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Abstract

The lateral stability of a stack of modular units can be made wind and seismic safe in its own
right without requiring heavy inter-modular connections nor bracing by any lateral resisting
elements such as structural walls constructed in the conventional manner. Whilst the
construction time is shortened considerably, lateral stability is achieved through rocking
isolation with tendon restraints. Computer simulations and analytical modelling of the response
behaviour of this innovative form of construction have been developed, and validated
experimentally by the authors on the shaking table. These recently developed analytical
techniques were employed for the trial design of fully modular buildings to determine the
savings of materials across different height ranges as presented in the paper.
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1. Introduction

Modular construction has gained significant attention in the building industry due to the
potential in reducing construction time while maintaining the quality and precision (Lawson et
al., 2012; Lacey et al., 2018). Designing these modular buildings to withstand intense seismic
and wind actions creates unique challenges, especially without lateral support systems. The
stability of the building entirely relies on the intermodular connections. Thus, the structure can
lead to substantial failures and damages due to the brittle nature of the bolted connections (Liu
et al. 2015; Chen et al. 2017). Traditional approaches for enhancing seismic performance in
modular buildings include cast in-situ structural walls, precast reinforces concrete walls, or
innovative inter-modular connections with improved ductility (Wang et al. 2020; Sendanayake
et al. 2019). However, these solutions may not be suitable for regions with high seismic
hazards due to the high straining levels that can occur in extreme earthquake events.

Base isolation is a well-established technique for reducing internal force demands on structural
elements and improving seismic performance of a building in high seismic hazards. However,
conventional implementation can be costly and presents specific challenges for tall buildings
and the buildings constructed on flexible soil sites (Almansa et al., 2020). This paper is
concerned with rocking isolation of a building with tendon restraints, which offers a potentially
more cost-effective solution for modular buildings. Rocking isolation allows the building to
rotate about a pivot at the base of the building during seismic events, storing energy through
the lifting of the centre of gravity of the building and thereby reducing force demands on
structural elements (Makris, 2019). Tendon restraints ensure the building remain fixed base
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under wind pressure and control rotational demands during rocking motion, making the system
resilient under both wind and seismic actions (Li et al., 2022; Li et al., 2025).

While previous studies have demonstrated the technical feasibility of this approach through
experimental validation and proof-of-concept demonstrations, a critical knowledge gap
remains: no systematic quantification of materials saving has been undertaken across different
building configurations and environmental conditions. This study addresses this gap by
providing the first comprehensive assessment of construction materials saving through tendon
restrained rocking isolation across different building height ranges.

2. Methodology

This study considers a modular building in which lateral resistance is provided entirely through
a rocking isolation mechanism with tendon restraints. The system allows the building to uplift
and rotate at the base under seismic loading, thereby reducing the lateral force demand
transmitted to the superstructure. The vertical prestressing tendons provide restoring force to
control the rocking mechanism and ensure fixed-base behaviour under severe wind loading.
This controlled rocking motion enables the structure to achieve both seismic resilience and
material efficiency without relying on conventional shear walls or braced frames. A
representative building model is illustrated in Figure 1, showing the overall configuration and
lateral resisting mechanism. The representative building model corresponds to the 84 m tall
building (28 storeys) with a 14 m x 30 m floor plan, which is within the optimal height range
identified in this study.

14m

Building

/

84m N Tendons

Figure 1: Representative tendon restrained rocking isolated building model (28 storey, 84 m height, 14
m x 30 m plan)

The assessment of material savings was conducted through analysis of representative building
models capturing the essential characteristics of fully modular buildings designed for rocking
isolation. Building models with uniform floor plans and no prominent asymmetric features were
analysed to ensure torsionally balanced behaviour. The study investigated buildings ranging
in height from 48m to 165m (approximately 16-55 storeys). A typical building configuration of
14m x 30m floor plan was employed for the initial parametric study. The tendon prestressing
system was designed to ensure fixed-base conditions under design wind actions while
maintaining controlled rocking motion during seismic events. For example, an 18-storey
building (54m height, seismic mass 8,410 tonnes) required a nominal prestress of 0.1G (8 MN),
achieved using 5 tendons each with 55 strands of 15.7mm diameter ultra-high strength steel
(1860 MPa yield stress).

The limiting base shear (V,) and overturning moment (M,) of tendon-restrained rocking
isolated buildings at the instance of base separation were calculated using recently developed
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and validated equations (Lam et al., 2025; Jayaweerarathne et al., 2024). These expressions
account for both triangular and uniform distributions of inertial forces up the building height.

For triangular distribution of forces,
Vp = 1.903m*U, (1)
M, ~ 1.27w3m*U,H (2)
For uniform distribution of forces,
Vy = 2.70im* U, 3)
M, ~ 1.35wim*U,H (4)
where, w, is the fundamental angular velocity, m* is the generalised seismic mass, U, is the

threshold displacement at the roof which can be calculated using Eq. 5 — 6 considering the
rigid and flexible building behaviour, and H is the total height of the building.
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where, m., B, F,, g represents the mass of the building, half width of the building, tendon force
at the threshold and gravitational acceleration respectively. 6,, represents the rotation of the
building at the threshold.

Dynamic analysis was conducted using site-specific ground motions corresponding to a 1500-
year return period in site class De, employing six accelerograms distributed across three
reference natural periods (0.2s, 0.5s, and 1.0s). The calculated forces and moments for
rocking isolated buildings were systematically compared with those of conventional fixed-base
buildings obtained through OpenSees software analysis. For conventional fixed-base building
models, each model was developed with beam-column elements to capture the flexural
behaviour, while floor masses were assigned at each storey level. The base of the model was
fully restrained to replicate the fixed-base condition and the same set of accelerograms were
used for the nonlinear time history analyses. Material savings were then quantified through
code-compliant structural design (AS4100, 2020) for both building types, focusing on critical
elements including column sections and inter-modular connections.

