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Abstract

The paper discusses the possibility of reliably estimating the concrete resistance based on
Young’s modulus assessed from FE model updating using ambient vibration data. The
procedure is applied to the FE model updating of a multi-span prestressed concrete bridge
in Corvara (Italy). The bridge consists of seven spans, each made of seven prestressed
concrete girders and a concrete deck. The operational modal analysis of the seven spans
leads to estimating Young’s moduli of the deck and the girders. The FE model’s sensitivity
analysis shows the modal parameters’ dependence to the Young moduli of the deck and
the girders, proving that the detected modes are differently affected by the two modelling
parameters. In a second step, the authors estimate the concrete resistance using a well-
acknowledged empirical correlation between the Young moduli from FE model updating
and the concrete resistance. Finally, the concrete resistance and its uncertainty, obtained
by propagating the modelling error from the objective function to the concrete resistance,
is compared to the concrete resistance assessed from destructive tests on concrete samples
extracted from the bridge. The paper confronts the values of concrete resistance estimated
from a non-destructive and a destructive method. The indirect method based on the tuning
of the FE model yields a good matching in terms of estimated parameters. However, the
variance from concrete samples is higher than that obtained from the indirect method.
The authors discuss the causes of this discrepancy and highlight the pros and cons of the
presented indirect method for estimating the material properties from ambient vibration
data.
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1. Introduction

The ageing of concrete structures urges the need for methods to assess
the material properties from experimental data [1, 2]. The last decades saw
the spreading of dynamics-based practices to determine the health of struc-
tures [3, 4], damage detection strategies [5, 6], and in particular the state of
concrete [7, 8, 9]. Most of them focus on the issue of damage detection and lo-
calization and present challenging methods to estimate the structural damage
using vibration data [10, 11, 12, 13]. In concrete structures, Young’s modulus
can be a global representative of the health of the whole structural system
[14, 15]. Tt is sensitive to several ageing factors such as e.g. micro-cracking
phenomena or the conservation state of the cementitious paste, behaving as a
homogenized parameter of several decaying agents [16, 17]. Therefore, the es-
timate of Young’s modulus bestows a significant insight into the conservation
state of a concrete structure [18]. The actual goal of structural assessment
is structural reliability, thus the estimation of Young’s modulus is an inter-
mediate fundamental step [19], which is related to the material resistance.
The scientific literature and the National standards present several empiri-
cal correlations between Young’s modulus and the compressive strength of
concrete [20]. In this paper, the authors discuss the possibility of indirectly
estimating the concrete resistance from Young’s modulus, regarded as an
indirect estimator of the ultimate capacity [21] and assessing it from vibra-
tion data. There are several research papers [22, 23, 24] and standards for
the estimation of Young’s modulus from the vibration of concrete specimens.
Specifically, there are normalized methods for assessing the elastic properties
of a material using the recorded vibrations of specimens, such as the Amer-
ican Society for Testing and Materials [25] or the Deutscher Ausschaussfiir
Stahlbeton [26]. Additionally, it is common in civil engineering to estimate
Young’s modulus from FE model updating based on the outcomes of oper-
ational modal analysis (OMA) [27, 28], by calibrating a set of the stiffness
parameters based on the experimental operational response. Furthermore,
Young’s moduli of concrete may return an indirect estimate of the concrete
strength using acknowledged correlations. However, there are a few equa-
tions showing relationships between those two parameters [29]. Besides, the



value of Young’s modulus of concrete depends on many other factors such as
moisture, the percentage of aggregate volume, density, and aggregate type.
The discussed procedure based on FE model updating can also lead to as-
sessing the variance of the concrete resistance. The variance of the objective
function, known from the optimization problem, is propagated to Young’s
moduli and then to the concrete resistance to assess the expected tolerances
of the estimates. Several authors [30, 31, 32, 33, 34, 35] distinguish multi-
ple types of uncertainties, which can be at least classified into two sources:
the uncertainty of the prediction model and that related to the experimental
data. In this research, the authors evaluate the tolerances of the estimates,
considered, according to [36], among the model uncertainties.

The values of the concrete resistances, indirectly estimated from the FE
model updating [37, 30], are finally compared to the ones directly estimated
from concrete samples extracted from the bridge girders. The authors com-
pare and discuss the results by highlighting the pros and cons of these indi-
rect properties estimations from ambient vibration tests. The paper has the
following structure: the first part (section 2) outlines the indirect method
for estimating the resistance of concrete from ambient vibration data. The
second part (section 3) presents the case study and the experimental tests.
Section 4 presents the results from the FE model updating, while the last
section compares the direct and indirect methods for estimating concrete
resistance.

2. Indirect estimate of the material resistance from FE model up-
dating using ambient vibration data

Deterministic model updating leads to an optimal set of model parameters
), that minimizes the misfit between experimental data, denoted as d, and
model predictions denoted as Gj;(@yr). This discrepancy is represented by
the so-called misfit or cost function F, so that the model updating problem
is equivalent to the following optimization problem [36, 38]:

= argmin F (G (0y) — d) |6y € D C RNew (1)

