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Abstract 
Rail induced ground-borne vibration, which often causes structure-borne noise, adversely impacts on human 

wellbeing and building serviceability. As current architectural trends are to adopt complex lightweight 

structures, centered on stronger, more lightly damped materials, a general rise in building vibration 

responsiveness should be expected. In limiting the impact of rail induced ground-borne vibration, 

countermeasures may turn out to be highly complex, incurring significant additional costs. Given that the 

vibration propagation is affected by the structural design, structural elements can be tuned to control, to 

some extent, the transfer of vibration. To assess the contribution, in terms of ground-borne noise reduction, 

of critical substructural elements, sensitivity analysis has been carried out via 3d numerical modelling. The 

study investigates the benefits of tuning the raft foundation, the secant wall and basement/ground floor slabs 

(i.e. unisolated slabs). 

1 Introduction 

Vibration generated by the track-train interaction, if not adequately mitigated, has the potential to be 

transmitted through the ground to adjacent buildings, setting floorplates and walls in to a vibratory motion. 

More often than not, this causes plate-like structural elements to radiate noise into sensitive spaces, giving 

rise to general annoyance, discomfort, potential sleep disturbance and interference with specific activities, 

including the operation of vibration sensitive devices.  

With the densification of urban spaces, the tendency is for deeper basements, occasionally bringing 

buildings closer to underground rail tunnels. In addition, modern construction tends to rely on complex 

lightweight structures centered on stronger, more lightly damped, materials (e.g. pre-stressed concrete and 

steel frames, with fewer joints) raising the building’s responsiveness. 

Depending on the characteristics of the impinging vibration, countermeasures may turn out to be highly 

complex, often incurring significant additional costs to the development, not only financially, but also in 

terms of design impact, constructability and maintenance. As vibration propagation, and the manner in 

which it manifests itself, is affected by the structural design (including materials and geometry) [1], 

structural elements can be tuned to reduce the transfer of vibration. Tuning structural components, such as 

thickening the raft foundation, have been suggested (via industrial studies) in assisting mitigation strategies.  

To assess the scope of potential countermeasures, mainly through the tuning of structural elements, this 

paper presents a theoretical study that centers on a contemporary lightweight structural building design. A 

sensitivity analysis is then carried out to evaluate potential rail-induced ground-borne noise isolation 

benefits as a function of structural tuning. 

After evaluating the ground-borne noise isolation benefits when employing the conventional “Base-

isolation” strategy, this study will go on to investigate the benefits of tuning a set of substructural elements, 
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as measured by the reduction in ground-borne noise throughout the building. The substructural elements 

under investigation are the raft foundation, the basement slabs and the secant wall. 

2 General Mitigation Strategies 

2.1 Base-isolation 

Rail-induced ground-borne vibration, and subsequently radiated noise, can be mitigated by disrupting the 

vibration path. An effective way of controlling incoming vibration is to employ the “Base-isolation” 

concept, isolating the entire building at its foundations (or part of the building at a designated point). 

The principle of Base-isolation is to decouple, using isolation units, the superstructure from the substructure 

resting on the ground which is affected by vibration, thus breaking the vibration path. Isolation units (e.g. 

helical springs or elastomeric bearings) are basic elements of the isolation system that enables the 

mechanical decoupling. Whether the building should be isolated using helical springs or elastomeric 

bearings depends on the degree of isolation required, which is given in terms of frequency and magnitude 

requirements. When considering buildings, spring systems can naturally isolate down to 3 Hz, whilst 

elastomeric bearing will typically only go down to 6 Hz (although, there are bearing manufactures that have 

managed to bring the isolation frequency down to 3.5 Hz).  

The Base-isolation performance is dependent on the natural frequency of the isolation unit (which is a 

function of exerted load and stiffness), the damping of the isolation unit, number of isolation units (and how 

they’re mounted, either in parallel or series, which will impact differently) and the mechanical properties of 

the ground structure in which the building is implanted [1]. 

