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Abstract: A simple model to evaluate the effects of relative displacements between the ground
anchors of a suspension bridge is proposed. An equation system is defined, which allows for the
evaluation of the structural response under a general displacement set of the ground anchor points.
Then, the most interesting and likely cases are analyzed in detail with reference to a suspension
bridge having geometrical and mechanical characteristics typical of a long-span bridge. A simple
procedure for the assessment of variation in cable stress is also given, which can be used to choose the
optimum values for stress in cables under dead loads, as a percentage of their strength. The results
obtained showed that expected movements do not significantly impact the structure in its lifetime
and that the effects become negligible for very long-span bridges. Finally, the results obtained can be
easily used for the condition monitoring of suspension bridges.
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1. Introduction

The suspension bridge was probably one of the first types of bridge built by primitive
men. They used ropes made of creeper plants between natural rocks. In the modern
age, chains anchored to masonry towers, probably first in China and then in England
and USA, and finally steel cables have been used. From the first half of the nineteenth
century to the first half of the twentieth century, the span length of suspension bridges
increased significantly, thanks to improvements in construction technologies, and also to
the development of the elastic theory and then the deflection theory [1,2]. In 1931, the first
bridge of more than 1000 m in span, the George Washington Bridge in New York, was
completed [3]. In 1937, the Golden Gate Bridge was opened; it has a main span of 1240 m
and is still a symbol of bridge engineering [4].

An increase in horizontal navigation clearances was necessary to accommodate the
increasing size and volume of marine traffic. On the other hand, the lower cost of longer
spans and shallow-water foundations is well known, compared to shorter spans with a
greater number of deep-water foundations. Increases in the span also reduces the risk of
ship collisions with piers.

Nowadays, the longest span in the world is that of the 1915 Canakkale Bridge at the
Dardanelles, Turkey, completed in 2022. Its main span of 2023 m is just a little longer than
the main span of the Akashi Kaikyo Bridge (1991 m) in Kobe, Japan, opened in 1998. Among
the other long-span suspension bridges, it is worth remembering the Yangsigang Bridge in
Wuhan, China (main span of 1700 m, opened in 2019), the Nansha Bridge in Dongguan,
China (main span of 1688 m, opened in 2019), the Xihoumen Bridge between the islands of
Jintang and Cezi, China (main span of 1650 m, opened in 2009), and the Great Belt Bridge
between the Danish islands of Zealand and Funen (main span of 1624 m, opened in 1998).
A suspension bridge with a main span of 3300 m has been designed to cross the Messina
Strait, Italy, characterized by an innovative aerodynamic design [5,6], and finally, a three-span
bridge, each of 5000 m, has been proposed for the Gibraltar Strait crossing [7].
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It is well known that the feasibility of longer suspension bridges is related to the
implementation of new high-strength, light-weight materials but also to the availability of
reliable monitoring systems that allow for continuous checking of structural conditions and
activating alert systems, when necessary [8]. For this reason, in recent decades, significant
applications for the structural health monitoring of bridges have been proposed [9–15]. On
the other hand, recent resounding failures have brought to the forefront the issues of bridge
safety and management in general [16–18].

A suspension bridge is usually designed to be used for a long time. This characteristic,
in conjunction with the distance between its anchors to the ground, implies that it is very
likely that a suspension bridge will be subject to tectonic shifts during its lifetime [19]. These
are favoured and could be amplified in bridges crossing active faults. For example, tectonic
shifts have been measured between the areas where the foundations of the pylons of the
Messina Strait Bridge should be constructed, in Sicily and Calabria, respectively [20,21].

Relative displacements between the anchors of a suspension bridge to the ground can
also occur during an earthquake, often with residual values at the end of the event, because
of the very long distances between them and the obvious absence of rigid connections, even
though suspension bridges are not very vulnerable to seismic actions, thanks to their very
long vibration periods [22]. The effects could be traumatic when large shifts are caused by
very strong earthquakes [23,24]. This happened to the Akashi Kaikyo Bridge in Kobe. The
earthquake of 17 January 1995 caused a permanent displacement between the towers of
about 1 m. At that moment, the bridge was under construction: only the two pylons had
been erected and the main cables had been positioned [25]. The design was adapted, and
the construction continued.

