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Previous researches have demonstrated that the effects of earthquake vertical
component on main structural elements of bridges are very noticeable in near-fault
seismic events. In the near distances of seismic source (D<10 to 15 km) the response
spectrum of a vertical component has a great peak in short-period regions. Owing to
geometrical shape and mechanical properties, masonry arch bridges have lower
characteristic periods. It seems that, in this type of bridge, axial force response is
considerable under vertical seismic events. In this article, a simple analytic model
for masonry arch bridges is introduced. Vertical motions effects on seismic axial
force response of masonry arch bridges are investigated through dynamic time
history analysis of the world's largest masonry arch bridge simplified model.
Vertical component effects on bridge structural elements are measured using a
ratio computed by dividing the average values resulted from time history analysis
based on applying three components of earthquakes simultaneously for seven
selected records to responses of dead load applying. Then, the bridge's simplified
model dynamic analysis results are verified by the results obtained from accurate
finite element model dynamic analysis. Besides, in order to investigate the effects
of low tension strength of masonry materials, the results obtained from nonlinear
dynamic analysis in which tension strength of material is assumed to be zero, are
compared with those obtained from linear dynamic analysis. This survey shows
that vertical component effects in some structural elements of bridges are very
considerable.
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ABSTRACT

1. Introduction

Many bridge engineers assume that vertical
ground motions during seismic events are unimport-
ant. Vertical components of earthquakes have unique
properties that make it distinct from horizontal
components. For vertical motions, recent observations
suggest that the commonly adopted vertical to
horizontal response spectral ratio of (2/3) [1] may be
significantly increased at short-period regions in the

near-source distances [2]. Most bridges design
analyses performed on bridges are linear elastic
models using response spectrum method. Bridge
design codes have not provided load multipliers or
specific vertical response spectra that allow to
include the impact of the vertical motions rationally.
Linear elastic analyses of bridges demonstrate that
bridges with great percent of modal mass associated
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with periods near the maximum amplitude of vertical
response spectrum experience the greatest effects
from vertical seismic motions. Thus, for some force
response quantities of such bridges, response from
dead loading must be multiplied by 2 to account
the effect of vertical motions [3].

The first major analytical study into the effects
of vertical acceleration on bridges was completed
by Saadeghvaziri and Foutch [4]. They reported
that San Fernando's vertical peak acceleration in
Pacoima dam station was 0.7g and fault peak
displacement was 6 ft in vertical direction. Peak
acceleration in Elasnam earthquake (1980) was
estimated to be 1g in vertical direction and 0.25g
in horizontal direction. A finite element code capable
of modelling the inelastic behaviour of reinforced
concrete columns under combined horizontal and
vertical deformations was used. With three-
dimensional finite element modelling of eight
bridges, they demonstrated that axial force variation
in the columns results in pinched hysteresis causes
larger horizontal displacements and fluctuation in
columns shear capacity. The study result showed
that for earthquake motions with effective peak
acceleration (EPA) of 0.4g or less, the additional
damage caused by the vertical component was
minimal, while for earthquakes motions with EPA
of 0.7g, the addition of the vertical component
resulted in considerably more damage [4].

Parametric studies into the effects of vertical
acceleration on bridges were conducted by Yu et
al. [5], Broekhuizen [6], and Yu [7]. All studies
centralized on three overpasses of the SR14/15
interchange location about 15 km north of the
epicentre of the 1994 Northridge earthquake. Two
of these bridges were partially collapsed during
that earthquake [5]. An investigation on the effects
of vertical acceleration on pre-stressed concrete
bridges was carried out by Broekhuizen [6]. He
assumed 1g upward acceleration, and found that
allowable tensile stresses in deck could be exceeded
[6]. Yu et al. [5] and Yu [7] by using 3D linear
models with Sylmar hospital (Northridge) record as
an input motion, analysed forces in all piers of
three overpasses. The study found a 21% increase
in axial force and a 7% change in longitudinal
moment due to the addition of the vertical com-
ponent. Yu [7] considered the effects of the vertical
earthquake motions on bridge foundations, hinges

and bearings. In this study, soil stiffness was varied
for spread footing and friction-pile foundation. The
maximum response was found to be increased as
the shear-wave velocity of the soil increased,
approaching the limiting values obtained assuming
rigid base. The presentation criteria used in the
design of 60 pre-stressed box-girder bridges in
which the effects of vertical ground motion were
considered, carried out by Yu [7] and Gloyd [8]. Li
et al. [9] demonstrated that the vertical component
effects on highway bridges with low periods were
great. Kunnath et al. [10] showed the variation of
axial loads effects due to vertical components on
ordinary highway bridges and presented that vertical
acceleration could considerably increase tension
stresses in deck and decrease flexural and shear
capacity in piers.