O

The experimental data d used for damage assessment through FE model
updating most often consist of measurements obtained during dynamic vi-
bration experiments, where a structure is equipped with a set of measurement



sensors (e.g. accelerometers, strain gauges, fibre-optic sensors) which regis-
ter the system’s response due to some dynamic excitation. In structural
dynamics, the most used parameters for model updating are the modal pa-
rameters, generally estimated from OMA. In civil structures, the modelling
parameters (éM) are generally the geometric and material features, which
directly affect the modal parameters. The geometric features are mainly
known from a direct survey and assumed as given data. Therefore, model
updating generally comes down to only assessing the stiffness parameters of a
FE model. The goal of the FE element model updating is to obtain a numer-
ical or mathematical model that can simulate the structural behaviour for
analysis, prediction, and design purposes. In civil engineering practice, FE
models have primarily been used to analyze structural performance under
different limit states. However, the use of FE models to assess the struc-
tural performance under ultimate limit states entails plausible assumptions
about material resistance. Specifically, while the stiffness parameters can
be directly calibrated using ambient vibration data, the material resistances
necessary for ultimate limit state assessments are generally assumed or esti-
mated from additional experimental tests, generally destructive tests based
on the extraction of structural samples. The FE model updating using the
modal parameters can estimate the stiffness parameters, not the strength of
the material, which is generally assessed from additional experimental tests.
Still, the stiffness features are generally related to the resistance, and several
standards propose empirical correlations between the stiffness and resistance
of the materials. Expressly, there are acknowledged algebraic relationships
between Young’s modulus and compressive resistance of concrete. So far,
a few scholars have attempted to estimate the material properties from the
stiffness parameters estimated from FE model updating based on ambient
vibration data [39]. This research presents a case study where the indirect
estimation of the concrete resistance from Young’s modulus assessed from FE
model updating is compared to the resistance directly estimated from con-
crete samples. The goal is to discuss the applicability of an indirect approach
for assessing the compressive strength of concrete in practical applications,
where data from concrete samples are available. Four steps are the base of
the proposed method for the indirect estimation of the concrete resistance
from ambient vibration data.

1. Step 1-Preliminary FE model. The development of a FE model
of the structure is the preliminary task. The modal analysis of the



numerical model, obtained by adopting first-attempt estimates of the
parameters, may assist the scholar in the optimum sensor placement of
the measurement devices (accelerometers, velocimeters, strain gauges,
e.g.).

. Step 2-Experimental tests. The estimation of the experimental
modal parameters from ambient vibration data is the second step. The
scientific literature of the last two decades bestows diverse and efficient
techniques for extracting modal features [40]. The scholar can obtain
the modal parameters from single experimental campaigns. Still, the
increasing interest in permanent monitoring systems may allow a more
in-depth investigation of the structural response by tracking the esti-
mated parameters over time [41, 42].

. Step 3-FE model updating. The optimization of the FE model
using the experimental modal parameters is the third step. Model up-
dating problems are inverse problems since the objective is to obtain
the parameters that produce a given output. Deterministic model up-
dating aims to find the optimal parameters associated with the best fit
between the model output and the observed data. The optimal param-
eters are generally obtained from a constrained optimization problem,
where the objective is to minimize the discrepancy between computed
and measured data. In many cases, however, this optimization prob-
lem is prone to ill-posedness and ill-conditioning, meaning that the
existence, uniqueness and stability of a solution of the inverse problem
cannot be guaranteed. Since the experimental modal parameters from
OMA are unscaled to the mass matrix, the mass and the stiffness matri-
ces cannot be both unknowns. However, the geometry of the structures
and the specific weight of the materials can be estimated with sufficient
detail. Therefore, the mass matrix can be assumed as known, and the
optimization may focus on the more uncertain structural features: the
boundary restraints and the elastic parameters. The variance matrix
of the optimum parameters 33 =~ can be estimated by propagating the
variance of minimum value of the objective function using a first-order
approximation of the objective function by the minimum point.

Son = (T0,,7) o3 (75,)' (2)

where 0% is the variance of the objective function in the minimum
point, Jy ~» = a%_FMwM = 0, is the Jacobian matrix of the objective
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function evaluated by the optimum point, while 7 and T denote the
transpose matrix and the pseudo-inverse operator, respectively.

4. Step 4-Estimation of the material resistance. The empirical re-
lationship between the resistance R and the modelling parameters can
be written as follows:

R = R(6y) (3)

~

The estimates of the material resistance (R) can be obtained by eval-
uating Eq.(3) in 6y, = 0);. The covariance matrix of the estimated
resistance (X ) can be obtained from the first-order approximation of

Eq.(3):
S = (our) Zons (Th, 1) (4)

where Jy p = 6?9_1:4|0M = 6, is the Jacobian matrix of Eq.(3) evalu-
ated by the optimum values of the parameters.

3. Case study: the Corvara bridge

The proposed procedure is tested on a prestressed concrete bridge in
Corvara (Pescara, Italy), shown in Fig.1. The viaduct, built in 1987, has a
structural scheme with a deck and girders. Each span is made up of eight
juxtaposed prestressed concrete (PSC) prefabricated girders (type TAS-PN
120/46) and reinforced concrete decking. The dimensions and geometric
characteristics are shown in the Tab.1.

Table 1: Dimensions of the bridge

Component Dimensions [m]
Span length 20.00
Sidewalk width 0.50
Track width 7.50
Total width 8.50
Deck height 1.45

The viaduct consists of seven spans. Fig.2 depicts the longitudinal and
transverse cross-section of a sample span. The authors chose the Corvara
bridge for the following reason: the bridge can be considered as an aver-
age representative of the secondary viability infrastructures, which are the
more overlooked and do not usually deserve the investment of a permanent
monitoring system. Therefore, dynamics-based methods may benefit the as-
sessment of structural health in the form of daily experimental campaigns.



Figure 1: (a) Global view of the Corvara bridge; (b)-(c) Side and bottom view of a single
span; (d) Detail of the supports.
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Figure 2: Transverse and longitudinal cross-section of the bridge

The bridge is likely to be in a good conservation state, despite the lack of
a proper rainwater drainage system. Additionally, the deck lacks bearings:
the piers support the bridge without any load transfer device.