The effects of differential displacements between the ground anchors in suspension
bridges have not been studied in depth in the past. On the contrary, an extensive bibliog-
raphy exists on both experimental and numerical analyses of ordinary bridges crossing
fault rupture zones [26,27]. For these, the variability of the seismic input between the
different piers during an earthquake and the possibility of residual displacements have
been particularly studied. Damage to bridges induced by surface fault rupture appeared
during the 1906 San Francisco earthquake. Similar effects were also observed during more
recent events [28]. Contemporarily, nonlinear models have been developed to analyze the
behaviour of beam bridges crossing fault zones under earthquakes and to interpret the
experimental data [29].

With reference to suspension bridges, anchors to the ground are subjected to different
motions, especially in the case of near-fault earthquakes but also for different local seismic
responses due to the subsoil characteristics. Jia et al. [30] carried out a detailed numerical
analysis with a 3D model to evaluate the seismic performance of a long-span suspension
bridge against fault-ground motions with different permanent displacements. The authors
pointed out the necessity of a special seismic design to face bending moments at the bottom
of the towers. Permanent displacements are responsible for large responses in suspension
bridges, where stresses in main cables and vertical displacements of the deck are the main
parameters to be controlled.

In this paper, a simple model is used to evaluate the effects related to tectonic shifts
in suspension bridges and to follow the strains evolving over time based on the measure-
ments of the displacements of the bridge-ground anchors. Only sensors located on the
ground, where the towers and the cable-end anchors are, are strictly necessary, and satellite
observations are sufficient to control their movements.

A general approach is first introduced, and then elementary cases are analyzed. This
study refers mainly to long-span suspension bridges, for which the stiffening contribution
of the girder to the structural behaviour becomes negligible, and the response is similar
to that of the simple cables [31,32]. Therefore, the effects on the main cables and on the
towers are evaluated without considering the contribution of the deck, which is supposed
to be extremely flexible. Then, the effects on the deck are qualitatively analyzed as a
consequence of the cable movements. The results are given in diagrams that can be used to
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have threshold values for a preliminary check. Moreover, the same results can be managed
to optimize the preliminary design of the bridge. A monitoring system is obviously needed
to control the movements of the ground anchors and to plan any interventions in time.

2. Criteria and Procedures for a Simplified Assessment of Bridges

The following hypotheses are assumed, considering that this study refers to long-span
suspension bridges:

• The main cables are anchored to the ground at their ends, A and D (Figure 1), but can
slide at the tops of the towers, B and C.

• The deck is suspended from two parallel steel cables via hangers along the main span.
Along the side spans, it may or may not be suspended from the main cables. In the
following, the ends of the deck, M and Q, are supposed to be very close to the cable
anchors A and D, respectively.

• The deck is vertically supported with anti-lifting systems at its ends, M and Q, where
the longitudinal displacements (related to temperature, wind, and breaking actions)
are allowed, while elastic constraints act in the transversal direction.

• At N and P, the deck is not constrained to the pylons in the vertical direction, while
dampers limit the relative movements between the girder and the pylons, both in the
longitudinal and transversal direction.

• Hangers are uniformly spaced along the three spans and, as usual, can be considered as
infinitely rigid connections between the main cables and the deck, able to transfer axial
actions only. A more detailed modelling should consider the geometrical nonlinearity.

Figure 1. General model of a suspension bridge.

In the following passages, in order to maximize the effects on the deck, this will be
supposed to be fully constrained in the transversal direction at M, N, P, and Q. Internal and
external constraints are summarized in Table 1.

Table 1. Internal and external constraints.

Elements Ext./Int. Points Constraint

Cables External A, D dx = dy = dz = 0
Cables–Towers Internal B, C ∆dy = ∆dz = 0

Deck External M, Q dy = dz = 0
Deck–Towers Internal N, P ∆dy = 0

Each cable is subject to a uniform dead load w on the main span, which in long-span
bridges is much higher than the travelling load. The side spans are subject to the dead
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loads wa and wb, respectively. If the deck is suspended in the main span only, then loads wa
and wb are just related to the self-weight of the cable. In long-span bridges, this is usually a
high ratio of the total load. Instead, if the cable self-weight is negligible compared to the
total dead load w, then the cable, subject to high axial forces at its ends, assumes an almost
straight-line configuration.

3. Fundamental Equilibrium and Compatibility Equations of a Suspension Cable

The configuration of a single cable is identified by the coordinates of the joints A, B, C,
and D (Figure 1). Suppose the cable is in a vertical plane in its natural configuration, then
the geometrical characteristics can be derived from the coordinates of the joints.