The drawback with Base-isolation is that it impacts on the building’s firmness making it vulnerable mainly 

to lateral motions; such effects will need to be counteracted through additional means, raising complexity 

to the structural design. As a rule of thumb: lowering the isolation frequency will raise the complexity of 

the required countermeasures. 

According to isolation unit manufactures and suppliers, spring systems, although more effective, require 

higher level of maintenance as oppose to elastomeric bearings. Additionally, with elastomeric bearings, a 

higher degree of control over the lateral movement can be achieved. Therefore, from a structural engineering 

point of view, the preferable option, if the isolation requirement allows, tends to be elastomeric bearings. 

2.2 Structural Tuning 

As vibration flows from one medium to another a change in vibration magnitude (and/or phase) will occur 

as the incoming signal becomes modified by either the boundary and/or the different characteristics of the 

consecutive intervening medium (e.g. density), causing a rise or decay in vibration levels as a function of 

frequency [2]. When considering buildings, the structural elements, such as beams, columns and slabs, make 

up the media through which vibration travels. Generally, the greater the impedance mismatch between both 

coupled structures, the greater the loss in vibration levels when transferring from one structural element to 

another. In some cases, depending on the relationship between both intervening structural elements, a 

significant portion of vibration energy will fail to transfer due to reflections at the boundaries of both 

intervening structures. This feature can be exploited by thickening the raft foundation – more mass, more 

reflections will be expected. Another aspect that impacts on the vibration transfer is the mechanical joints 

coupling structure elements, such as bolts, rivets and welds; however, mechanical joints are outside the 

scope of this study. 

In line with the above, isolation can be achieved by tuning key parameters of the influential structural 

elements. The “structural tuning” method can also be used to complement the Base-isolation mitigation 

scheme. It has the potential to lower the Base-isolation requirements (subsequently raising the natural 
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frequency of the isolation units), hence lowering the degree of complexity that the structural design will 

have to address. 

Within the substructure there may be some structural components that have a higher influence on the 

building’s response than others. However, their degree of influence is linked to extraneous conditions such 

as ground composition and building design [1]. As this study only examines a specific building arrangement 

planted onto a soft ground, conclusions should not be generalized without caution. 

To carry out the study, a numerical model has been used, which is presented in the section below. 

3 Numerical Model 

When considering Base-isolation, the ground, which acts as a spring in line with its mechanical properties 

(e.g. stiffness), needs to be considered [3]. Because of the ground’s elasticity, the isolated building can no 

longer be considered as a mass on a spring attached to a fixed frame. Therefore, simple dynamic models 

cannot be used.  

Although numerical models have proved to be a highly efficient tool for studying rail-induced vibration 

phenomena, their accuracy, in terms of absolute levels, are somewhat questionable due to the difficulty in 

acquiring accurate actual data concerning the properties of the components of the model [4]. However, due 

to their geometrical flexibility when representing complex structures, numerical models are justified when 

predicting the insertion loss (i.e. relative changes) offered by a mitigation scheme of a complex. 

Additionally, as demonstrated in reference [5], the ground in which the building lays is required to be 

included in the model as it will bring the evaluated response closer to the actual response of the building. 

Given the size of the domain being modelled, FINDWAVE® [6], a finite-difference time-domain method 

(FDTD), offers a way of computing the generation, propagation and reception of vibration for establishing 

relative changes to rail-induced noise and vibration levels [7]. Structure-borne noise is then evaluated by 

employing an empirical formulation, commonly referred to as the Kurzweil formula [8], which converts the 

vibration levels measured (or predicted) at the room floor into a sound level. 

4 Scenario Being Examined 

The building is an 9-storey, steel frame structure, built off a concrete substructure, with four basement levels. 

The substructure, which is 30m long and 20m wide, is approximately 20m deep. 

The ground in which the building sits consists of an upper layer formed of approximately 2m of made 

ground, 3.5m Alluvium (silts) layer and 2.5m Gravels (terrace) layer above London clay. 