3.1. Dynamic Identification

On 4™ August 2020, the authors measured the response of the bridge
to ambient excitation. They independently recorded the one-hour structural
vibration of each span. The closing of the bridge during the experimental
campaign caused a shallow level of vibration with root-mean-square value
below 0.1 mg (see Fig.3).

Fig.4 details the experimental setup: ten biaxial Force-Balance accelerom-
eters were arranged in two symmetric measurement chains, placed 1.30 m
from the lateral edges. The extreme accelerometers were in correspondence
of the edges of the span; the remaining accelerometers were equally spaced.
A master recording unit headed each measurement chain, powered by a 12V
battery. The GPS signal synchronized the two independent chains, and the
data were sampled at 200 Hz.

The experimental modal parameters are obtained from the processing of
the experimental data using the Enhanced Frequency Domain Decomposi-
tion (EFDD) [43] and the Stochastic Subspace Identification algorithm (SSI)
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Figure 3: Sample time histories by the edge and mid-span with indication of the root-
mean-squared (rms) value of the signal.

[44]. The EFDD method, which is a so-called non-parametric, frequency do-
main procedure, and SSI-cov, which is a parametric, time-domain procedure,
are probably among the two most used techniques for OMA nowadays [3].
Two routines, written by the authors using Python programming language,
were developed to extract the modal parameters according to the previously
mentioned algorithms. In particular, Fig.4 (c) illustrates the dynamic iden-
tification results of SSI-cov method in terms of stabilization diagram. The
actual unknown model order, shown in the vertical axis, is progressively in-
creased and the solution poles of the identification procedure for each order
are marked to the corresponding natural frequency, depicted in the horizon-
tal axis in Hz. To summarize more information in a single graph about every
potential solution, a color map has been adopted in order to show stabil-
ity characteristics of every pole, by adopting the well-established stability
requirements criteria respectively based on frequency, damping and modal
assurance criterion (MAC) of the mode shapes [3]. The first four experimen-
tal modes have been identified by the main alignments of the stable poles.
Despite the low level of excitation, the stabilization diagram returns four sta-
ble modes in the frequency range 0-20 Hz. Tab.2 report the estimated natural
frequencies and damping ratios of the seven spans, while Fig.5 depicts the
mode shapes associated with each of the four modes.

The very first alignment of poles in the stabilization diagram corresponds
to a rigid translational mode. The authors started the counting of the modes
from the first deformational at nearly 7 Hz. As noticed by [15, 45] in a differ-
ent set of identical prestressed concrete girders, the first mode shapes are very
alike between each other (MAC >0.99), while the values of the natural fre-
quencies of the first modes are very scattered. Indeed, the first mode shapes
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Figure 4: View of the experimental setup: (a) the master recording unit and the laptop,
(b) ten biaxial Force Balance Accelerometers (c) stabilization diagram. The colours of the
poles, identified by the numbers 0.0 to 4.0 in the legend indicate respectively: unstable,
stable in frequency, stable in frequency and mode shape, stable in frequency and damping,
stable in frequency damping and mode shape.

Table 2: Experimental natural frequencies of the detected modes of the seven spans: f;
and &; indicate the natural frequency and damping ratio of the ¢-th mode.

Spanno  f1 [Hz] & [%]  fo [Hz] & [%]  f3 [Hz] &3 (%]  fa [Hz] &4 [%)

1 7.38  1.58% 9.15 1.29% 14.20  1.70% -

2 717 1.55% 8.68 1.93% 14.10  1.33% 23.53  1.22%
3 7.33 1.64% 8.87 1.12% 13.45 1.34% - -

4 6.98 1.13% 8.62 1.26% 13.39  1.58% 23.06  2.05%
5 6.95 1.95% 8.44 1.34% 1342  1.58% 22.89  1.10%
6 7.15  1.81% 8.53  1.09% 14.14  1.50% 23.73  1.15%
7 717 1.69% 8.55 1.17% 14.60 1.42% - -
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Table 3: FE Participating mass ratios of the four OMA identified modes for the central
Span: Tmaz, "'my, "m~ are referred to the translational masses in the cartesian global coor-
dinate system (z: longitudinal direction, y transversal direction and z vertical direction),
whereas Tz, "mry, "mr. considers the rotational masses around the global coordinate
axis.

Mode no. iz (%] Tmy (%] rmz (%] tmez (%] Tmey (%] Tmez (%)

1 0 0 81.00 0 0 0
2 0 8.211 0 73.00 0 0
3 0 39.00 0 3.053 0 0
4 1.407 0 0 0 61.00 0

Figure 5: Experimental mode shapes of a sample bridge span: (a) first mode: first pure
translational vertical direction; (b) second mode: first torsional; (¢) third mode: transla-
tional coupled vertical and transverse directions; (d) fourth mode: second pure transla-
tional vertical direction. The dashed lines is the sensor placement geometry undeformed
shape, whereas the blue solid lines represent the simplified mode shape obtained connecting
in a linear way the nodes for which the mode shapes coordinates have been calculated.