Let us consider a generic cable on three spans, subject to uniformly distributed loads
on each of them, and hanging from the points B and C (h being the difference in height
between them). The equilibrium equations, which state the uniqueness of the horizontal
component H of the forces in the cable, can be rewritten in the non-dimensional form
(denoted by ˆ) for each of the three spans:

Ĥ =
H

wL
=

1
8( f /L − h/2L)

=
1

8
(

f̂ − ĥ/2
) (1a)

Ĥ =
wiLi
wL

· 1
8( fi/Li − hi/2Li)

= ŵi L̂i ·
1

8
(

f̂i − ĥi/2
) (i = a, b) (1b)

This is a system of three equations in the four unknowns Ĥ, f̂ , f̂a, f̂b. Usually, we
assume a value for f̂ and deduce Ĥ from the first equation and then f̂a and f̂b from the
second and third ones, respectively. These latest equations can be rewritten as follows:

f̂i =
fi
Li

=
ĥi
2
+ ŵi L̂i

(
f̂ − ĥ

2

)
(i = a, b) (2)

If we assume the cable shape to be parabolic, the deformed cable lengths in the three
spans, under the loads w, wa, and wb, respectively, are given with good approximation by
the following three relations:

l̂ =
l

L
=

(
1 +

8
3

f̂ 2 +
ĥ2

2

)
(3a)

l̂i =
li
L

= L̂i

(
1 +

8
3

f̂ 2
i +

ĥ2
i

2

)
(i = a, b) (3b)

The hypotheses of uniformly distributed load and of parabolic shape are certainly
convenient approximations but quite close to reality. In fact, the total permanent load is
the sum of the deck weight, which is almost uniformly distributed, and the cable weight,
which can be considered uniformly distributed, especially for low values of f̂ .

From H, we deduce the maximum axial force in the cable (at B or C) due to dead
loads. From this force and the cross-sectional area A (defined on the basis of the maximum
axial force under dead-plus-travelling loads) we deduce the maximum working stress
σ = α fd (fd = design stress of the cables, α < 1) under dead load w. Manipulating the
relationship between A and σ, we can define the non-dimensional parameter:

ρ =
wL

8EA
=

α fd
E

1 − ĥ/2 f̂√
1/ f̂ 2 + 16

(4)

which is a function of the mechanical (i.e., the tension σ = α fd and Young’s modulus E)
and geometrical (i.e., the sag ratio f̂ and the height ĥ) configuration of the cable under dead
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loads w. If ĥ = 0, Equation (4) simplifies as ρ = α fd/E
√

1/ f̂ 2 + 16. The initial undeformed
lengths of the three portions of the cable in the three spans are given by the following
approximate relations, given in non-dimensional form:

l̂0 =
l0

L
=

(1 +
8
3

f̂ 2 +
ĥ2

2

)
− ρ(

f̂ − ĥ/2
)(1 +

16
3

f̂ 2 + ĥ2
) (5a)

l̂i0 =
li0
L

= L̂i

(1 +
8
3

f̂ 2
i +

ĥ2
i

2

)
− ρ(

f̂ − ĥ/2
)(1 +

16
3

f̂ 2
i + ĥ2

i

) (i = a, b) (5b)

In all the above equations, the contributions to the cable length variation due to shape
change and the axial force are apparent. The total length of the undeformed cable is given
by the following sum:

l̂t0 = l̂a0 + l̂0 + l̂b0 (6)

4. Effects of Relative Displacements Between the Ground Anchors: General Approach

The displacements of joints A, B, C, and D are independent of each other. If these joints
are subject to a displacement system, the geometrical characteristics of the cable change as
well as the axial force in it.

Consider a suspension bridge with two parallel main cables at the sides of the deck, as
usual. Suppose that the anchors to the ground are subject to a displacement system for which
the cables keep being parallel (their distance in y direction does not change) and the abscissas
of the corresponding anchors are always equal (A1 and A’1, etc.); i.e., they behave as a unique
cable (Figure 2). The case of a rotation of a pylon will be considered separately later.

Figure 2. New configuration: longitudinal view and plan view.

In Figure 2, the longitudinal view of a new geometrical configuration of the cable and
the deck is shown, supposing that all displacements occur in the positive directions of the
axes. Moreover, the end points of the deck, M and Q, are subject to the same displacement
of A and D, respectively, which is reasonable if the distances between them are very short,
as supposed.
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Denoting the new geometrical coordinates by the subscript “1”, the new span lengths
of each cable change as in Figure 2.