Hosseinzadeh [11] studied the effects of vertical
components on reinforced concrete piers of bridges.
He selected two concrete pier of a bridge and
analyzed piers under Tabas earthquake record with
various horizontal PGA and 50% of horizontal
PGA as vertical component PGA. He found that
applying vertical component, increased the cracks
widths of 60% and changed cracking mechanism
from flexural to shearing.

Few studies can be found concerning seismic
performances of masonry bridges. Armstrong [12]
evaluated dynamic properties of two stone bridges
by field studies. Brencich et al. [13] measured
dynamic properties of a multi-span masonry bridge
and compared the results with those obtained
from the finite-element modelling. Bayraktar et al.
[14] modelled a two-span masonry bridge analytically
based on the results obtained from modal tests and
updated the analytical model. Caglayan et al. [15]
calibrated two masonry arch bridges based on the
results obtained from ambient vibration test and the
finite element modelling and calculated seismic
response of bridges. Yazdani and Marefat [16]
estimated damping ratios for two unreinforced
concrete arch bridge based on modal properties
resulted from the vibration test and the finite element
modelling. Pela et al. [17] studied the effectiveness
of non-linear static analysis methods for evaluation
of seismic performance for a three-arched masonry
arch bridge based on comparison responses obtained
from nonlinear static analysis method with those
obtained from the nonlinear dynamic analysis method.
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These studies show that because of geometrical
shape and mechanical properties, masonry arch
bridges have low characteristic periods and large
amount of bridges modal mass is concentrated on
low-period regions. Consequently, such bridges
can be very sensitive to vertical component of
earthquakes. On the other hand, these historical
bridges, the oldest railway infrastructure elements in
existence, still serve as a major component of these
systems in many countries. Masonry arch bridges
are an integral component of the heritage of cultures
worldwide and their preservation is of the utmost
importance. Moreover, a significant number is being
used for motorized traffic currently. It is the utmost
importance to insure the safety of these historical
bridges against the dynamic loading of traffic, wind
and earthquakes. Literature shows that finite
element-based methods and arc concepts are usual
methods for the analysis of such bridges against
dynamic loads. These methods are the most expen-
sive ones, and geometrical and material models that
are used are so complicated. Thus, for simplification
of studying linear and nonlinear behaviours of such
structures, the representation of a simple analytic
model is essential. By studying the effects of dynamic
loads on various simplified model elements, it is
possible to redraw a new geometry for masonry
bridges in which load effects are minimized and
since neither of the above-mentioned studies have
not considered the effects of earthquakes vertical
motions on masonry arch bridges, analysing and
considering masonry bridges for such motions through
a simple model seems to be essential.

2. Earthquake Vertical Component and Bridge
Design Codes

In this part of article, the viewpoints of various

design codes about vertical component of ground
motions are represented. The Design codes that
have been reviewed in this study are: Iranian Codes
for Seismic Design of Roads and Railways Bridges
[18], CALTRANS [19], Euro Code [20], AASHTO
LRFD Bridge Design Specifications [21], AASHTO
[22], AASHTO Seismic Isolation Guide Specifica-
tions [23], ASCE [24], IBC2012 [25] and UBC97
[26].

Iranian Codes for Seismic Design of Roads and
Railway Bridges [18] considers only horizontal
components and ignoring vertical component effects;
recommends only the amount of design forces for
deck support bolts. Caltrans applies a vertical load
in ordinary and standard bridges that their site PGA
exceeds 0.6 g and recommends the site study for
evaluation of vertical component effects in important
and complicated bridges. In the bridges with
above-mentioned conditions, a uniform vertical load
equivalent to one-fourth of the deck dead load is
applied to the deck in upward and downward
directions as shown in Figure (1) [19].