resemble those of a simply supported girder, where the displacement by the
supporting piers is almost zero, see Fig.5. This evidence may suggest that
there is no significant difference in the boundary restraints between the seven
spans. The scatter of the natural frequencies may originate from a dispersion
of Young’s moduli of concrete. The value of Young’s modulus in concrete is
quite scattered, and even a slight variation can yield notable changes in the
natural frequencies. Therefore, the FE optimization aims at identifying the
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diverse Young’s moduli associated with each span. The second mode is the
first torsional mode. Differently from [45], vertical modal component by the
support is nearly zero, due to the lack of bearing devices and the low level of
excitation. The excitation does not activate the mono-lateral nature of the
constraint: the torsional constraint may be more alike to prevent rotation by
the supports. The second mode shape may give significant pieces of informa-
tion about the torsional response of the bridge deck. These structures may be
considered as ribbed plates, characterized by the peculiar torsional response
of the cross-section, still object of several research efforts [46]. However, this
investigation is beyond the purpose of the current paper and will be the ob-
ject of future studies. The considered measurement setup does not allow an
unambiguous distinction between the first and the third modes. Actually,
referring to the experimental mode shape illustrated in Fig.5, in OMA, only
the sensors setup arrangement geometry is considered in the mode shape re-
construction and a linear interpolation is performed among the locations of
the sensors. From a visualization point of view only, the user is not able to
immediately distinguish the first mode from the third one. The FE element
will reveal the diversity between them. Still, Fig.5 may evidence the notable
role of the horizontal displacement in the third mode: differently from the
first mode shape, the vertical bending is coupled with a horizontal defor-
mation of the cross-section. The fourth mode resembles the second mode
of a beam-like structure. The authors could not identify the fourth mode
in all the tested spans. However, when its identification was successful, the
mode shape corresponds precisely to the mode shape of the second mode of
a pinned girder. Additionally, comparing the results among the spans, the
natural frequencies of the second mode are more similar among themselves
with respect to those of the first mode. The damping ratios span between
1.5 and 2%. These values are consistent with those found by other schol-
ars in concrete structures in operational conditions [47]. The participating
mass ratios, illustrated in Tab.3, provided a good agreement with the exper-
imental OMA founded modes and support the aforementioned reasoning. In
particular, the fourth mode is related to a rotational mass with respect to
the transverse axis, evidencing a mode shape which is quite similar to the
second pure translational vertical mode.
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4. Model calibration

The authors developed a FE model in Sap2000, by assembling eight beam
elements and a shell element with a vertical offset equal to the difference
between the centre of gravity of the girders and that of the deck. Fig.6

Figure 6: FE model with the marks of the positions of the accelerometers.

depicts the extruded FE model with black cross marks by the position of
the accelerometers. The boundary restraints are assumed pinned-pinned.
The authors estimated the optimum FE element model of each span, by
minimizing the following objective function [38]:

M m o 2 M
F=Y>"n (%) + B85 (1 — diag(MAC(®, &¢ 5
; o ;( ( ( ) ()

where the superscript (%)™ indicates a measured variable, the superscript
()¢ a calculated variable, ®; is the mode shape vector, M is the number
of modes, MAC is the Modal Assurance Criterion [48], while v; and (3 are
weighting factors. The main challenges in finding the agreement between ex-
perimental and numerical mode shapes depended on the chosen arrangement
of the accelerometers. In the adopted experimental setup, two longitudinal
rows of accelerometers close to the deck edges are used. Since OMA provides
modal coordinates only for the points corresponding to the locations of the
sensors, the resulting mode shapes of the first and third modes may appear
substantially identical for the user, see Fig.5. Thus, the scholar, as discussed
in the previous section, could erroneously exchange the first mode with the
third one.

4.1. Sensitivity Analysis
Before estimating the optimum values of the modelling parameters, sensi-
tivity analysis provided a quantitative assessment of their effect of the chosen
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Figure 7: (a)-(d) The Finite Element mode shapes of the bridge span corresponding to
the experimental ones.

objective function, in Eq.5, and the first four natural frequencies. The au-
thors chose the Young’s moduli of the girder and the deck, labelled Ej and
E,; respectively, as the unknown structural parameters.

The two Young’s moduli were the base of a variance-based sensitivity analy-
sis. The analysis allowed decomposing the variance of the output (objective
function, and natural frequencies) of the model into fractions which can be
attributed to the chosen mechanical parameters [49]. The first step was set-
ting the inputs sampling range (mean value in Tab.4 +£30%) and generating
the model inputs according to the Saltelli’s sampling scheme [50]. These
sampling range values represent the initial model parameters adopted con-
sidering the nominal values which have been expected at the time of the
bridge construction, e.g. retrieved from original technical documentation.
The deck was expected to be constituted by a concrete material with char-
acteristic nominal strength of 55 MPa, whereas 30 MPa was expected to be
adopted for the deck slab. Adopting e.g. the Italian code empirical rela-
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tionship, it is possible to determine the initial Young’s modulus value both
for the beam and the deck. The variance is even taken from code provisions
and propagated to also estimate the standard deviation of Young’s modulus.
(N - (2D + 2) model inputs were generated, where N = 100 is the number
of samples, and D = 2 is the number of input parameters). After running

Table 4: Design values of the resistance and Young’s modulus of concrete in MPa.

Structure fr oy E oR
girder 55.00 4.88 36688.63 194.78
Deck 30.00 4.88 30588.56 297.73

all the model inputs the first-order (S;) and total-order (Sr) sensitivity in-
dices were calculated. S; and Sp measure respectively, the effect of varying
a single parameter alone and the contribution to the output variance of the
selected parameter including all variance caused by its interactions with the
other parameters. Tab.5 lists the sensitivity indicators, where the two rows
refer to Ej and Ejy, respectively.

Table 5: Results of the variance-based sensitivity analysis in terms of Sobol Indicators.