As already said, the entire cable is supposed to be on a single vertical plane in its
natural configuration, but it could be not when a displacement system has occurred. In
fact, each span may develop on a different vertical plane. The angles between each new
vertical plane and the previous one are given by (positive if counter-clockwise, Figure 3):

β1 = arctan
(

yC1 − yB1

xC1 − xB1

)
(7a)

βa1 = arctan
(

yB1 − yA1

xB1 − xA1

)
(7b)

βb1 = arctan
(

yD1 − yC1

xD1 − xC1

)
(7c)

Figure 3. Details of angles between the new planes at (a) pylon B and (b) pylon C.

For the hypothesis establish, the pylons are still parallel to the y direction (xB1 = xB′1,
xC1 = xC′1). For the equilibrium in the horizontal plane, the horizontal forces in the new
configuration can be written as

Ĥ1 =
H1

wL
=

L1

L
· 1

8( f1/L1 − h1/2L1)
=

L̂1

8
(

f̂1 − ĥ1/2
) (8a)

Ĥ1 =
wiLi1
wL

· 1
8( fi1/Li1 − hi1/2Li1)

=
ŵi L̂i1

8
(

f̂i1 − ĥi1/2
) (i = a, b) (8b)

When f̂1 has been fixed, Ĥ1, f̂a1, and f̂b1 can be found from the first equilibrium
equation and from the second and third ones, which can be rewritten as

f̂i1 =
fi1
Li1

=
ĥi1
2

+ ŵi L̂i1

(
f̂1 −

ĥ1

2

)
(i = a, b) (9)

The solution can be found with an iteration procedure, which can be started by
assigning a first tentative value of f̂1, calculating the corresponding new values of Ĥ1,
f̂a1, and f̂b1, and verifying that the total length of the cable remains constant. The initial
undeformed lengths of the three portions of the cable in the new three spans are

l̂10 =
l1

L
= L̂1

[(
1 +

8
3

f̂ 2
1 +

ĥ2
1

2

)
− ρ

f̂1 − ĥ1/2
L̂1

(
1 +

16
3

f̂ 2
1 + ĥ2

1

)]
(10a)
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l̂i10 =
li1
L

= L̂i1

[(
1 +

8
3

f̂ 2
i1 +

ĥ2
i1
2

)
− ŵi L̂i1

ρ

f̂i1 − ĥi1/2

(
1 +

16
3

f̂ 2
i1 + ĥ2

i1

)]
(i = a, b)

(10b)
respectively, and the compatibility condition can be written as follows:

l̂a10 + l̂10 + l̂b10 = l̂a0 + l̂0 + l̂b0 (11)

The horizontal forces H1 determine horizontal actions on the towers (Figure 3), with
both transversal and longitudinal components (according to the global reference system).
In the following passages, these are calculated in a linear analysis, i.e., neglecting the
deflections of the towers.

The forces acting at the top of the pylons in the transversal global direction y are

ĤBy =
HBy

H1
= (sin β1 − sin βa1) (12a)

ĤCy =
HCy

H1
= (sin βb1 − sin β1) (12b)

while those in the longitudinal global direction x are

ĤBx =
HBx
H1

= (cos β1 − cos βa1) (13a)

ĤCx =
HCx
H1

= (cos βb1 − cos β1) (13b)

5. Elementary Cases

The previous relationships, deduced for the general case, can be simplified in practice.
In fact, it is usually (Figure 4)

ha = hb , h = 0 , La = Lb (14a)

xA = xA′ , xB = xB′ , xC = xC′ , xD = xD′ (14b)

Figure 4. Investigated suspension bridge model.

In the following numerical investigation, the geometrical values f̂ = 1/11, L̂a = L̂b = 0.33,
and ĥa = ĥb = 0.3 have been assumed. The material is characterized by α fd/E = 0.005, with α
approximately equal to 0.90. With these geometrical and mechanical values, it is ρ = 0.427 · 10−3.
The geometrical and mechanical characteristics considered are typical of very long-span bridges.
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For the load ratios ŵa = wa/w and ŵb = wb/w, the following two limit values have
been considered:

• ŵa = ŵb = 1, for bridges in which all the three spans are suspended from the cables.
• ŵa = ŵb = 0.5, for bridges having only the main span suspended from the cables. In the

case of short-span bridges with side spans not suspended from the main cables, it is often
assumed that ŵa = ŵb ≈ 0. However, this limit case is out of the scope of this paper.