EuroCode 8 considers vertical earthquake motion
effects explicitly during design procedure and offers
vertical response spectrum for different soil types.
Figures (2) and (3) show Type I and Type II response
spectrum for vertical and horizontal components
according to EuroCode 8 [20].

AASHTO does not have a direct method for
applying vertical component on bridges, but instead
AASHTO Seismic Isolation guide specifications
[23] uses ±20% of dead load (i.e. load factors of 1.2
and 0.8) in the testing requirements to represent
vertical effects, irrespective of earthquake mag-
nitude, fault distance and soil type [21].

AASHTO LRFD Bridge Design Specifications
[21] denotes for short-period motions in the near-fault

Figure 1. Upward and downward equivalent static loads and moments (Caltrans).
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Figure 2. Response spectrum for vertical and horizontal components (Euro Code8).

environment that the ratio of vertical to horizontal
ground motions increase if the site is located
within six miles of an active fault, intermediate to long
periods ground motion pulses that are characteristics
of the near-source time histories, should be included
if these types of ground motion characteristics could
significantly influence structural response. Similarly,
the high short-period spectral content of near-source
vertical ground motions should be considered.

IBC2012 denotes every structure and portion
thereof, including non-structural components that
are permanently attached to structure, their supports
and attachments should be designed and constructed
to resist the effects of earthquake motions in
accordance with ASCE 7 and do not represent any
independent instruction about vertical component
effects [25].

In UBC 97 [26], structures should be designed
for ground motion producing structural responses

and seismic forces in any horizontal directions, the
following earthquake loads ought to be used in
load combination:

vh EEE +ρ= .                                                        (1)

where E is the earthquake load on an element of
structure resulted from the combination of horizontal
component ,hE  and the vertical component vv E E .
is the load effect resulted from vertical component
of earthquake ground motion and is equal to an
addition of 0.5 . Ca  . I . D to dead load effect, D is for
strength design and may be taken to zero for
allowable stress design. Maximum value of 0.5.Ca. I
product, according to tables represented in code is
81%. The vertical component of ground motion
may be defined by scaling corresponding horizontal
acceleration by a factor of two-thirds. Alternative
factors may be used when substantiated by site
specific data. Where the near source factor, aN  is
greater than 1, site specific vertical response
spectrum shall be used in lieu of the factor of two-
thirds [26].

In ASCE7-10 [24] vertical seismic load effect vE
shall be determined in accordance with the following
equation:

DSE DSv .2.0=                                                   (2)

where DSS  is the design spectral response acceler-
ation parameter at short periods and D is the effect
of dead load [24].

In later stage of this study, a database consists of
31 near-fault earthquake records is gathered. The
selected database consists of 61 horizontal and 31
vertical components of 31 worldwide earthquakes
(reported by PEER-NGA database). Table (1)

Figure 3. Vertical component response spectrum.
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Table 1. Specifications of 31 ground motions.

presents specifications of 31 selected ground motions.
The selected records have very close distance to

faults and great magnitudes. Then, individual and
mean and mean ± standard deviation response
spectrum have been plotted for selected 31 earth-
quakes.
       Figure (3) shows mean and mean ± standard
deviation response spectrum for vertical component
and response spectrum according to EuroCode 8.
Figure (3) shows that mean spectrum of 31 records
is approximately two times as great as that of Euro
Code's spectrum in short period regions. Thus,
usual assumption is that vertical component
spectrum equal to 2/3 horizontal spectrum is not
correct in short-period regions. Figures (4) and
(5) show mean and mean ± standard deviation
horizontal response spectrum for parallel and
normal directions to fault prolongation respectively
and response spectrum according to Iranian Code

of 2800 for Type II soils.
      The plots in Figures (4) and (5) are relatively
similar, and spectrums differences are not noticeable.

Figure 4. Horizontal fault parallel response spectrum.
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In contrast, in Figure (3), the spectrum plots differ
dramatically.

3. Dynamic Properties of Masonry Arch Bridges

The studies show that conventional assumption
of 5% for damping ratio in masonry arch bridges
is overestimated, and using 3% damping ratio for
horizontal modes and 1.5% for vertical modes is
almost near to reality.