4.1 Substructure 

The substructure (see Figure 1) is formed by a secant pile wall (pile diameters are approximately 900mm) 

lined with a 250mm reinforced concrete wall. Male piles extend downwards beyond the raft foundation by 

circa 8m. The embedded retaining wall (the secant walls) are supported by five levels of 200mm thick 

reinforced concrete slabs. A 1.2m deep reinforced concrete raft slab is provided at Basement 4 to support 

the vertical loads of the whole building and to prop the base of the wall. 
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Figure 1: Substructure of the specimen building 

The closest railway tunnel runs parallel to the secant wall, approximately 7m from the nearest edge of the 

raft foundation. There are twelve internal reinforced concrete columns located directly beneath the main 

columns of the superstructure. These columns are approximately 650mm square. 

4.2 Superstructure 

The superstructure (see Figure 2) is supported on a regular grid of closely spaced steel columns positioned 

within the middle third of the building. The 16 steel columns continue through the basement as reinforced 

concrete columns. 

A 150mm thick concrete slab (see Figure 3) is provided throughout the superstructure floors. The slab acts 

compositely with MD60 trapezoidal decking. The floor slabs span circa 3.3m in the north-south direction 

between steel floor beams, and approximately 4.5m in the east west direction. Primary floor beams are 

typically 300mm deep internally and 350mm deep on the perimeter. The typical maximum depth of the 

internal steel floor beams is 300mm. The beams are positioned so that the top flanges are at the same level 

as the top of the slab. 
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Figure 2: Substructure of the specimen building 

(left: view from the south-west; right: view from the north) 

  

Figure 3: First floor level slab (same throughout the entire superstructure) 

(left: representation of the slab and beams arrangement; right: FDTD discretization)   

5 Assessment 

As shown in Figure 4, the rail induced vibration levels are unevenly distributed across the floorplate, which 

is commonly taken to be the main radiating surface throughout the superstructure. As expected the floorplate 

expresses lower vibration levels around areas close to its supporting beams. Note that vibration velocity 

levels in Figure 4 have been A-weighted so as to conform to the Kurzweil formulation, enabling a direct 

comparison to the expected sound pressure level experienced throughout the floorplate. 
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Figure 4: Evaluated rail induced vibration at the floorplate of the first floor level  

(normalized A-weighted vibration velocity levels) 

5.1 Base-isolation 

In contrasting the Base-isolation requirements, as given by the natural frequency of the isolation system, 

with the isolation performance, as measured by the evaluated A-weighted ground-borne noise level, a set of 

rail induced ground-borne noise evaluations using a range of Base-isolation frequencies have been carried 

out. Figure 5 reveals how ineffective a 10 Hz bearing is for this specific scenario (i.e. ground characteristics 

and building design), reducing the vibration transfer into the superstructure by circa 4 dB around the 

frequencies of interest.  

Note that the isolation performance given herein cannot be generalized. As demonstrated in references [9] 

the isolation effectiveness is a function of the ground conditions, meaning that this same configuration under 

a different set of ground conditions could achieve a much higher isolation performance. 

 

Figure 5: Relative change in vibration levels as a function of isolation system  

measured at a specific point on the floorplate of first floor level 
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Figure 6 maps out the ground-borne noise isolation benefits, in terms of LAmax,s (as given by the Kurtzweil 

formulation), for a set of Base-isolation frequencies. The noise levels, in dB(A), have been normalized to 

the noise response of the unisolated building; positive values represent the A-weighted evaluated noise 

reduction for a given Base-isolation frequency. The LAmax,s values, which are then used for assessing the 

relative ground-borne noise reduction, are computed by averaging a set of evaluated LAmax,s values across 

the floorplate. As seen by the missing blue bars, not all isolation frequency points were evaluated. As 

illustrated by the green curve in Figure 6 (which has been sketched to characterise a plausible regression 

curve), modelling results suggest a slight deviation from a linear relation between isolation frequency, in 

Hz, and isolation performance, in dB. This, to a degree, enables interpolating the isolation performance 

when approximating the optimal bearing isolation frequency.  