Some basic cases of relative displacements between the anchors to the ground of a
suspension bridge are studied herein. These are the longitudinal, vertical, and transversal
relative displacements and the rotation of one tower around its vertical axis. In order to include
all possible cases, the ranges of variability of the displacements considered are deliberately
much larger than the realistic ones. For each case, the effects on the cables in terms of sag ratio
and horizontal force are first analyzed, supposing that the deck has no bending stiffness both
in the vertical and transversal plane, so that it just follows the movements of the cables in all
spans. Then, the effects on the deck, connected to the cables by means of the hangers, are
also analyzed, although only qualitatively. It is worth noting that more sophisticated models
should account for the nonlinearity connected to the transversal interaction of cables and deck,
which behave like a pendulum. With reference to the hangers, recent studies demonstrated
that single-suspender loss can significantly affect only structural members in the immediate
vicinity, while the rest of the bridge is not affected [33].

5.1. Longitudinal Relative Displacements

The previously discussed relationships are greatly simplified if only longitudinal
displacements are acting on the structure. Two elementary cases are considered in the
following passages. In the first one, the shift is due to a distortion in the right-side span,
and in the second case, the distortion is supposed to occur in the main span.

5.1.1. Anchor D Subject to a Longitudinal Displacement

In this case, dDx ≠ 0, while dAx = dBx = dCx = 0, and only the right-side span changes (Figure 5):

Lb1 = Lb + dDx (15)

Figure 5. Effects due to d̂Dx ̸= 0.

In Figure 6a, the diagrams of f̂1 versus displacement d̂Dx are plotted for the two limit
values of the load ratios ŵa = ŵb, while the variation in the horizontal force Ĥ1 is shown in
Figure 6b. The behaviour is almost linear for low displacements and becomes nonlinear
only for high values of d̂Dx. A certain variation in the sag ratio and the horizontal force can
be observed even for low value of d̂Dx.
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Figure 6. Variation in (a) f̂1 and (b) Ĥ1 due to d̂Dx ̸= 0.

With reference to the deck, it is expected that the hangers will no longer be vertical
but inclined, determining a global longitudinal movement of the deck, which should be
absorbed by the bearings at Q and at M. Moreover, the deck will be subject to traction, and
the shortest hangers, especially those along the right-side span, could suffer a significant
stress increment.

5.1.2. Both C and D Subject to the Same Longitudinal Displacement

In this case, dCx = dDx ≠ 0, while dAx = dBx = 0, and only the main span length changes (Figure 7):

L1 = L + dCx (16)

Figure 7. Effects of d̂Cx = d̂Dx ̸= 0.

Figure 8 show the diagrams of the sag ratio f̂1 and the horizontal force Ĥ1 versus
the longitudinal displacement d̂Cx = d̂Dx. The nonlinear behaviour is apparent for high
values of the displacement. It is worth noting that, for a fixed value of the shift, this case
(d̂Cx = d̂Dx ̸= 0) causes effects a little greater than the previous one (only d̂Dx ̸= 0).

Figure 8. Variation in (a) f̂1 and (b) Ĥ1 due to d̂Cx = d̂Dx ̸= 0.

Regarding the deck and the hangers, the effects qualitatively assessed are similar to
those described in the previous case.
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5.2. Vertical Relative Displacements

Two elementary cases of vertical shifts are considered in the following passages. In
the first one, the shift is due to a vertical displacement of anchor D; in the second case,
the distortion is supposed to occur in the main span, which translates into a vertical
displacement of both joints C and D.

5.2.1. Anchor D Subject to a Vertical Displacement

In this case, dDz ̸= 0, while dAz = dBz = dCz = 0 (Figure 9). All the geometrical character-
istics of the cable remain constant, except for the right-side height:

hb1 = hb − dDz (17)

Figure 9. Effects of d̂Dz ̸= 0.

Even if the lengths of the spans remain constant, the sag ratios of each span change. In
Figure 10a, the diagrams of f̂1 versus the displacement d̂Dz are plotted for the two limit
values of the load ratios ŵa = ŵb, while Figure 10b shows the variation in the horizontal
force Ĥ1. They both vary almost linearly for low values of the vertical displacement.

Figure 10. Variation in (a) f̂1 and (b) Ĥ1 due to d̂Dz ̸= 0.

In terms of global behaviour, if Q is subject to the same vertical displacement as D,
then the right-side span follows the main cables with limited stresses.

5.2.2. Both C and D Subject to the Same Vertical Displacement

In this case, dCz = dDz ̸= 0, while dAz = dBz = 0. All the geometrical characteristics of the
cable remain constant, except for the difference in height between the two towers (Figure 11):

h1 = h + dCz (18)
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Figure 11. Effects of d̂Cz = d̂Dz ̸= 0.

