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Abstract Historic masonry arch bridges are vital
components of transportation systems in many countries worldwide, ensuring the ready access of goods
and services to millions of people. The structural failure of these historic structures would severely and adversely impact the economies of these nations due to
the massive disruptions of transportation systems accompanying such failures. To successfully maintain
these aging masonry structures, performance assessment must incorporate the unique mechanical characteristics of masonry. Therefore, the preferred analysis technique must go beyond a linear approach. This
study assesses the earthquake performance of a restored historical masonry arch bridge through nonlinear finite element analysis incorporating the Drucker–
Prager damage criterion. The case study structure is
the Mikron Arch Bridge, a nineteenth century Ottoman Era structure built over the Firtina River near
Rize, Turkey, and restored in 1998. The Mikron Arch
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Bridge was first subjected to ambient vibration testing, during which accelerometers were placed at several points on the bridge span to record the bridge
vibratory response. The investigators then used Enhanced Frequency Domain Decomposition and Stochastic Subspace Identification techniques to extract
the experimental natural frequencies, mode shapes,
and damping ratios from these measurements. Experimental results were compared with those obtained by
the linear finite element analysis of the bridge. Good
agreement between mode shapes was observed during
this comparison, though natural frequencies disagree
by 8–10%. The boundary conditions of the linear finite element model of Mikron Arch Bridge are adjusted such that the analytical predictions agree with
the ambient vibration test results. By introducing the
Drucker–Prager damage criterion, the calibrated linear
FE model was next extended into a nonlinear model.
Nonlinear analysis of seismic behavior of Mikron arch
bridge was performed considering the acceleration
record of Erzincan earthquake in 1992 that occurred
near the Mikron Bridge region. The displacement and
stress results were observed to be allowable level of
the stone material. Moreover, linear FE model calibrations elicited a significant influence on the nonlinear
FE model simulations.
Keywords Ambient vibration testing · Historical
arch bridge · Dynamic characteristics · Nonlinear
earthquake behavior · Finite element modeling ·
Model calibration · Operational modal analysis
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1 Introduction
Historical arch bridges, encompassing various sizes,
styles, and spans are in wide use all over the world. Indeed, several of these structures are over 2,000 years
old. As such, they constitute an important part of the
cultural heritage in many countries and their preservation for the next generation is crucial [16, 26]. A thorough understanding of the structural behavior of these
bridges is necessary for restoring and preserving the
integrity of these unique architectural antecedents.
Restoration is a specific design and implementation
activity that aims to conserve, repair, consolidate, and
safely convey the remnants of earlier civilizations for
future generations. The suitable techniques for restoration of historical structures depend upon their current
state of repair, their historical importance, location,
potential usage, and availability of resources such as
sufficient funds, suitable materials and qualified labor
necessary for undertaking restoration. People in advanced societies are aware of the value of such cultural
icons and the architectural heritage they represent, and
have made a collective effort to assume the responsibilities necessary for their care and conservation.
This cultural and artistic awareness has subsequently yielded many analytical and experimental
studies on historical bridges, many of which exist in
the literature [4–6, 9, 12, 13, 18, 21–24, 30, 36, 37].
Many of masonry bridges are 100—1,000 years old.
The researchers point that the analytical studies do not
provide a real behavior of these historical masonry
structures. Although these studies showed success in
their experimental campaigns, their investigations are
often limited to the original structural states of the
masonry bridges. However, a new method to determine the structural behavior of these structures is ambient vibration testing, which provides to obtain current behavior of engineering structures. The authors
have a data acquisition system, so they have an opportunity to complete structural assessment of a historical masonry arch bridge after its restoration. These
points are ordered in the revised paper. In this study,
however, the authors obtained a unique opportunity to
complete structural assessment of a historical masonry
arch bridge after its restoration.
This paper presents the nonlinear earthquake performance of the Mikron historical arch bridge constructed in the Black Sea region of Turkey in the nineteenth century and restored in 1998. This paper first
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elucidates the construction properties of the bridge,
describes the initial finite element (FE) analysis, and
then describes how the analytical dynamic characteristics were obtained. Next, ambient vibration tests were
conducted on the bridge and experimental dynamic
characteristics were estimated. Enhanced Frequency
Domain Decomposition (EFDD) and Subspace Structural Identification (SSI) techniques were used to extract dynamic characteristics from the measurements.
The boundary conditions of the initial finite element
model of the bridge were calibrated based on experimental natural frequencies. The calibrated linear finite
element model was extended into nonlinear range by
incorporating the Drucker–Prager damage criterion,
and lastly, the nonlinear earthquake behavior of the
bridge after restoration was determined by a calibrated
finite element model.