Parameters  Objective Function f1 f2 f3 fa

S1 St S1 St S1 St S1 St S1 St
Ey 28.8% 37.0% 30.8% 29.8% 21.5% 20.5% 17.9% 17.1% 87.5% 87.1%
Eq 63.8% 721%  T1.2%  69.5% 80.5% 79.0% 84.0% 82.6% 13.6% 12.4%

Both the objective function in Eq.5 and the first three natural frequencies
are more sensitive to Young’s modulus of the concrete deck. The sensitivity
indexes S; and St referred to Ey span between 70% and 80%. Parallelly,
the sensitivity indexes of Ej, range between 30% and 20%. The similarity
between S; and S proves that the two indicators are substantially uncor-
related parameters. Conversely, the natural frequency of the fourth mode is
primarily affected by Young’s modulus of the supporting girders. This fact is
consistent with the mode shape of the fourth mode, which resembles a second
mode of an equivalent beam. This mode is associated with a more signifi-
cant deformation of the girders. Conversely, the second and the third modes
mainly reveal the torsional deformation of the deck. The modal parameters
express a marked dependence on the chosen modelling parameters, Fj, and
Ey. Therefore, the two Young’s moduli can be chosen as unknown parameters
in the FE model updating. Model updating is an inverse problem prone to
ill-posedness and ill-conditioning. However, if the model updating problem

15



is well-posed and well-conditioned, the model uncertainties can be consid-
ered negligible, as shown in the next sections. For this purpose, the authors
assumed the specific weight of concrete, which exhibits reduced variability,
and the structural geometry obtained from a detailed survey. At the same
time, the two Young’s moduli are the sole unknowns in FE optimization.

4.2. Results

Two optimization algorithms were used to solve the global optimization
problem in Eq.5, the Differential Evolution (DE) [51] and the Particle Swarm
Optimization (PSO)[52]. The two algorithms were used for mutual validation
of the correctness of the results. Since the outcomes of the two algorithms
were nearly coincident, the authors report the sole optimum values from
the DE algorithm. The relative tolerance for convergence was set equal to
0.01. Therefore, the variance of the objective function (o) is approximately
or ~F (9;\4 -0.01. The automated run of the optimization originates from the
use of the SAP2000 Open Application Programming Interface (OAPI) driven
by Python code. Tab.8 shows the comparison between the experimental and
optimal numerical natural frequencies of the seven spans. The percentage
error between each pair of values is approximately below 15%. As typical in
FE model updating with modal parameters [53], the relative error increases as
the model order grows. Still, the correspondence is very satisfactory and the
FE model achieves a good matching with the experimental data. The MAC
values of the first, second and third modes are, on average, higher than 90%.
However, a lower correspondence is achieved with the third mode. This fact
depends on the possible lower accuracy in estimating the mode shapes since
the accelerometers were placed where the modal displacement was almost the
lowest, see Fig.7(c). According to the Italian National Standards [54], the
empirical correlation between Young’s modulus and the compression strength
of concrete can be written as:

B f 0.3
E = 22000 - (E) (6)

where E is mean value of Young’s modulus and f is the mean value of the
compression strength of concrete. According to the same Standards, the
mean value of f descends from the characteristic value of the concrete com-
pressive strength fj by adding a constant. By assuming a normal distribution
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Table 6: Comparison between experimental and numerical natural frequencies of the op-
timized FE models.

Span No 1 Span No 5

fn fexp fnum fexp'fnum/fexp fn fexp fnum fexp'fnum/fexp

fi 8.01 7.34 8.35% fi 6.95 6.97 -0.30%

f2 9.15 8.56 6.42% fa 8.44 7.37 12.67%

f3  14.20 14.48 -1.95% f3 13.42 14.88 -10.86%

fa - 22.88 - fa 22.887 22.65 1.02%
Span No 2 Span No 6

fn fexp fnum fexp'fnum/fexp fn fexp fnum fexp'fnum/fexp

fi 7.17 7.28 -1.55% fi 7.15 7.21 -0.84%

f2 8.68 7.74 10.81% f2 8.53 7.63 10.55%

f3 14.10 15.69 -11.25% fz 14.137 1541 -9.02%

fa  23.53 2288 2.76% fa 23.73 23.31 1.77%
Span No 3 Span No 7

fn fexp fnum fexp'fnum/fexp fn fexp fnum fexp'fnum/fexp

f1 7.5 7.18 4.27% fi 8.27 7.84 5.20%

f 8.85 7.56 14.59% f2 9.3 8.24 11.40%

fz 13.45 15.18 -12.84% f3 14.6 16.44 -12.60%

fa - 23.93 fa - 23.45 -
Span No 4

f'n fexp fnum fexp'fnum/fexp

fi 6.98 7.00 -0.31%

fa 8.62 7.41 14.02%

fz  13.39 1497 -11.83%

fa  23.06 2261 1.97%

Table 7: Comparison between experimental and numerical mode shapes in terms of MAC.

Span No 1 Span No 5
fl,exp f?,exp f3,exp f4,exp fl,exp f2,exp fS,exp f4,exp
floum  95.68% 0.12%  70.29% 98.95% 0.21%  70.74% 0.04%
f2,num 0.33%  90.79% 0.02% 0.40%  95.47% 0.07% 0.18%
f3num  99.27% 0.18% 76.15% 97.75% 0.21% 72.19% 0.04%
0.02% 0.00% 0.01% 94.61%
Span No 2 Span No 6

fl,oum  99.00% 0.12%  72.46% 1.66%  99.27% 0.02%  69.56% 0.52%
J2,0um 0.67%  90.79% 0.23% 0.00% 0.42%  95.58% 0.52% 0.17%
f3,oum  97.75% 0.11%  73.77% 1.65%  98.10% 0.02%  71.00% 0.52%
f4,0um 0.00% 0.00% 0.09%  90.55% 0.01% 0.02% 0.09%  97.03%

Span No 3 Span No 7
fioum  99.30% 0.21% 74.10% 99.02% 1.10%  72.76%
f2,num 0.49%  96.65% 0.07% 0.00%  95.34% 0.68%
f3num  97.89% 0.21% 75.97% 97.64% 1.09% 74.16%
f4,num