Figure 12a,b show the diagrams of the sag ratio f̂1 and the horizontal force Ĥ1 versus
the vertical displacement d̂Cx (=d̂Dx), respectively. In this case, the diagrams are obviously
symmetric with reference to the starting point (d̂Cz = d̂Dz =0). An uplift of D alone has
greater effects than a simultaneous uplift of joints C and D of equal magnitude.

Figure 12. Variation in (a) f̂1 and (b) Ĥ1 due to d̂Cz = d̂Dz ̸= 0.

With the same hypothesis as that of the previous case, it is expected that the deck is
pulled up by the main cables, especially in the main and right-side spans, and the stresses
are generally low.

5.3. Transversal Relative Displacements

Two cases are also considered for transversal shifts, the first relative to a displacement
of D along y, and the second relative to a displacement of both C and D in y direction.

5.3.1. Anchor D Subject to a Transversal Displacement

In this case, dDy ̸= 0, while dAy = dBy = dCy = 0 (Figure 13). Then, the length Lb and the
angle βb change as follows:

Lb1 =
√

L2
b + d2

Dy βb1 = arctan
(
dDy/Lb

)
(19)

Figure 13. Effects of dDy ̸= 0.

The span length variations are negligible and so are the sag ratio variations (Figure 14a).
In Figure 14b, the diagrams of the horizontal force Ĥ1 versus the displacement d̂Dy are
plotted for the two limit values of the load ratios ŵa = ŵb. Figure 14c,d show the values
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of the transversal force ĤCy = HCy/wL and the longitudinal force ĤCx = HCx/wL on the
pylon at C. As one can see, the values are very low but could be important for long-span
bridges, especially the transversal force.

Figure 14. Variation in (a) f̂1, (b) Ĥ1, (c) ĤCy and (d) ĤCx due to d̂Dy ̸= 0.

The transversal displacement of D and D’, which is followed by the same displacement
of Q, could determine the increased stresses in the deck. If the four transversal constraints
at M, N, P, and Q are supposed to be rigid, then the transversal bending moments at N
and P will be approximatively equal to −3EIz/L · d̂Dy and 8EIz/L · d̂Dy, respectively. The
transversal forces on the pylons will be −20EIz/L2 · d̂Dy and 35EIz/L2 · d̂Dy at B and C,
respectively. If the constraints are elastic or viscous-elastic, as usual to mitigate the effects
of horizontal and seismic actions, the values of bending moments and transversal forces
will be lower that those given above.

5.3.2. Both C and D Subject to the Same Transversal Displacement

In this case, dCy = dDy ̸= 0, while dAy = dBy = 0 (Figure 15), and the main span and the
angle β1 change as follows:

L1 =
√

L2 + d2
Cy β1 = arctan

(
dCy/L

)
(20)

Figure 15. Effects of dCy = dDy ̸= 0.
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Span and sag ratio variations are very low (Figure 16a). In Figure 16b, the diagrams
of the horizontal force Ĥ1 versus the displacement d̂Cy = d̂Dy ̸= 0 are plotted for the
two limit values of the load ratios ŵa = ŵb. Figure 16c,d show the values of the transversal
force ĤCy = HCy/wL and the longitudinal force ĤCx = HCx/wL on the pylon. As in the
previous case, the values are quite low.

Figure 16. Variation in (a) f̂1, (b) Ĥ1, (c) ĤCy, and (d) ĤCx due to d̂Cy = d̂Dy ̸= 0.

With the same hypothesis as that of the previous case, the transversal bending mo-
ments at N and P will be equal to 3.6EIz/L · d̂Dy and −3.6EIz/L · d̂Dy, respectively. The
transversal forced on the pylons will be 18EIz/L2 · d̂Dy and −18EIz/L2 · d̂Dy, at B and C,
respectively. If the constraints are elastic or viscous-elastic, as usual to mitigate the effects
of horizontal and seismic actions, the bending moments and the transversal forces will be
lower that those given.

5.4. Rotation of a Tower

The rotation of a tower or, in general, the removal of the hypothesis that the abscissas
of the corresponding anchorage points keep being equal, determines that the two cables
have no longer the same geometry.