3. Results

Table 1 presents the results of maximum base shear and moment from dynamic analyses for
buildings in a region with basic wind speed of 57 m/s (Wind Region B). The results demonstrate
significant reductions in both shear forces and moments through rocking isolation across the
investigated height range.
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Table 1: Base shear and moment reduction of rocking isolated building models with different height

Maximum forces and moments
Rocking isolated Conventional | Base Shear Base
Height | Aspect buildings with fixed-base Reduction | Moment

(m) Ratio tendon restraints buildings (%) Reduction

Vb M Vb Mo (%)

(MN) (MNm) | (MN) | (MNm)

48 3.4 26 614 31 902 16 32
54 3.9 25 686 37 1271 32 46
63 4.5 26 802 49 2162 47 63
72 5.1 26 917 69 3569 62 74
75 5.4 25 951 66 3511 62 73
84 6.0 25 1066 78 4979 68 79
96 6.9 26 1226 50 3410 48 64
105 7.5 25 1333 32 2324 22 43
126 9.0 25 1599 35 2527 29 37
135 9.6 25 1714 38 2922 34 41
141 10.1 26 1850 36 2391 28 23
150 10.7 29 2143 39 2691 26 20
156 11.1 30 2359 49 2418 38 2
165 11.8 33 2695 45 2832 27 5

The reduction of base shear and moments of tendon restrained rocking isolated buildings
compared to conventional fixed-base buildings are shown in Figure 2.

90%
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m Mb
m\Vb

48 54 63 72 75 84 96 105 126 135 141 150 156 165
Height of Building (m)

Figure 2: Reduction percentage of base shear and moment

The analysis reveals optimal performance in the 63m-96m height range, where reductions
exceeding 50% are consistently achieved for both base shear and moment. Peak performance
occurs at 84m height, yielding 79% base moment reduction (from 4979 MNm to 1066 MNm)
and 68% base shear reduction (from 78 MN to 25 MN). For buildings below 63m, the modest
building mass limits the stabilising action, resulting in lower savings. Conversely, for buildings
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exceeding 96m, the increasing dominance of wind actions reduces the effectiveness of rocking
isolation.

The force and moment reductions translate directly into material savings through code-
compliant structural design. Table 2 compares the required column sections and the number
of bolts required for inter-modular connections for both rocking isolated and conventional fixed-

base buildings in the optimal height range at representative storey levels.

Table 2: Reduction in required materials for critical structural elements

Height Design Column Sections Clsllausr:n RequiBrZIrLents Bolt _
(m) Storey Reduction | Rockin Reducti
Level Rocking Fixed (%) g Fixed | on (%)
SHS SHS 1024
63 15 200%200 300%x300x% 43 5,120 0 50
x16mm 16 mm
SHS SHS
72 24 150%150%8 | 200x200x% 52 1,280 | 3,200 60
mm 12.5 mm
SHS SHS
75 24 150x150x8 | 200x200x1 60 1920 5260 67
mm 6mm
SHS SHS 12.80
84 24 200%200%1 | 350x350x% 66 3,840 0 70
0 mm 16 mm
SHS SHS 12.80
96 24 250%250%1 | 350x350x% 46 5,760 0 55
2.5 mm 16 mm

In the optimal height range (63m-96m), material savings of 43-66% are achieved for column
mass and 50-70% for reduction in bolt quantities required for inter-modular connections. The
84m tall building demonstrates peak performance with 66% column mass reduction and 70%
bolt reduction, directly correlating with the maximum force and moment reductions observed.

4. Discussion

This study provides the first systematic quantification of construction material savings through
tendon-restrained rocking isolation across a comprehensive range of building heights in fully
modular construction. The parametric analysis demonstrates that this innovative seismic
protection strategy enables substantial reductions in structural requirements, with optimal
performance achieved in buildings between 63m and 96m in height.

The key findings reveal that base shear and moment reductions of 50-80% are consistently
achievable within the optimal height range, with peak performance at 84m height yielding 79%
moment reduction and 68% shear reduction. These force reductions translate directly into
significant material savings: 43-66% reduction in column mass and 50-70% reduction in inter-
modular connection bolt requirements. The 84m tall building exemplifies the system's
efficiency, requiring only SHS 200x200x10mm columns compared to SHS 350x350x16mm
for conventional fixed-base design, and 3,840 bolts instead of 12,800 at the 24th storey level.

Beyond the optimal height range, effectiveness diminishes due to insufficient stabilising mass
in shorter buildings (below 63m) and increasing wind dominance in taller buildings (above
96m). Additional parametric studies by varying the width of the building revealed that building
slenderness significantly influences system performance, with higher aspect ratios yielding
greater material savings, establishing geometric optimization as a critical design consideration.
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Moreover, the effect of wind intensity towards the materials saving was found to be insensitive
in this optimal height range.

The technology represents a paradigm shift from conventional seismic design approaches,
offering both substantial material savings and enhanced seismic resilience through controlled
rocking motion. The inter-storey drift performance was evaluated (maximum 0.65% for all
building models compared to 1.5% code limit) and it ensures the protection of both structural
and non-structural elements. For fully modular buildings in the identified optimal configuration
range, tendon-restrained rocking isolation provides a technically viable and economically
attractive alternative that addresses the dual challenges of seismic safety and construction
efficiency.
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