2 Formulations
Because the input force is not measured in ambient
vibration tests, ambient excitation does not lend itself to using either the Frequency Response Function
(FRF) or Impulse Response Function (IRF) calculations. Therefore, under ambient excitation, the modal
identification procedure must be based upon outputonly data [34]. Currently, several modal parameter
identification techniques exist, developed through improvements in both computing capacity and signal
processing procedures. In this study, the investigators extracted experimental dynamic characteristics
using Enhanced Frequency Domain Decomposition
(EFDD) and Stochastic Subspace Identification (SSI)
techniques. The first two sections of this paper describe the mathematical formulations of these two disparate system identification techniques.
In addition, the nonlinear transient analyses of
the bridge were performed using the Drucker–Prager
damage criterion, a damage model commonly used to
represent masonry structures. The third part of this
section provides an overview of the mathematical formulation of the proposed damage model.
2.1 Enhanced frequency domain decomposition
(EFDD) technique
In the EFDD technique, the relationship between the
unknown input x(t) and the measured responses y(t)
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can be expressed as [11, 20, 25]:
" !
"∗ !
"!
"T
!
Gyy (j ω) = H (j ω) Gxx (j ω) H (j ω)

(1)

where Gxx (j w) is the r × r Power Spectral Density
(PSD) matrix of the input, r is the number of inputs,
Gyy (j w) is the m × m PSD matrix of the responses,
m is the number of responses, H (j w) is the m × r
Frequency Response Function (FRF) matrix, and ∗
and superscript T denotes the complex conjugate and
transpose, respectively. Solution of (1) is given in detail in the literature [14].
2.2 Stochastic subspace identification (SSI) method
Stochastic Subspace Identification (SSI) is an outputonly time domain method that directly operates on the
time data, obviating the need to convert the raw measurements to either correlations or spectra. SSI is especially suitable for operational modal parameter identification. For a detailed explanation of the mathematical formulation of the SSI method, see [28, 29, 39].
The model of vibration structures can be defined by
a set of linear, constant coefficient, and second-order
differential equations [29]:
M Ü (t) + C∗ U̇ (t) + KU (t) = F (t) = B∗ u(t)

(2)

where M, C∗ , K are the mass, damping, and stiffness matrices, F (t) is the excitation force, and U (t)
is the displacement vector at continuous time (t). Observe that the force vector F (t) is factorized into a
matrix B∗ describing the inputs in space and a vector u(t). Although (2) represents quite closely the true
behavior of a vibrating structure, it is not directly
used in SSI methods. Therefore, the equation of dynamic equilibrium (2) will be converted to a more
suitable form: the discrete-time stochastic state-space
model [29]. Though state-space model originates from
control theory, it is also used by mechanical/civil engineering professionals to compute the modal parameters of a dynamic structure with a general viscous
damping model [20].
2.3 Drucker–Prager criterion
For nonlinear finite element analysis, many damage criteria are available for the determination of
the yield surface or the yield function of materials.