Consider the tower B subject to a vertical counterclockwise rotation βB around its
vertical axis (Figure 17). All the joints keep their coordinates, except for B and B’, whose
displacements are

dBx = −dB′x = B/2 · sin βB dBy = −dB′y = B/2 · (1 − cos βB) (21)
In the following numerical investigation, the value B̂ = B/L = 1/60 of the distance

between the two parallel cables has been assumed. This value also is relative to long-span
suspension bridges. The main and left-side spans change. In the hypothesis of small
rotation, we can assume the following for cable A–B–C–D:

La1 =
√
(La + dBx)

2 + d2
By L1 =

√
(L − dBx)

2 + d2
By (22)

In cable A’–B’–C’–D’, just the opposite happens: the side span reduces while the main
span increases, the total span being the same. The effects on cable A–B–C–D in terms of
sag ratio and horizontal force variations are shown in Figure 18. Changes in βa1 and β1 are
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very small, and so are the effects in terms of HB and HC, at least for technical values of βB.
For this reason, these have not been plotted.

In the reasonable range of rotation values for a tower, the effects on the deck are negligible.

Figure 17. Effects of tower rotation βB.

Figure 18. Variation in (a) f̂1 and (b) Ĥ1 due to βB ̸= 0.

6. A Simple Procedure for the Cable Check

As described in the previous paragraphs, any distortion causes a variation in the sag
ratio of the main span, which translates into a variation in horizontal force and cable stress
under dead loads. Two cases can occur:

• If the tension under the dead load increases, then the values of the travelling and other
variable loads that the bridge can support will reduce.

• If the tension under dead load decreases, the cable deformability increases and the
capacity of the bridge to support heavy travelling loads decreases.

In the new configuration, when the relative displacements have occurred, the value of
the maximum stress under dead loads can be computed as follows:

σ1 =
H1

A

√
1 +

(
4 f̂1

)2
=

L̂1(
1 − ĥ1/2 f̂1

)
√

1/ f̂ 2
1 + 16√

1/ f̂ 2 + 16
· α fd = α1 fd (23)

where

α1 =
L̂1(

1 − ĥ1/2 f̂1

)
√

1/ f̂ 2
1 + 16√

1/ f̂ 2 + 16
· α ≤ 1 (24)

is the parameter to check.
Consider the elementary cases already discussed before.
In Figure 19a, the factor α1 is plotted versus the relative displacement d̂Dx. From the

diagrams, one can see that for the assumed geometrical and mechanical characteristics, the
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cable is within safety conditions as long as d̂Dx < 0.0088 or d̂Dx < 0.0075, for ŵa = ŵb = 1
and ŵa = ŵb = 0.5, respectively. Analogously, under relative displacements d̂Cx = d̂Dx, the
cable is within safety conditions as long as d̂Dx < 0.0075 or d̂Dx < 0.0065, for ŵa = ŵb = 1 and
ŵa = ŵb = 0.5, respectively (Figure 19b). In these two cases, negative values of the relative
displacements determine very low changes in α1, not significant for the stability of the bridge.

Figure 19. Variation in α1 due to (a) d̂Dx ̸= 0 and (b) to d̂Cx = d̂Dx ̸= 0.

In Figure 20a, the values of α1 are plotted versus the relative displacement d̂Dz. The
cable is within safety conditions as long as d̂Dx > –0.01 or d̂Dx > –0.009, if ŵa = ŵb = 1 or
ŵa = ŵb = 0.5, respectively. It is worth noting that an uplift of D alone has greater effects
than that a simultaneous uplift of joints C and D of equal magnitude (Figure 20b). In this
case, due to the symmetry, negative relative displacements have the same effects. Changes
in cable tension due to transversal relative displacements are very low, as one can see from
Figure 21a,b. The same is true for the rotation of a tower (Figure 22).

Figure 20. Variation in α1 due to (a) d̂Cz ̸= 0 and (b) to d̂Cz = d̂Dz ̸= 0.

Figure 21. Variation in α1 due to (a) d̂Cy ̸= 0 and (b) to d̂Cy = d̂Dy ̸= 0.
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Figure 22. Variation in α1 due to βB ̸= 0.

From the analysis of the various cases, it is apparent that the sag ratio of the main span
varies linearly in the range of plausible relative displacements, which are certainly to be
considered as very small displacements. This occurrence allows us to superimpose the effects
in terms of sag variations and then calculate the final stress σ1 in the new configuration.