4. Masonry Arch  Bridge's Simplified Model

Generally, for structural analysis simplification,
mass, damping and stiffness are lumped in special
joints of structure, and movement and deformation
equations are solved in finite and discrete points of
structure. This method simplifies the solution of
problems and substantially some equations are
solved exclusively by using this method. The position
and number of discrete points depend on the
geometry of structure, distribution of stiffness,
damping and mass, load distribution and required
accuracy. For example, in framed and truss
structures subjected by static loads, discrete points
are located in intersection of element's axes.
Geometrical specification, type and amount of
loads, internal forces and internal moments obtained
from static and dynamic structural analysis and
dynamic specification must be equal in real masonry
arch bridge and simplified model. Since masonry
materials do not have considerable tension resistance,
external loads mostly produce compression
internal forces in structural elements. Therefore,

Figure 5. Horizontal fault normal response spectrum.

the selection of simplified model must be done in a
manner that only compression forces are mostly
produced in structural elements during external
loading. It seems that among different types
of structures, 2D frames with sloped ceiling,
approximately have simple geometrical form and
former mentioned specifications, thus arch is
replaced by two linear elements that connect footing
of arch to its head. Besides, internal forces level
must be equal in real and simple model. Because
axial internal force is varied along the arch, the
average value of axial forces is used a criterion for
conforming two models. Structural and nonstructural
mass must be lumped in nodal points of frame. In
circular arches, based on arches form and subjected
loads, internal axial force is minimum on the top of
arch and is maximum in its footing. The average value
can be easily calculated by means of simple finite
element modelling or simple integration. The results
of many studies show that if 35% of total mass
are lumped in the head of slopes and the remaining
65% are lumped in the footing of arch, the axial
internal force level in inclined elements of simple 2D
frame will be in the neighbourhood but a little less
than the average value in real arch.

Besides, 50% of column's total mass are lumped
on two ends of columns. The concentration of
mass causes an increase in height of mass centre
and the first mode period that frequently occurs in a
direction perpendicular to bridge surface. Moreover,
an increase in bridge vertical stiffness causes a
decrease in period of the first vertical vibration
mode. The decrease of inclined elements declination
angle (angle between elements and horizontal
extension) increases the axial internal force and
inversely decreases the first horizontal and vertical
natural period, resulting in the equality of key
parameters in real and simple model. Furthermore,
it is worth noting that all nodes settled on road-
way's level are restrained in bridge longitudinal
direction for modelling high axial stiffness of
longitudinal elements and deck both ends con-
nections to side's solid supports. Figures (6) and  (7)
show a single span arch bridge and its simplified
model respectively.

5. Goltzschtal Bridge
5.1. Location And Geometry

The Goltzsch viaduct (in German: Goltzschtal
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Figure 6. Single span arch bridge.

Figure 7. Single span arch bridge simplified model.

Table 2. Specifications of Goltzschtal Bridge (Wikipedia, the free Encyelopaedia, Gultzsch Viaduct).

bruke) is a railway bridge in Germany. It is the
largest brick bridge in the world, and for some time
it was also the tallest railway bridge in the world.

Figure 9. Simplified model of Goltzschtal Bridge.

Figure 8. A view of Goltzschtal bridge.

It spans the valley of the Goltzsch River between
Mylau and Netzschkau, around 4 km west of
Reichenbach im Vogtland in the German free state
of Saxony. It was built between 1846 and 1851 as
part of the railway between Saxony (Leipzig,
Zwickau and Plauen) and Bavaria (Hof and
Nuremberg). It is currently part of the Leipzig-
Hof line, near the Netzschkau station. About 10 km
south, the smaller Elster viaduct was built for the
same line that was quite similar to the Goltzsch
viaduct and named "little sister". Table (2) presents
other specifications and Figure (8) shows a view of
Goltzschtal Bridge [27].

Similar to what mentioned in section 5, a
simplified model of Goltzschtal Bridge is built and
the effects of earthquake vertical component are
considered on various elements of model (Figure 9).
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5.2. Nonlinear Time History Analysis of
Goltzschtal Bridge

Direct integration time history analysis has been
used for dynamic analysis of Goltzschtal Bridge. Time
history dynamic analysis of the model is carried out
by seven scaled records and applying all three
components of each earthquake simultaneously.
Records are selected from 30 candidates listed in
Table (1). Scaling is done in a manner that %5
damped response spectrum of each record is com-
patible with code's 5% damped spectrum according
to EuroCode 8 provisions. Table (3) shows seven
selected records for time history analysis and
relevant scaling factors for horizontal and vertical
components according to EuroCode 8 [20].