 

Figure 6: Normalized noise isolation benefits as a function of Base-isolation frequency (blue bar: 

evaluated through modelling; green curve: sketched arc depicting a representative regression curve) 

Whenever the isolation frequency is required to go below 6 Hz, the mitigation strategy tends to employ 

helical springs; however, if the preference is for elastomeric bearings (which may arise due to maintenance 

and constructability requirements), the design might consider tuning structural elements so as to increase 

the required isolation frequency. 

5.2 Structural Tuning 

By thickening the raft foundation, a change in vibration transfer is expected. To evaluate the benefits of 

thickening the raft foundation, three observation points were chosen: basement level -2 (unisolated 

substructure); ground floor level (unisolated substructure); and first floor level (6 Hz isolated 

superstructure). Figure 7 shows the isolation benefits at each of the locations being assessed. For the ground 

floor and first floor level there is a diminishing return on isolation benefit, suggesting that there is an 

optimum raft thickness: 2.5m for first floor level and 3m for the ground floor. At the basement, given the 

base configuration, there seems to be an ever-increasing benefit in thickening the raft foundation (at least 

up to 4m thick). 
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Figure 7: Contrasting the impact on ground-borne noise reduction at three areas  

of the building as a function of raft foundation thickness 

Assuming the substructure is somewhat behaving as a lattice structure (as given by the columns-slabs 

arrangement), this study goes on to assess the isolation benefits of stiffening the lattice structure via 

thickening the substructure slabs (i.e. basement and ground floor slabs). This is believed to limit the 

vibratory motion of the substructure as a whole, limiting the freedom of movement. The sensitivity 

analysis evaluating the benefits in changing the substructure slab thickness, from 200mm to 400mm in 

steps of 100mm, fixes the raft foundation at 1.2m. Figure 8 reveals some isolation benefits, especially at 

ground level where the ground-borne noise falls by as much as 7 dB if the basement slabs are to increase 

from 200mm to 400mm. Another aspect worth noting is that the benefit of thickening the baseman slabs 

are not consistent throughout every floor level. 

 

Figure 8: Evaluating the changes in ground-borne noise as a function  

of substructure slab thickness 
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Fixing the raft foundation thickness at 2.5m and the basement slab thickness at 400mm, this study goes on 

to investigate whether there are further ground-borne noise isolation benefits by thickening the secant wall 

from 1.25m to 1.75m. Figure 9 reveals a slight ground-borne noise reduction as a result of thickening the 

secant wall. This suggests that, under these selected circumstances, and considering practical structural 

adjustments, the reduction in ground-borne-noise through the substructure tuning process is reaching its 

limit. However, it is possible that higher ground-borne noise isolation benefits could be achieved if the 

sensitivity analysis employed, for its fixed conditions, a 200mm slab thickness throughout its substructure.  

 

Figure 9: Evaluating the changes to ground-borne noise as a function  

of secant wall thickness: from 1.25m to 1.75m.  

6 Conclusion 

A representative contemporary lightweight structural building design has been used to assess the 

contribution of critical substructure elements to the dynamic response of the building, as measured by the 

A-weighted rail-induced ground-borne noise across relevant parts of the building.  

The Base-isolation preliminary study demonstrated that not all scenarios (i.e. combination of ground 

properties and building design) respond effectively to high frequency Base-isolation (e.g. >10 Hz); hence it 

follows that structural tuning could be employed to relax the Base-isolation requirements. 

The study confirmed that a share of ground-borne noise levels can be reduced via tuning specific 

substructure elements. For the selected scenario, a 9-storey steel frame structure built off a four-basement 

levels concrete substructure sitting in London clay, up to 7 dB reduction was attained by thickening the 

basement and ground floor slabs. Whilst assessing the response to structural changes, the study also revealed 

diminishing returns on ground-borne noise isolation benefit, indicating that there are optimum structural 

configurations.   
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