The sag ratio in the main span due to n distortions can be evaluated as

f̂1 =
f1

L1
=

f
L1

+ ∑i
∆ f1i
L1

=
f̂

L̂1
+ ∑i ∆ f̂1i

L̂1i
L1

(25)

where
L̂1 = 1 + ∑i

(
L̂1i − 1

)
(26)

As an example, consider the longitudinal displacement of C and D and the vertical
displacement of D, which give the higher effects among the cases analyzed. For simplicity,
suppose that these occur simultaneously with the same values. By superimposing the
effects in terms of the variation in the sag ratio, the diagrams of Figure 23 are obtained.
From these, it can be seen that, in this particular case, the cable is within safety conditions
up to displacements d̂Cx = d̂Dx = d̂Dz equal to 0.0045 and 0.0038 for ŵa = ŵb = 1 and
ŵa = ŵb = 0.5, respectively. If the trend of these displacements is known, a suitable time
for an intervention can be estimated, if needed, over the lifetime of the bridge.

Figure 23. Variation in α1 due to d̂Cx = d̂Dx = d̂Dz.

7. Discussion and Conclusions

The effects of relative displacements between the ground anchors of a suspension
bridge strongly influence its structural design. The displacements can arise both from slow
tectonic shifts and/or seismic events and vary by up to several metres. While the seismic
effects on ordinary bridges crossing fault rupture zones have been studied by several
authors, very few works have faced the effects of tectonic shifts in suspension bridges.

Nowadays, sophisticated finite element codes are available, which allow us to model
the actual behaviour of suspension bridges, accounting for the nonlinearities and the
various features of their complex behaviour.

In this context, it is important to have a simple model, such as that proposed here,
which can be easily implemented via computer software. The model is based on well-
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known and consolidated equilibrium and compatibility relationships, and is very useful
for a fast preliminary analysis, providing the ability to point out risk situations that deserve
to be analyzed in depth. It refers to the behaviour of the main cables only, while the effects
on towers and deck are assessed as a consequence of the previous ones.

A numerical investigation, carried out with reference to a model having the typical ge-
ometrical and mechanical characteristics of very long span suspension bridges, pointed out
that realistic relative displacements between its anchors to the ground do not significantly
affect the stresses in the structure and the effects become negligible as the span increases.
The results are given in simple diagrams that can be easily used for a preliminary check.
The main results, to be consider in the design, can be summarized as follows:

• The variations in the sag ratio and the horizontal force in the cables are very low and
therefore not dangerous if longitudinal relative displacements are lower than 0.0065·L
or vertical relative displacements are lower than 0.009·L, while the transversal relative
displacements and the rotation of a tower have no significant effects.

• In the case of multiple distortions, using the superposition of the effects for the sag
variations and then calculating the stress in the cables, the limits given above may be
reduced. Considering a superimposition of the longitudinal displacement of C and D
with a vertical displacement of D, a threshold value of 0.0038·L has been obtained. For
higher values of the displacements, the variations could become very high, both in
terms of the sag ratio and horizontal force. Nevertheless, these values of displacements
would be unrealistic.

• Even lower limit values should be considered to take into account the possible seismic
effects, which would be added to the slow tectonic ones.

• Transversal displacements generate horizontal forces at the top of the pylons in the
longitudinal direction. Even though the values of these forces are quite low, this
occurrence should be accounted for carefully.

• The effects on the deck, which has been supposed to be simply supported in the vertical
direction at its ends A and D and rigidly constrained in the transversal direction at
the same sections and at the pylons, have been evaluated in a qualitative way. An
accurate assessment should consider the geometric nonlinearities and therefore the
setup of a suitable mathematical model.

One of the issues under discussion is what to plan for when designing new bridges or
when retrofitting existing ones to avoid or mitigate these effects.

If needed, the internal forces caused by these displacements can be significantly
reduced by inserting spherical hinges at the sections between the main and the side spans,
as already proposed in notable cases, so the relative rotations with reference to both the
vertical and the horizontal axes could be allowed. The effects in the case of a railway bridge
must be accurately analyzed.

In any case, the control of the effects of these distortions on structural details, such as
joints and constraints, is of fundamental importance for suspension bridges. The use of
satellite technologies allows us to obtain frequent, accurate, and substantially accessible
information. Radar data are particularly interesting as they allow the monitoring of the
surface movements of the territory and so also the identification and prevention of landslide
phenomena and ground instability.

A suitable monitoring strategy allows maintenance interventions to be performed on
sensitive details during the life of a bridge, which could already be taken into account at the
design stage. Expansion and seismic joints, as well as support devices and constraints, can
be replaced, including control devices, thus extending the lifespan of a suspension bridge.
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