Table 3. Scaling factors for seven selected records.

The effects of vertical components on Goltzschtal
Bridge structural elements are measured using a
ratio that is computed by dividing the average
values resulted from time history analysis based on
applying three components of earthquakes simul-
taneously for seven selected records to the dead load

response of the elements and presented as .
DL
EQ

 The

Table 4. Average value of  DL
EQ

 for key structural elements.

Table 5. Average value of DL
EQ

 for arches axial forces.

average values for DL
EQ

 ratio for pier axial forces,

axial forces of minor arches and two major arch in
all stories of the bridge are demonstrated in Table
(4). For further investigation on the distribution of
minor arches axial forces in various stories of
bridge, two different bays of the bridge are selected
and variation of axial forces in various stories of
selected bays are reviewed in Table (5). One of two
selected bays is located near the bridge central axes
and the other one is selected far from central axes of
the bridge.

6. Verification

For verification of the simplified model dynamic
analysis results, Goltzschtal Bridge accurate finite
element model is created in ABAQUS software
environment. Figure (10) shows a view of Goltzschtal
Bridge accurate finite element model [28].

Figure 10. Finite element model of Goltzschtal Bridge.
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Material properties of the accurate model are
similar to those used in the simplified model. Springs
that are modelled at two end walls of bridge,
simulate the stiffness of walls backfills. Fill materials
in various stories of bridge are simulated by low
elastic modulus solid with real density.

Dynamic implicit analysis method is used for
structural analysis of the bridge under seven selected
records mentioned in Table (5). In accordance to
complicated geometry of the bridge and for accel-
eration of solution procedure, four node linear
tetrahedron element type is selected for structural

meshing. The average values of 
DL
EQ  for axial forces

in various sections of piers and arches of the bridge
resulted from dynamic analysis for seven selected
records have been shown in Table (6).

The situation of sections has been shown in
Figure (11). The results obtained from dynamic
analysis of simplified and accurate model under
the near-field records are compared through
Figure (12). This Figure shows that piers average

values of DL
EQ

 ratios in simplified model are in

accordance with the ratios obtained for accurate
model but differ excessively in the arches of
two models, For the reason that in the simplified

model the represented DL
EQ

 ratio relates to all points

 located on sloped ceiling beam and is constant in the
whole length of beam but in the accurate model

represented  DL
EQ

 ratio relates to one special section

of arch and varies in different sections of arch. These
results  show that the effects of vertical component
of the near-field ground motions are noticeable in

Table 6. Average value of DL
EQ

 in various sections of the bridge.

Figure 11. Situation of control sections.

Figure 12. Dynamic analysis results of accurate and simplified
model for far-field records.



JSEE / Vol. 18, No. 1, 201642

Mirhasan Moosavi, Mansour Ziyaeifar, Masoud Nekooei, and Javad Mokari

structural elements of bridge.
Besides, for comparison of near-field and far-

field earthquakes effects, seven far-field records are
gathered from PEER NGA and accurate finite
element model is analysed under these selected
records. Table (7) shows the specifications of
seven selected far-field records. Figure (13) shows
the comparison between the average values of

axial force 
DL
EQ  ratio resulted from dynamic analysis

for selected far-field records and those obtained

Table 7. Specifications of 7 selected far field records.

Figure 13. Dynamic analysis of accurate model results for far-field and near-field records.

for near-field records.
In order to investigate the frequency content of

responses in simplified and accurate model, time
history of piers axial force responses in two
different sections of a pier (Base and Section 5
according to Figure 11) extracted from nonlinear
time history analysis of two models are plotted in
Figures (14) and (15).

These Figures denote a good agreement of
frequency content of responses in two models. In
addition, the maximum value of  

DL
EQ   in section 1 of

Figure 14. Time history of axial force responses in base of pier.



JSEE / Vol. 18, No. 1, 2016 43

Effects of Vertical Motions on Seismic Response of Goltzschtal Masonry Arch Bridge

pier (according to Figure 8) is compared with
vertical component response spectrum value in
T = 0.25 (period of bridge vertical vibration) for
each earthquake and plotted in Figure (16). This
figure shows the amplification of axial force due to
the earthquake vertical component is considerable
in earthquakes with high value of response spectrum.

