean wind speed of 

14.5𝑚∕𝑠 for the ‘data-informed’ no TLD scenario. The left-hand subfig­

ure shows the result of the inner loop for a single example combination 

of fundamental frequency and damping. It shows the histogram (nor­

malized to a unit area) of peak acceleration obtained from analysis of 

100 variable wind speed time histories, the fitted generalized extreme 

value distribution and calculation of aleatory failure probability through 

Eq. (25). The right-hand subfigure displays the result of the outer loop; 

which is a histogram of these aleatory failure probabilities across 100 

different combinations of fundamental frequency and damping (i.e. ob­

tained by repeating the analysis in the left-hand subfigure 100 times). 

This shows the epistemic distribution of aleatory failure probabilities for 

the given wind speed and analysis case.

3.4 . Development of fragility curves

The analysis presented in Fig. 8 gives a distribution of aleatory failure 

probabilities, 𝑃 (𝑥̈ > 𝑥̈𝐼𝑆𝑂|𝑣𝑏0)) for a given mean wind speed. A fragility 

curve can then be developed by considering the variation in aleatory 

failure probability across a range of mean wind speed values. Other stud­

ies that explicitly consider both aleatory and epistemic uncertainty in 

fragility analysis have done this by combining these two forms of uncer­

tainty prior to fitting the fragility curve for example through approaches 

based on the square root of sums squares or the total probability theorem 

(e.g. [60,61]). However, while this approach is common in earthquake 

engineering in particular, the logical consistency and validity of com­

bining epistemic and aleatory uncertainties is sometimes questioned in 

literature (e.g. [62–65]). In light of this, in this study a set of fragility 

curves are fitted to the aleatory failure probabilities through a quantile 

regression without combining aleatory and epistemic probabilities. In 

this process it is assumed that the fragility curve at each quantile can be 

represented by a cumulative lognormal distribution, as is typically as­

sumed in fragility analysis. This idea is illustrated in Fig. 9, which shows 

an example of the set of fragility curves being constructed for the data-

informed MVDTLD case. From the figure it can firstly be appreciated 

how the fragility curves are developed from a set of epistemic distri­

butions of failure probabilities at a series of mean wind speeds, similar 

to the one shown in right-hand subfigure in Fig. 8. Additionally, it can 

also be appreciated how the fragility curves from quantile regression 

can be used to represent the spread of epistemic uncertainty in the fail­

ure probability; with fitted fragility curves representing the median (i.e. 

Fig. 9. Example showing the epistemic uncertainty associated with 𝑃 (𝑓𝑎𝑖𝑙|𝑣𝑏0)
and the median, quartiles, 5th and 95th percentile fragility curves for the data-

informed MVDTLD case.

50th percentile), quartiles (i.e. 25th and 75th percentiles), and 5th and 

95th percentiles all shown. Presenting the fragility curves in this way 

allows the epistemic uncertainty in the aleatory failure probability to be 

examined, providing further insight into the contributions of different 

uncertainties to the overall failure probability.

4 . Results

The calculated fragility curves for the six cases considered (un­

informed and data-informed, with no TLD, a TLD at roof level and 

MVDTLDs) are shown in Fig. 10. The median fragility curve, the fragility 

curves representing the inter-quartile range (i.e., the 25th and 75th 

percentiles) and the fragility curves representing the 90th percentile 

interval (i.e. the 5th and 95th percentiles) are presented for each case. 

It can be instantly appreciated from the much smaller inter-quartile 

range that the epistemic uncertainty is greatly reduced for the three 

data-informed cases. This is as expected given the substantial reduction 

in the coefficients of variation of fundamental frequency and damping.

Fig. 11 presents the median fragility curves from each of the six cases 

on one plot for ease of comparison. Firstly, at a high level, the median 

fragility curves are broadly similar; all suggest that the acceleration will 

exceed habitability requirements for a mean wind speed somewhere 

between 14𝑚∕𝑠 and 18𝑚∕𝑠, irrespective of the epistemic uncertainty 

or auxiliary damping strategy employed. However, the two right-most 

fragility curves, and therefore the scenarios with the lowest probability 

of failure, are the two scenarios where MVDTLDs are employed. These 

are followed by the case where a single TLD is placed at roof level for the 
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Fig. 10. Fragility curves showing probability of peak acceleration exceeding the ISO 10,137 habitability limits for the six cases considered.

Fig. 11. Median fragility curves from the 6 cases considered.

‘data-informed’ representation of epistemic uncertainty. The curves for 

the ‘data-informed’ case with no auxiliary damping and the ‘uninformed’ 

case with a TLD at roof level are very similar to the extent that they 

are almost indistinguishable. Finally, the left-most curve is the ‘unin­

formed’ case with no TLD. In some respects these results are as expected; 

predictably, the addition of auxiliary damping moves the curves to the 

right, showing that auxiliary damping devices increase the wind speed at 

which the limit state will be exceeded. However, the fact that the curves 

for the MVDTLDs are the two right-most curves is a less predictable re­

sult. This suggests that the MVDTLD approach is more effective than 

the conventional placement of an equivalent TLD system with the same 

overall mass ratio at the roof. Furthermore, the fact that the MVDTLD 

curve for the ‘uninformed’ case is further right than the ‘data-informed’ 

TLD curve suggests that MVDTLDs represent an effective way to control 

performance in the presence of substantial epistemic uncertainty.