The Drucker–Prager criterion is widely used for frictional materials such as rock, concrete, and masonry.
Drucker and Prager [19] also obtained a convenient
yield function to determine elasto-plastic behavior of
concrete, known as the smoothing Mohr–Coulomb criterion [1, 19]. This criterion is defined as
#
(3)
f = αI1 + J2 − k
where α and k are constants which depend on cohesion
(c) and angle of internal friction (φ) of the material
given by
2 Sin φ
α= √
3(3 − Sin φ)

(4)

6c Cos φ

k= √
3(3 − Sin φ)
In (3), I1 is the first invariant of stress tensor (σij )
I1 = σ11 + σ22 + σ33

(5)

and J2 is the second invariant of deviatoric stress tensor (sij ),
1
J2 = sij sij
2

(6)

where, sij is the deviatoric stress as yielded below.
sij = σij − δij σm

(i, j = 1, 2, 3)

(7)

In (7), δij is the Kronecker delta, which is equal to
1 for i = j ; 0 for i ̸= j , and σm is the mean stress,
expressed as
σm =

I1 σ11 + σ22 + σ33 σii
=
=
3
3
3

(8)

If the terms in (7) are obtained by (8) and those are
replaced in (6), the second invariant of the deviatoric
stress tensor can be obtained, the expression of which
is below.
J2 =

"
1!
(σ11 − σ22 )2 + (σ22 − σ33 )2 + (σ33 − σ11 )2
6
2
2
2
+ σ12
+ σ13
+ σ23

(9)

It is observed from Fig. 1 that a smooth surface is obtained removing Coulomb corner spots [17].
The failure surface of the Drucker–Prager criterion
can be considered as the extension of the failure surface von Mises for soil and concrete materials. The
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Fig. 1 Failure criteria for
Coulomb, Drucker–Prager
and von Mises [17]

Fig. 2 Some photographs
of Mikron Arch Bridge

Von Mises failure function, obtained due to α is equal
to zero in (3), can be referred to as the extended von
Mises criteria.

3 Finite element modeling and analytical dynamic
characteristics
The case study structure is the Mikron Historical Arch
Bridge, an Ottoman Era structure built in the middle of
nineteenth century, and located on the Firtina Stream
in Rize, Turkey. An aerial view of the Mikron Bridge
is shown in Fig. 2. The bridge which fell into disrepair toward the end of the twentieth century (Fig. 2a)
was subsequently restored to its former glory in 1998
by the General Directorate for Highways of Turkey.
Specifically, the main structural elements of the bridge
(stone arches, side walls and timber block) have been
repaired and strengthened, and the current state of the
bridge after this program is seen in Fig. 2b. The mass
of the structure was increased leading to a decrease

in the frequencies after restoration. However, observations and investigations done by the authors about
the bridge show that the main structural behavior of
the bridge has been prevented. Therefore, the changes
in the structural behavior of the bridge are very little.
Maybe it can be true to say that the restoration provide
only a beauty as makeup to the bridge. But the mortar was added to the walls of the bridge which may
rigidify the structure.
Subsequent to restoration, the Mikron Bridge had
only one circular arch. It now has two, known as the
inner and outer stone circular arches. The thicknesses
of the inner arch and outer arch are 0.50 m and 0.15 m,
respectively. The total length of the bridge is 33.80 m,
the span is 19.49 m, the radius is 10.60 m, and the
side walls and timber block are 0.50 m and 2.00 m
wide, respectively. These geometrical properties of the
bridge are shown in Fig. 3.
In the analytical modal analysis of the bridge, three
different material properties were considered for the
stone arch, the side walls and the timber block. Un-
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Fig. 3 Geometrical properties of Mikron Arch Bridge

fortunately, the identification of these material properties for such historical structures through nondestructive testing is a difficult and expensive process. A large
number of tests must be conducted to obtain any meaningful statistical significance. In this study, we rely
on the previous, relevant studies of similar historical
masonry bridge structures [13, 23, 36]. After a thorough literature review, the authors determined the necessary material properties deemed suitable for use in
this analysis (see Table 1), with the obvious acknowledgement that these material properties are approximate and susceptible to error.
The authors used ANSYS [2] software in the finite
element analysis of the bridge, which is preferred due
to its capacity for linear, nonlinear, static and dynamic
analyses of structures. In the 3D finite element bridge
model, a total 33794 SOLID186 elements were used,
as shown in Fig. 4. Each element has 20 nodes and
each node has three degrees of freedom: translations
in the nodal x, y, and z directions. The boundary conditions are defined by restraining all degrees of free-