Figure 15. Time history of axial force responses in section 5 of pier.

Figure 16. Variation of Axial force amplification factor and
vertical component response spectrum value.

7. Nonlinear Time History Analysis

In the above-mentioned linear time history analy-
sis, tensile and compression behaviours of masonry
material are assumed to be equal, but tensile strength
of such materials is negligible in practice. Thus, to
investigate the effects of low tension strength of
masonry materials on linear time history analysis
results, nonlinear time history analysis is done on
the segment consisting three central spans of
Goltzschtal Bridge for vertical component of Tabas
earthquake.

Concrete Damage Plasticity from ABAQUS
Software material property options is selected for
modelling the mechanical property of masonry
material. Figure (17) shows the selected segment of
Goltzschtal Bridge and Figure (18) shows stress strain
curve used in the produced  finite element model for
compression and tensile loading respectively [29].

Piers axial force amplification factors extracted
from nonlinear time history results represented in
Table (8).

Figure 17. Segment of Goltzschtal Bridge.

Table 8. Piers axial forces amplification factors.
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Figure 18. Stress strain curve used in finite element model.

 Besides, for the verification of the results, a
one-degree-of-freedom simplified model consisting
cantilever bar and end concentrated mass is created
in SAP2000 software environment. End mass and
bar length of the simplified model are selected so
that vertical vibration period can be equal in the
simplified and accurate model. A gap element that
eliminates axial tensile forces, are situated in
the middle of the bar. Finally, nonlinear time history
analysis is done on the simplified model under
vertical component of Tabas earthquake. Figure (19)
shows a view of simplified model and Table (9)
presents axial forces amplification factor extracted
from nonlinear time history results for simplified
model with and without gap element.

Figure 19. A view of simplified one-degree-of-freedom model.

Table 9. Simplified model axial force amplification factor.

8. Conclusion

In this study, a simplified FE model of the world's
largest brick bridge has been created and analysed
under seven selected records. The results of nonlin-
ear time history analysis have been represented as a
ratio computed by dividing average values resulted
based on applying three components of earthquake
simultaneously for seven selected records to dead
load responses of elements.

As mentioned earlier, because of geometrical
shape and mechanical properties, masonry arch
bridges have lower natural periods of vertical
vibration and large amount of bridges modal mass
is concentrated at low period regions (great peak
region in response spectrum of vertical component
in the near fault earthquakes) and as expectation,
vertical ground motions effect are considerable in
the elements of masonry arch bridges. For verifica-
tion of the simplified model of dynamic analysis
results, bridge's accurate finite element model is
created, and time history dynamic analysis results
are compared for simplified and accurate model.
Comparing and reviewing axial force responses of
Goltzschtal Bridge for seven selected near-field
records in simplified and accurate models show
that:
v Applying vertical component of near-field earth-

quakes increase the axial force in key structural
elements excessively.

v Minimum values of  
DL
EQ  ratio for axial force

responses are being observed in the piers of
bridge that vary between 2.57 and 3.6. Maximum
increase for the piers axial forces occurs in upper
stories and minimum one occurs in the lower
stories.

v Maximum values of the 
DL
EQ  ratio for axial force
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responses are observing in the minor arches of
bridge that vary between 6.23 and 9.16. Maxi-
mum increase for the minor arches axial forces
occurs in the lower stories and minimum one
occurs in the upper stories.

v Ratio of the 
DL
EQ  for axial force responses of major

central arches lies between above-mentioned
limits and varies between 5.19 and 7.52.

v Amount of increase in the arches axial forces
have reverse relationship by span-length of arches.

v In the arches closer to bridge central axes,
maximum increase in axial forces occurs in the
upper stories but in arches far from bridge central
axes, maximum increase occurs in the lower
stories.

v Accurate model's dynamic analysis results are in
accordance to those obtained from simplified
model dynamic analysis.

v Average values of axial force the 
DL
EQ  ratio

resulted from dynamic analysis under selected
near-field records are greater in comparison to
those obtained from far-field records.

v Because maximum tensile stresses in the piers
are less than allowable tensile stresses and based
on above-mentioned results, it is concluded that
axial forces amplification factors are nearly equal
for nonlinear and linear time history analysis and
thus linear time history analysis results can be
used to study the effects of vertical ground
motions on axial force variation in bridge piers.
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