Span No 4

finum  99.15% 0.24%  76.54% 0.05%
f2,num 0.09%  95.00% 0.25% 0.04%
f3num  97.84% 0.24%  78.07% 0.05%
f4,num 0.00% 0.05% 0.00%  99.24%
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of the resistance, the standard deviation ¢ according to [54], is:

8

f=fe+t8— 0= =4878 (7)
In the considered case, the concrete of the girders has a different characteristic
value than that of the deck. Tab.4 details the corresponding values and the
associated Young’s moduli, estimated from Eq.(6). Eq.6 is used to estimate
the value of the concrete resistance using Young’s modulus, while Eqs.2-3
returned the tolerances of the estimates in terms of variances of Young’s
modulus (o) and the concrete resistance (oy). Tab.8 lists Young’s moduli
estimated from FE model updating for each of the seven spans and the values
of the concrete resistance using Eq.6, with the corresponding uncertainties.
There is a substantial difference between Young’s moduli of the girder and

Table 8: Estimated parameters. Ey, E4, ogpy, and ogg are Young’s moduli and related
variances of the girder and the deck, respectively. fi, f4, o, and o¢q are the concrete
compressive strength and related variances of the girder and the deck.

Parameters Span No1 Span No2 SpanNo3 SpanNo4 SpanNo5 Span No6 Span No 7

Ey, [MPa] 44234.63 33754.20 41530.07 34622.50 35227.49 36909.78 48203.66
Eq [MPa) 27323.36 29599.20 24647.76 25638.10 24981.85 27088.64 28427.66
ogL [MPa) 27.41 28.92 23.14 87.38 62.01 66.18 28.21
ora [MPa] 55.98 125.07 8.12 128.77 16.80 149.79 35.96
oEbEd [MPa] 31.85 60.14 13.71 59.46 32.27 99.56 31.85
fy [MPa] 81.29 36.12 67.27 38.98 41.06 47.22 105.19
fa [MPa] 19.16 24.35 14.06 15.83 14.64 18.67 21.58
o fp [MPa] 0.15 0.09 0.11 0.30 0.22 0.25 0.18
ofa [MPa 0.12 0.31 0.01 0.24 0.03 0.31 0.08

the deck, due to the different concrete classes of the girders and the deck.
The Young’s moduli of the deck approximately span between 24000 and
28000 MPa, while those of the girders between 33000 and 48000. This gap
between E reflects a gap between the estimated resistances. The concrete
resistance of the deck spans between 15 and 20 MPa, while that of the girders
is between 35 and 105 MPa. It appears that the concrete resistance of the
deck is lower than the nominal value equal to 30 MPa in Tab.4, while that of
the girder is higher than the nominal value equal to 55 MPa. This opposite
behaviour probably mirrors the different pouring and curing conditions of
the two structural elements. Indeed, the deck was cast in situ, while the
girders are made of pre-cast concrete which presents very different porosity,
and thus both mechanical and degradation quite differing properties. The
variances of the estimates are quite low, due to adoption of a tolerance for the
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Table 9: Averaged parameters between the seven spans.

Parameters Estimated Reference Percentage difference

E, [Mpa) 39211.76 36638.63 6.43%
E4 [Mpa] 26815.22 30588.56 -14.07%
ogy [Mpal 5119.68 194.78 96.20%
opa [Mpa) 1695.72 297.73 82.44%
#» [Mpa] 59.59 55.00 7.70%
f4 [Mpa] 18.33 30.00 -63.70%
o7 [Mpa] 26.39 4.88 81.52%
otq [Mpal 24.15 4.88 79.80%

convergence of the objective function equal to 0.01. Tab.9 lists the estimated
values of Young’s moduli and concrete resistance averaged over the seven
spans. Eventually, the concrete resistance of the deck exhibits a significantly
lower resistance compared to the reference values in Tab.4, on average equal
to 63.70%, while that of the girders showed a slight improvement, on average
equal to 7.70%. The reference variances of E and f, estimated from Eq.7
are significantly higher than the tolerances of the estimates, as thoroughly
discussed in the next section.

5. Discussion: indirect estimate of the variance of concrete resis-
tance

The above indirect procedure for estimating the concrete resistance from
Young’s moduli is validated against the values of the concrete resistance eval-
uated from 3 concrete specimens extracted from each span. Unfortunately,
the authors could not extract the specimens from the deck and had to limit
the validation to the sole resistance of the girders. Tab.10 compares the values
of Young’s moduli and resistance of the girders from concrete specimens, la-
belled with the superscript ¢, with those evaluated from the indirect method,
labelled with the superscript *. The authors report the mean value f; and
the variance 0¥, calculated from the three concrete specimens extracted from
each girder. Except for span No 7, where the concrete resistance estimated
from the FE model updating was far from the actual value, the percentage
error of each set of values is approximately between 3% and 23%. Tab.10
proves that an indirect assessment of the concrete resistance based on empiri-
cal correlations with Young’s moduli and FE model updating using the modal
parameters can be a valid alternative to destructive tests. Furthermore, the
adoption of the proposed indirect method virtually provides the fundamen-
tal advantage of tracking the values of interest over time within a continuous
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Table 10: Comparison between the concrete resistance estimated from the FE model
updating (indirect) and that estimated from concrete samples (direct).