Table 1 Material properties considered in the analytical solution
Material

Modulus of
elasticity (N/m2 )

Poisson
ratio

Density
(kg/m3 )

Stone arches
Timber block
Side walls

3.0E9
1.5E9
2.5E9

0.25
0.05
0.20

1600
1300
1400

dom under the bridge abutments, commonly known as
fixed boundary conditions.
The first four natural frequencies fall in ranges between 5.4–13.4 Hz, and the first four global vibration
mode shapes of the bridge are shown in Fig. 5. The
bridge has two main types of vibration modes: bending and vertical.
4 Operational modal analysis and experimental
dynamic characteristics
Bridge measurement analysis was conducted with uniaxial accelerometers (B&K 8340), and a 17-channel
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Fig. 4 3D finite element
model of Mikron Arch
Bridge

Fig. 5 Analytical mode
shapes of Mikron Arch
Bridge

data acquisition system (B&K 3560); the minimum
frequency span and sensitivity of both is 0.1 Hz and
10 V/g, respectively. Signals were transferred into
the PULSE [31] Lapshop software. The Operational
Modal Analysis software [27] was used to estimate
parameters from the Ambient Vibration System data.
The ambient vibration tests were conducted under environmental loads such as human walking and wind
effects. The photographs of data acquisition system
and accelerometers are given in Fig. 6. Twelve uniaxial accelerometers were used in the ambient vibration
tests of the bridge, and the 3D schematic view of location points of the accelerometers are given in Fig. 7.
The frequency span of the vibration measurement was
selected as 0–50 Hz. Total duration of the measurement was 30 minutes. The frequency span was se-

lected according to initial finite element results. The
duration was also selected suitably with the literature
[10, 15, 32].
The Operational Modal Analysis method was conducted using the EFDD technique in the frequency domain and the SSI technique in the time domain. The
EFDD technique was used to extract dynamic characteristics from singular values of each vibration signal, while SSI technique was used to compute the singular values of a collection of vibration signals. Figure 8 shows the singular values of the spectral density
matrices and the stabilization diagrams of estimated
state space models obtained from vibration signals using these two techniques. This step involves computation of the singular values. Repeating the procedure
with increasing polynomial orders yields a stabiliza-
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Fig. 6 Ambient vibration
test photographs

acteristics of Mikron Arch Bridge is summarized in
Table 2.

5 Finite element model calibration of the bridge

Fig. 7 Accelerometer locations on the bridge

tion diagram, which plots the roots of the polynomial
as the order of the polynomial is increased. The stable
roots for increasing polynomial orders indicate a natural system frequency, and the user defines the maximum number of modes for the analysis, which corresponds to the maximum polynomial order. Typically,
an over-specified mode order is defined, which later
necessitates a judgment-based distinction between the
physical and computational modes. The stabilization
diagram aids this distinction process. The premise is
that as these physical (actual) poles stabilize for an increasing model order, the mathematical poles scatter.
Though this pole stabilization is apparent in Fig. 8b,
the pole scattering is less clearly defined. The reason
for this apparent discrepancy is the lack of appropriate
signals collected for mode extraction.
The first four mode shapes obtained from ambient
vibration tests are given in Fig. 9. Observed modes can
be classified as both bending and vertical modes of the
deck. Similar to the predictions of the analytical models, the results of the experimental modal identification also revealed four modes in the investigated frequency interval between 6.0–4.0 Hz. The overall comparison of experimental and analytical dynamic char-

