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h i g h l i g h t s

� A holistic approach to conservation of buildings adjacent to tunnel excavations is developed.
� The assessed safety risk plays a decisive role in the depth of numerical analysis.
� A fine balance between system safety and cost constraints is reached.
� A case in relating to protection of a two-story brick–wood historical building is presented.
� Results provide guidelines on conservation of buildings against tunnel-induced damages.
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a b s t r a c t

This paper presents a holistic approach to the conservation of historical buildings adjacent to tunnel
excavations, in which health conditions of historical buildings, safety risk assessment, numerical simula-
tion analyses, corresponding conservation measures and implementation effects are incorporated as
main procedures. The potential safety risk of a specific historical building in tunneling environments is
initially assessed within four different risk levels, with building health conditions (vulnerability compo-
nent) and the proximity condition (hazard component) taken into account. The assessed safety risk level
then acts as a decisive role in the depth of the subsequent numerical analyses, aiming to achieve a fine
balance between system safety and cost constraints when analyzing the tunnel-induced damage to his-
torical buildings. A case relating to the protection of a two-story brick–wood historical building, Roots’
formal residence (RFR), adjacent to a metro tunnel, Wuhan Yangtze River Tunnel (WYRT) in China, is pre-
sented. The impact of the tunnel excavation on the distribution of the equivalent stress and principal
stress is further analyzed in detail. Results demonstrate the feasibility of the proposed approach, as well
as its application potential. The proposed approach can be used by practitioners in the industry to provide
positive guidelines on the safety management of historical buildings against tunnel-induced damages. At
the same time, the analysis cost can be greatly reduced, especially when a large number of historical
buildings adjacent to tunnel excavations need to be protected.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Historical buildings in some way reflect the evolution of the
urban expansion, as well as the historical and cultural develop-
ment of a country [1]. The conservation and protection of historical
buildings belonging to the cultural heritage [2], and preserving
their main architectural features are becoming a very sensitive

problem in China as in other countries. Many historically interest-
ing buildings in most of the Chinese cities are currently used for
different functions, such as residential areas, offices, and museum
centers. However, those buildings are aging and do not have
complete load-bearing capability as designed, and some kinds of
structural damages are likely to occur during long-term operations
[3–5]. In recent decades, urban tunnel projects have increased
substantially as a result of rising populations, space restrictions,
and growing environmental concerns. The tunnel excavation works
in the soft ground inevitably lead to ground movements, which
may cause adjacent surface buildings to deform, rotate, distort,
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and possibly sustain unrecoverable damages [6–8], especially
those founded on shallow foundations [9,10]. Since historical
buildings usually possess a very low deformation resistance in
the form of the tensile building material capacity, the tunnel-
induced ground movement may destroy these buildings, unless
accurate risk analyses are conducted and appropriate protection
measures are implemented [11].

Tunnel–soil–building interaction is considered a complicated
process, and it is very difficult to rigorously analyze the tunnel–
soil–building interaction problem, due to (1) the high interaction
between tunneling in soft soils and adjacent buildings; (2) the
three-dimensional nature of the excavation–structure interaction;
(3) the non-linear behavior of geomaterials involved; and (4) the
level of uncertainty in ground conditions, soil–structure interac-
tion, and building material properties [6,12]. In order to estimate
the tunnel-induced building responses, several empirical [13,14]
and analytical methods [15,16] have been employed to predict
tunnel-induced ground movements, which pave the way for the
establishment of various empirical relationships between tunnel-
induced ground movements and the associated building damages.
However, those empirical and analytical approaches were based on
greenfield scenarios (where the presence of the building was
ignored) and their resulting ground settlements were overly con-
servative, since the stiffness and weight of surface buildings
reduced the settlement trough depth [17,18].