Span No Indirect Estimation Direct Estimation Percentage difference
) . i pd i _d

Sy Mpal - ofy Mpa) fif [Mpa] of, [Mpa]  Sigfh TR
1 81.29 0.15 67.80 3.20 19.89% -95.28%
2 36.12 0.09 29.40 1.20 22.85% -92.26%
3 67.27 0.11 54.40 3.40 23.66% -96.69%
4 38.98 0.30 42.10 4.50 -7.42% -93.44%
5 41.06 0.22 38.30 3.10 7.20% -93.01%
6 47.22 0.25 45.50 2.50 3.79% -89.84%
7 105.19 0.18 60.20 1.70 74.73% -89.14%

monitoring system. Conversely, the extraction of concrete samples is limited
since it cannot compromise the bridge’s structural capacity. Additionally, the
concrete resistances assessed from the indirect method are global represen-
tatives of the structural performances. The percentage differences of the two
variances are approximately 100%. Thus, the reference variance is far higher
than that obtained by propagating the variance of the objective function.
Actually, it is worth noting that the two variances are not directly compara-
ble because they derive from two different sources of uncertainties. First, the
variance determined from the FE model updating expresses a modeling error.
At the same time, the one from concrete samples represents the spatial vari-
ability of the concrete resistance, which cannot be estimated with a FE model
where Young’s modulus is constant along the girder. The Young’s modulus
of concrete is not a homogenized parameter, uniform inside the structure,
but it can vary from point to point. Specifically, concrete exhibits significant
scatter in its mechanical properties. The issue of damage localization entails
developing a refined FE model, where the structure is divided into multiple
sections with a distinct Young’s modulus. However, this approach is compu-
tationally expensive and quite advanced for engineering practice. If Young’s
modulus is assumed uniform inside the structure, estimating its intrinsic
scatter due to spatial variability is impracticable. In conclusion, in concrete
constructions, capacity estimation generally requires assessing compressive
strength from extracted samples. Furthermore, in addition to spatial vari-
ability, we must not forget that epistemic uncertainty and aleatory variability
may contribute to the variability of the measured and estimated parameters.
However, this research proved that FE model updating of Young’s moduli
using the experimental modal parameters and suitable correlations between
Young’s moduli and concrete resistance could be a valid indirect method for
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assessing concrete resistance. In the perspective of continuous dynamic mon-
itoring, this approach can continuously track the mechanical parameters for
potential nearly real-time assessment of the structural capacity. However, es-
timating the variance of the concrete strength inside the structure cannot be
obtained from a FE model with constant values of Young’s moduli. There-
fore, the goal of FE model updating is to assess the mechanical parameters.
At the same time, their uncertainty due to spatial variability can be assessed
if there are no destructive tests.

6. Concluding remarks

The paper addresses the reliability in estimating the compressive strength
of concrete using acknowledged correlations between the concrete resistance
and Young’s moduli, the latter estimated from FE model updating using the
experimental modal parameters. The compressive resistance estimated from
this indirect method is compared to the values obtained from the experimen-
tal tests of concrete specimens.

The authors carried out the experimental investigation on a seven-spans
prestressed-concrete bridge in Corvara (Italy). The Operational Modal Anal-
ysis led to the experimental modal parameters and the consequent model
updating of Young’s moduli of the deck and the girders based on the Particle
Swarm Optimization and Differential Evolution algorithms. The two algo-
rithms returned almost coincident values, proving that the optimization was
well-posed.

The estimated resistance of the deck and the girders differed from the refer-
ence values assumed in the design. After almost 30 years of life, the deck’s
concrete resistance exhibited an average 60% decrement, while the girders’
resistance had an approximate 7% increment. The dissimilar long-term be-
haviour of the deck and the girders, confirmed by the experimental tests,
mirrors the different concrete curing and pouring conditions at the time of
construction.

The outcomes of the proposed indirect method for estimating the compres-
sive strength of concrete are entirely confirmed by the resistances of the
concrete specimens extracted from each span. The percentage error between
the compressive strengths obtained from the two methods is approximately
20%. The indirect estimates are generally associated with an overestimation
of Young’s moduli. This fact may depend on the nonlinear behaviour of con-
crete and the plausible higher stiffness at lower vibration levels, typical of an
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operational condition without the transit of vehicles.

The variances from the indirect method are much higher than those obtained
from the concrete samples extracted from the bridge. The two variances refer
to at least two different sources of uncertainties and may not be directly com-
pared. The variance from concrete specimens expresses the spatial scatter of
the mechanical properties of concrete inside the structure. Even if the sensor
placement considers intrinsically the spatial variability of the recorded oper-
ational response, the simplified global FE model for each span only considers
a variation among the spans and not along the same span. The variance
derived from the FE optimization refers to the model error and expresses the
tolerances of the estimates. In conclusion, the combined FE model updating
with modal data and empirical correlation between Young’s modulus and
concrete may represent a valid alternative to destructive tests, especially if
continuous monitoring of the concrete state is required. In future researches,
the authors will aim at developing multivariate probabilistic capacity models
by integrating Operational Modal Analysis and FE model optimization.
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Appendix A. Experimental mode shapes
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Table A.11: Experimental Mode Shapes of Span No 1

Span No 1
P10 P1n Do n D2y P35 P3w Py Py
0.097 4E-04 -0.1  -0.027 0.115 0.129 - -
0.731 0.019 -0.714 0.023  0.803 0.484 - -
0.973 0.01 -0.913 0.049 1 0.635 - -
0.626 0.009 -0.577 0.027  0.665 0.435 - -
0.044 0.001 -0.033 -0.006 0.065 0.151 - -
0.017 0.001 0.031 -0.012 0.015 -0.004 - -
0.646 -0.02 0.63 0.023 0.44 -0.286 - -

1 -0.037 1 0.042 0.622 -0.529 - -
0.745 -0.026 0.761 0.032 0.538 -0.415 - -
0.072  -0.019 0.079 -0.024 0.104 -0.091 - -