Table 2 shows this difference to be approximately
8–10%. Such great discrepancies between predictions
and measurements indicate a source of inaccuracy in
the finite element model. Therefore, the finite element model of the bridge must be calibrated according to experimental results. The finite element model
of Mikron Arch Bridge was developed using the draft
drawings details, in lieu of an on-site survey of the
structure. It is the authors’ contention that the potential inaccuracies on the boundary conditions contribute to the differences between the natural frequencies obtained by finite element analyses via experimental measurements. However, the differences between analytical and experimental results come from
the inaccurate in the analytical model; these inaccurate are due to boundary conditions and material properties. In addition, both of boundary conditions and
material properties are selected as update parameters
in a finite element model update procedure [7, 8, 35].
However, the material properties of historical structures are very difficult to select or define. Because
these structures have a very old ages, and they have
been exposed to external loads such as earthquakes
and storm water in its life. So the material properties
of these structures can be changed with the time. However there is not allowed to take samples from these
structures for the compressive or other testing to obtain its material properties. Because they are historical
structures and they are not absolutely allowed to take
samples from them by the governments. Therefore,
the material properties of these structures are considered from the literature. Due to the fact that it was
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Fig. 8 Dynamic
characteristics of the bridge
attained from (a) EFDD and
(b) SSI techniques

not possible to conduct nondestructive testing to estimate the material properties of the Mikron Bridge,
the authors selected material properties for the finite
element analysis [13, 23, 36]. As such, material prop-

erties were not available for the finite element bridge
calibrations. Also, because some changes were observed in the boundaries of the bridge, the finite element model of the bridge was calibrated by changing
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Fig. 9 Experimental mode
shapes of Mikron Arch
Bridge

Table 2 Comparison of analytically and experimentally identified dynamic characteristics
Mode
number

Analytical
frequencies (Hz)

Experimental frequencies (Hz)

Experimental damping ratios (%)

EFDD

EFDD

SSI

SSI

1

5.415

6.063

6.065

1.945

1.855

2

10.113

9.563

9.558

0.967

0.923

3

10.665

9.906

10.180

0.835

0.815

4

13.371

13.590

13.590

0.258

0.289

only boundary conditions. Figure 10 shows the obvious accumulation of sediment, such as earth and rocks,
around the bridge abutment. All degrees of freedom of
the regions, where such accumulation is evident, are
restrained in all directions. The calibration activity is
limited to this minor adjustment in boundary conditions.
The comparison of experimental and analytical natural frequencies after finite element model calibration
is given in Table 3. After model calibration, the differences between natural frequencies are reduced to
approximately 1–2%. Such difference is attributable
to the variations in modal parameter extraction with
the use of different system identification techniques
(e.g., EFDD vs. SSI). Considering the unique challenges and uncertainties in modeling a historic masonry bridge, such correlation between finite element
predictions and vibration measurements is considered
to be reasonable.

6 Nonlinear earthquake behaviors of Mikron
Arch Bridge
Here, the nonlinear earthquake behaviors of Mikron
Arch Bridge are investigated before and after the Finite Element Model (FEM) calibration. The purpose
of repeating this analysis with calibrated and uncalibrated model was to investigate the importance
of the finite element model calibration against ambient vibration measurements. Nonlinear transient
analyses of the bridge was performed considering
the ERZIKAN/ERZ-NS component of 1992 Erzincan Earthquake (Fig. 11) [38] as the excitation source.
This earthquake event occurred in the North Anatolian
Fault, which is the nearest fault to the Mikron Bridge.
The accelerations are applied to the bridge in bending
(z) direction. This is the direction in which the first
mode shape is observed.
The Drucker–Prager damage criterion is preferable for introducing the nonlinear behavior of masonry to the finite element model as its smooth fail-
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Fig. 10 Some photographs
of the collected materials at
the side walls

Table 3 Analytical and experimental natural frequencies before and after model calibration
Mode
number