More recently, numerical modeling has improved damage pre-
diction for buildings subject to adjacent tunneling works through
the use of finite element programs, with the ability to take all rele-
vant factors into account, such as non-linear behavior of soils and
soil–building interaction [12,19,20]. For instance, Maleki et al. [21]
studied the effect of structural characteristics of surface buildings,
including stiffness, geometry and weight of the structure, on the
tunnel–building interaction. They modeled building and tunneling
with two separate software programs, SAP and PLAXIS, in the full
three-dimensional (3D) modeling approach, and utilized an itera-
tive process to reach the interaction results. Liu et al. [22] conduct-
ed a parametric sensitivity analysis using FLAC3D to study the
interaction between a surface building and the enlargement of a
metro station. The results of in situ measurements were compared
to simulations outcomes, and found that the simulation values
were less than the monitored values. Azadi et al. [23] studied the
settlement of a structure adjacent to a tunnel using some finite ele-
ment analyses, and used the results in a neural network to assess
the effect of tunnel-induced settlement. However, this numerical
modeling approach can be time-consuming and very expensive,
since the simulation of the tunnel excavation process can be very
slow [9,24,25], especially when a large number of existing build-
ings need to be analyzed.

China is now in the urban rail transit construction boom period,
has become the world’s largest urban rail transit construction mar-
kets [26]. To 2020, China’s urban rail mileage will reach 7395 kilo-
meters; the investment is expected to reach 3 trillion Yuan [27].
Currently, a large number of new metro tunnels have been con-
structed or planned for high-speed railways within congested
urban areas, especially in great historic cities, like Wuhan. As a
result, the number of existing buildings adjacent to the construc-
tion of metro tunnels is growing accordingly. However, it is diffi-
cult or nearly impossible to perform numerical modeling
analyses for each adjacent building due to time and cost consid-
erations [28]. How to strike a balance between system safety and
cost constraints becomes a challenging problem, which falls into
the scope of this research interest. In the meantime, most of previ-
ous research has been devoted to the prediction of ground settle-
ment and nearby foundation systems induced by tunnel
excavations to date [29]. However, a universally accepted standard
regarding the safety risk analysis and management for adjacent

buildings has not been reached in tunnel construction fields so
far. Particularly, very few researchers conducted a standardized
approach to protect historical buildings adjacent to tunnel excava-
tions in a systematic manner. In this research, a holistic approach
to the protection of historical buildings in tunneling environments
is proposed, in which the health conditions of historical buildings,
safety risk assessment, numerical simulation analysis, correspond-
ing conservation measures and implementation effects are incor-
porated as main procedures. A fine balance between system
safety and cost constraints is reached when analyzing the tunnel-
induced damage to historical buildings, where the assessed safety
risk level of a specific historical building acts as a decisive role in
the depth of the subsequent numerical analyses. A case regarding
the protection of a two-story brick–wood historical building,
Roots’ formal residence (RFR), adjacent to a metro tunnel, Wuhan
Yangtze River Tunnel (WYRT) in China, is presented. Results
demonstrate the feasibility of the proposed approach, as well as
its application potential.

The remainder of the paper is structured as follows: the project
profile of RFR and its spatial relationship with WYRT is introduced
in Section 2. In Section 3, the health conditions of RFR in the cur-
rent state are investigated in detail. In Section 4, a safety risk
assessment frame is presented to evaluate the risk of tunnel-in-
duced damages to RFR. Numerical simulation analyses are carried
out in Section 5, and some corresponding conservation measures
are put forward according to risk analysis results in Section 6.
The implementation effects are also analyzed to verify the ration-
ality of the conservation measures in Section 7. Finally, the conclu-
sions are drawn in Section 8.

2. Project profile

The Roots’ formal residence (RFR), built in 1913, is a two-story
brick–wood building. RFR is the formal residence of Bishop Roots,
who is an important American friend coming to China for mission-
ary work. Mr. Roots has made great contributions to the develop-
ment of the Chinese revolution in recent history. Due to the
herein abundant historical and cultural connotations, RFR has been
viewed as a historical building that should be protected in every
situation. RFR has a length of 17.5 m, a width of 17.5 m, and an area
of 646 m2 in total. The drawing of the ground floor is shown in
Fig. 1. The thickness of the building walls is almost 360 mm (see
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Fig. 1. Ground floor of RFR (unit: mm).
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