Table A.12: Experimental Mode Shapes of Span No 2

Span No 2

D1y D1 Pon P2y P3n P3e Dy Dyp
0.042 0.015 -0.044 0.01  0.074 0.078  -0.07 -0.052
0.559 0.015 -0.641 0.042 0.644 0.352 -0.424 -0.068
0.803 0.025 -0.929 0.056 0.899 0.5 -0.139 -0.035
0.565 0.038 -0.64 0.048 0.654 0.335 0.416 0.016

0.017 0.046 -0.01 0.031 0.017 0.018  0.052 0.04
0.012 0.041 0.024 0.032 0.045 -0.048 0.133 0.019
0.683 0.035 0.681  0.046 0.76 -0.41 1 0.014
1 0.023 1 0.047 1 -0.632 -0.227 -0.047
0.697 0.014 0.678 0.035 0.634 -0.443 -0.971 -0.056
0.032 -0.011 0.051 0.004 0.137 -0.124 -0.18 -0.005

Table A.13: Experimental Mode Shapes of Span No 3

Span No 3

D10 D1n Do p Do 4 P33 P Dy Py
-0.006  -0.005 0.002 0.002 0.011 -0.035 - -
0.638 -0.005 -0.456 -0.024 0.733 0.386 - -
1 -0.014 -0.707 -0.052 0.996 0.606 - -
0.731 -0.008 -0.516 -0.105 0.757 0.398 - -
0.02 0.003 -0.037 -0.158 0.09 -0.005 - -
0.011 0.008 0.034 -0.151 0.024 -0.086 - -
0.592 0.004 0.678 -0.1 0.685 -0.385 - -
0.874 0.005 1 -0.051 1 -0.558 - -
0.58 0.008 0.647  -0.021 0.64 -0.393 - -
-0.015 0.005 -0.011 -0.004 0.015 -0.098 - -
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Table A.14:

Experimental Mode Shapes of Span No 4

Span No 4
D1y D1 P2 (o7 P31 D30 Dy, Dy
-0.062  0.049 0.027  -0.008 0.003 0.033 0.313 -0.136
0.591 0.036 -0.584 0.024 0.684 0.337 1 -0.11
0.93 0.032 -0.908 0.033 1 0.513  0.202 -0.017
0.652 0.029 -0.624 0.01 0.672 0.369 -0.794 0.014
0.013  0.026 -0.01 -0.024 0.008 0.075 -0.101  0.05
-0.019 0.037 -0.01 -0.022 -0.014 0.015 -0.107 0.013
0.7 0.045 0.688 0.006 0.594 -0.326 -0.662 -0.015
1 0.05 1 0.021 0.906 -0.505 0.053 -0.01
0.658 0.054 0.646 0.021 0.601 -0.33  0.737 -0.043
-0.017 0.045 -0.004 -0.011 0.001 -0.062 0.149 -0.091
Table A.15: Experimental Mode Shapes of Span No 5
Span No 5
D1p D15 Do n Doy P35 D3 4 D40 Dy n
0.025 0.07 0.025 0.037 0.001 0.103 -0.099 0.019
0.61 0.038 0.704 -0.004 0.721 0.476  -0.955 0.021
0.885 0.006 1 -0.02 1 0.67 0.087 -0.017
0.593 -0.025 0.657  -0.009 0.683 0.427 1 -0.069
-0.005 -0.056 0.006 0.007 0.011 0.044  0.042 -0.029
0.03 -0.044 -0.028 0.007 0.035 -0.076  0.036 0.006
0.678 -0.024 -0.601 -0.01 0.655 -0.366 0.621 -0.006
1 0.003 -0.91 -0.013 0.978 -0.58 -0.013 -0.04
0.71 0.034 -0.643 6E-04 0.657 -0.387 -0.673 -0.042
0.025 0.065 -0.033 0.031 -0.006 -0.056 -0.103 -0.02
Table A.16: Experimental Mode Shapes of Span No 6
Span No 6
D10 P1.n Pan D2y D3 D3 Dy Dy p
0.024 0.007 -0.03 -0.011 0.052 0.081 -0.106 0.017
0.592 8E-04 -0.632 0.005 0.567 0.39 -0.964 0.088
0.893 -0.021 -0.986 0.023  0.826 0.542  0.022 0.081
0.592 -0.028 -0.632 -0.002 0.567 0.364  0.964 0.037
0.049 -0.043 -0.047 -0.029 0.036 0.059 0.117 -0.036
0.035 -0.036 0.032 -0.036 0.057 -0.078 0.067 0.012
0.696 -0.026 0.688 5E-04 0.714 -0.397 1 0.092
1 -0.015 1 0.015 1 -0.616 0.12 0.101
0.664 -0.004 0.636 0.008 0.586 -0.378 -0.815 0.04
0.027 0.005 0.022 -0.013 0.027 -0.058 -0.08 0.01
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Table A.17: Experimental Mode Shapes of Span No 7

Span No 7

Dy 1, Do P2, Py P Dy Py
0.02 0.061 0.054 0.118 0.056 0.035 - -
0.692  0.066 0.691 0.095 0.565 0.334 - -
0.95 0.036 1 0.042 0.836 0.486 - -
0.692 0.015 0.691 0.024 0.565 0.33 - -
0.092 0.004 0.086 0.024 0.067 0.062 - -
0.084 0.003 -0.064 0.017 0.117 -0.068 - -
0.66 0.023 -0.563 0.006 0.676 -0.376 - -
1 0.037 -0.82 0.024 1 -0.573 - -
0.707 0.053 -0.536 0.073 0.674 -0.396 - -
-0.002 0.064 -0.05 0.118 0.051 -0.09 - -
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