Fig. 12. 95th percentile fragility curves.

The idea that MVDTLDs are an effective mitigation strategy under un­

certainty is reinforced by examining the 95th percentile fragility curves, 

which are compared for each of the six cases on one plot in Fig. 12. These 

95th percentile curves can be informally considered as a representation 

of the ‘reasonable worst case scenario’ for a given level of epistemic un­

certainty. As with the median curves, some of the trends observed here 

are to be expected. Firstly, the ‘data-informed’ curves are much further 

right than the ‘uninformed’ curves. This is a result of the reduced epis­

temic uncertainty greatly reducing the possibility of poorly performing 

low-damping low-frequency combinations. Secondly, the curves with 

auxiliary damping are predictably further right than the comparable 

curves with no TLDs, again demonstrating the well-known fact that 

auxiliary damping is beneficial. However, less-predictably, again the 

MVDTLD curves are further right than the comparable conventional TLD 

curves. This shows that for the example case considered the MVDTLDs 
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offer better mitigation against excessive acceleration than conventional 

TLDs at roof level. Additionally, the shift to the right offered by the 

MVDTLD in the uninformed case is particularly pronounced. The results 

suggest that for the case with no auxiliary damping, failure is possi­

ble at mean basic wind speeds as low as 10𝑚∕𝑠. However, MVDTLDs 

almost eliminate the possibility of failure at mean wind speeds below 

12𝑚∕𝑠. Therefore, it can be concluded that for the considered structure, 

MVDTLDs offer the most benefit at the critical tail of the epistemic dis­

tribution and are most effective at preventing failure at lower, more 

frequently occurring, mean wind speeds.

Whilst the analysis performed within this paper considers one 

case study building alone, in a wider context the results suggest that 

MVDTLDs have the potential to out-perform conventional TLDs, particu­

larly at the critical tail of the distribution of epistemic uncertainty. This is 

an especially relevant finding for volumetric modular buildings for two 

primary reasons. Firstly, the repetitive nature of the fabrication process 

makes an MVDTLD strategy more realistic and feasible than in conven­

tional construction. Secondly, the novel nature of modular construction 

and the very limited number of field studies on tall modular structures 

result in an inherently high level of epistemic uncertainty associated 

with their modal properties, meaning a design solution that offers im­

proved performance under uncertainty is attractive. However, having 

said this, care should be taken when extrapolating the conclusions be­

yond the case study scenario considered and further work considering a 

much wider range of archetype structures is needed to generalize these 

conclusions. There is also a need to consider the limitations of the cur­

rent study, which are primarily related to the simplifying assumptions 

made in the development of the reduced-order model. These include 

neglecting higher modes of vibration, neglecting non-linear effects of 

liquid sloshing in the TLDs through the equivalent TMD assumption, 

and the restriction of analysis to along wind response. These assump­

tions facilitate computational efficiency and allow for a large number of 

analyses to be performed to assess the impact of uncertainty. However, 

there is a need to investigate the impact of these assumptions on the key 

conclusions.

5 . Conclusions

A set of fragility curves capturing epistemic uncertainty in modal 

properties has been used to explore the improvement in the reliability 

of high-rise modular buildings with uncertain inherent dynamic prop­

erties where MVDTLDs are employed. The reliability is assessed with 

respect to serviceability limits related to occupant comfort set out by 

ISO 10,137. A reduced-order model was created using structural prop­

erties of one of Europe’s tallest modular buildings, Ten Degrees. Analysis 

is performed for six different cases, considering no auxiliary damping, 

TLDs at roof level and MVDTLDs for two different levels of epistemic 

uncertainty; an ‘uninformed’ case representing the state of knowledge 

prior to monitoring and modal identification and a ‘data-informed’ case 

using modal properties obtained from operational modal analysis.

The fragility curves demonstrate the effectiveness of MVDTLDs 

in controlling the dynamic response of the modular building  under 

consideration.  In all cases, the performance of MVDTLDs was superior to 

the conventional strategy of locating TLDs at roof level only. The biggest 

performance benefit of MVDTLDs was observed for the 95th percentile 

fragility curve, suggesting they offer the most benefit at the critical tail of 

the epistemic distribution. Therefore, overall, the results presented sug­

gest that the reliability of modular buildings can be improved through 

addition of MVDTLDs  and that MVDTLDs may be a particularly attrac­

tive auxiliary damping strategy for modular buildings if the decision to 

employ auxiliary damping is required prior to the availability of data to 

reduce epistemic uncertainty.
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