Analytical
Frequencies (Hz)
Before
calibration

Experimental
Frequencies (Hz)
After
calibration

EFDD

Max. difference
SSI

Before
calibration

After
calibration

1

5.415

6.060

6.063

6.065

%10.7

%0.08

2

10.113

9.756

9.563

9.558

%5.5

%2.0

3

10.665

10.115

9.906

10.180

%7.1

%2.1

4

13.371

13.550

13.590

13.590

%1.6

%0.3

Fig. 11 The time-history
of ground motion
acceleration of 1992
Erzincan Earthquake

Fig. 12 Location of
presented nodes and I–I
section on Mikron Arch
Bridge

ure surface provides very definite analytical and computational advantages [30]. The two nonlinear Cohesion (c) and Friction angle (φ) material parameters were selected from the literature. For the stone
arches, c = 1.15 MPa, φ = 55°; for the timber block,
c = 0.05 MPa, φ = 55°; and for the side walls, c =

0.05 MPa, φ = 20° are assumed [30]. Because of the
difficulties in the nonlinear analysis of such a sophisticated bridge, some idealization is acceptable in FEM
(shown in Fig. 4) by subtracting two volume parts
under the base of the stone arches the bridge (show
Figs. 12 and 13).
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Fig. 13 The maximum
displacements contours
obtained before and after
model calibration

In the time history analyses, element matrices were
computed using the Gauss numerical integration technique [3]. The Newmark method was used in the
solution of the differential equation of motion. Because of the computational demand of this method,
only the first 6.5 seconds of the earthquake were considered during calculations. As the first few seconds
of the Erzincan Earthquake are of greater magnitude
(Fig. 11), such an abbreviated time duration is not expected to adversely affect results. Because the damping ratios are unknown prior to the ambient vibration tests in the initial (uncalibrated) FEM analysis,
the authors estimate the Rayleigh damping coefficients
for an assumed 5% damping ratio. However, during
the calibrated FEM analysis, Rayleigh damping coefficients are calculated for a 1.9% damping ratio as obtained from ambient vibration tests.
The time histories of displacements and principal stresses on nodes such as A, B, C, D, E, and F
(Fig. 12) were the results of this nonlinear analyses
of the Mikron Arch Bridge. Additionally, the variations in the lateral displacements along to I–I section
(Fig. 12), the displacements, and the stresses contour
diagrams were obtained.

The maximum displacement contours of the Mikron Arch Bridge before and after model calibration
are shown in Fig. 13(a–b), respectively. These contours represent the distribution of the peak values
reached by the maximum displacements at any time
during simulation at each point within the section. It
can be seen from Fig. 13 that the maximum displacements occurred at the middle region of the bridge and
at the top of the timber block and side walls. It must
be emphasized that in the calibrated model, experimental damping ratios are used and the stiffness of the
sidewalls is increased by adjusting the boundary conditions.
Figure 14 shows the variation of maximum lateral displacements (z direction–Fig. 4) on I–I section
of Mikron Arch Bridge for the initial and calibrated
FEM, respectively. As can be seen from Fig. 14, after calibration, the predicted displacements decrease
along the length of the bridge and primarily around
the middle of the bridge.
The time histories of displacements at the nodal
points A and B of the bridge (Fig. 12), where the maximum displacements occurred, are plotted before and
after model calibration in Fig. 15(a–b), respectively.
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Fig. 14 The variation of
maximum displacements on
I–I section of Mikron Arch
Bridge

Fig. 15 The time histories
of displacements at nodal
points A and B of Mikron
Arch Bridge

As seen in Fig. 15, there is a reduction in the maximum displacement predictions after calibration of the
FE model.
The maximum principal stress contours of Mikron
Arch Bridge before and after model calibration are
shown in Fig. 16(a–b), respectively. These stress contours represent the distribution of the peak values
reached by the maximum principal stress at each point
within the section. As can be seen in Fig. 16, the maximum principal stresses occurred at the region around
the base of the stone arch.

The minimum principal stress contours of the
Mikron Arch Bridge before and after model calibration are shown in Fig. 17(a–b), respectively. Here,
the minimum principal stresses occurring at the region around the base of the stone arch are similar to
the maximum principal stresses. However, unlike the
maximum principal stresses occurring on the upstream
side of the bridge, these minimal stresses occurred on
the downstream side. The maximum and minimum
principal stress values in the arch are lower than the
acceptable strength of the stone [21, 33], indicating
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Fig. 16 The maximum
principal stress contours
before and after model
calibration

that the restoration augmented the strength of the original bridge design.
The time histories of principal stresses at the nodal
points E and C of the bridge (Fig. 12) where the
maximum stresses occurred are plotted before and
after model calibration in Fig. 18(a–b), respectively.
Similarly, the time histories of minimum principal
stresses at the nodal points F and D of the bridge
(Fig. 12) are plotted before and after model calibration in Fig. 19(a–b), respectively. As it can be seen
from Figs. 18 and 19, the principal stresses obtained
from the initial model (before model calibration) are
higher than those of the calibrated model.
7 Conclusions
This paper presents findings from the finite element
modeling, modal testing, finite element model calibration and nonlinear earthquake behavior for initial and

calibrated models of restored Mikron Arch Bridge located in the Black Sea region of Turkey. In this work,
the authors noted the following observations:
• The first four natural frequencies in the range of
5.4–13.4 Hz were obtained from the initial 3D finite element model of the Mikron Arch Bridge.
The observed mode shapes within this frequencies
range can be basically arranged as bending mode
in the z direction and vertical modes in the y direction. The first four experimental modes are estimated within ranges between 6.1–13.6 Hz. The experimental mode shapes are observed to be in close
agreement with the analytical mode shapes.
• Approximately 8–10% difference between the initial analytical and experimental natural frequencies
of Mikron Arch Bridge is observed. The finite element model of the bridge is calibrated by adjusting
boundary conditions around the abutments of the
bridge, where there is an accumulation of debris.
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Fig. 17 The minimum
principal stress contours
before and after model
calibration

Fig. 18 The time histories
of maximum stresses at
Nodes E and C of Mikron
Arch Bridge

After model calibration, the differences in calculated and measured natural frequencies are reduced
to approximately 1–2%. The explanation of this low
level difference is in part due to s experimental uncertainties, and variations in system identification
algorithms.

• Maximum displacements are obtained as 8.2 mm
and 6.9 mm, respectively, from nonlinear earthquake analyses of initial and calibrated models of
the Mikron Arch Bridge. The maximum displacements occurred at the middle region of the bridge
and the top of the timber block and side walls, in-
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Fig. 19 The time histories
of minimum stresses at
Nodes F and D of Mikron
Arch Bridge

dicating a general level of acceptability regarding
these displacements.
• The maximum principal stresses obtained are
1.8 MPa and 1.6 MPa, respectively, from nonlinear
transient analyses of the initial and calibrated models of the Mikron Arch Bridge. The minimum principal stresses obtained are 1.8 MPa and 1.5 MPa,
respectively, from nonlinear earthquake analyses of
both the initial and calibrated bridge models. Both
the maximum and minimum principal stresses generally occurred at regions around the base of stone
arch for both the initial and calibrated bridge models.
• The maximum and minimum results obtained from
the initial models are larger than those of the calibrated models of the Mikron Arch Bridge. The displacement and stress results were also in the permitted ranges for the stone material used in the
bridge.
• These findings illustrate a general overestimation
by the uncalibrated FEM developed by the authors
based on best-engineering practices. Therefore, an
ambient testing and model calibration scheme must
be an integral part of routine structural analyses
when applied to historic masonry arch bridges. The
restoration of such historical structures as masonry
bridges also allows for both their preservation and
continued risk free use.
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