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A B S T R A C T

This article describes the process of developing a digital twin aimed at being used for the predictive maintenance 
of scour on the Espartxo Bridge in San Sebastián, which is continuously monitored in real time. The main ob-
jectives of the research are to describe a methodology for creating the digital twin and to establish an effective 
strategy for the early identification of scour in bridge foundations, which pose a significant risk of structural 
damage. The developed methodology is based on hydraulic, geotechnical, and structural analyses, combining 
experimental tests on the bridge with the development of numerical models. As a result of the research, a biu-
nivocal correlation is established between the variation of a specific frequency and the depth of scour, and the 
analysis of horizontal vibration modes is determined to be an effective strategy for detecting scour.

1. Introduction

The probability of a bridge collapse is non-negligible, as indicated by 
various probabilistic studies based on available bridge data [1]. Scour 
around bridge piers is identified as the primary cause of structural 
failures in the majority of conducted studies; for instance, in the United 
States, scour is responsible for over 50 % of collapses [2]. It remains a 
significant factor even in countries with high seismic risk, such as 
Turkey [3]. Given its relevance, researchers have studied this phenom-
enon in recent years from various perspectives. Various theoretical 
formulations predicting scour in foundations have been proposed, and 
their results have been compared [4], revealing non-negligible differ-
ences among them. In fact, some authors have highlighted significant 
errors when using theoretical formulations [5,6]. For this reason, 
experimental models have been developed in controlled environments 
[7], establishing connections between scour and vibration frequency in 
isolated elements [8,9]. However, the challenge with these partial 
models is the lack of knowledge about the complete structure’s impact, 
and additionally, the scale-changing factor of the real structure remains 
unknown.

For this reason, instrumentation in real bridges has been utilized as a 

tool to detect scour through frequency variation [10,11]. There are 
different instrumentation techniques for detecting scour. Instrumenta-
tion with underwater sensors, such as electromagnetic ones [12], while 
expensive, may face operational issues due to impact from debris in the 
water channel [13]. Hence, it is quite common to analyze the fre-
quencies and vibration modes of bridges using accelerometers [14]. 
Other monitoring variants include controlling environmental variables 
instead of structural ones [15], deploying special vehicles to monitor 
induced excitation on the bridge and analyze resulting scour [16], or 
even detecting scour through Bayesian techniques [17]. The arrange-
ment of protective elements to reduce scour risk has also been analyzed 
[18,19]. Nevertheless, as of today, the assessment of bridge condition 
based on variation in vibration modes using numerical analysis con-
tinues to be a common practice [20]. This is due to the fact that pre-
vention techniques are not sufficiently developed or implemented. Scour 
not only occurs during major flood events defined by return periods; 
some authors recommend probabilistic methods to account for the cu-
mulative damage caused by a continuous process [21], especially in the 
presence of turbulent flow around the foundation [22]. This article 
presents a numerical analysis of the Espartxo Bridge based on contin-
uous instrumentation data and real tests carried out on it. The goal is to 
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generate a digital twin of the structure calibrated to account for the 
influence of the terrain on vibration frequencies. By doing so, with the 
bridge continuously monitored, a preventive alarm can be developed in 
case the specific variation in frequencies indicates the initiation of a 
scour process, whether caused by a 500-year return flood or by a cu-
mulative process generated by turbulent flow around the piles.

2. Methodology

The general framework in which the research is conducted is 
described below, with the aim of establishing the general guidelines that 
the proposed methodology outlines for the detection of scour in real 
bridges through the study of dynamic behavior. The developed meth-
odology establishes that this study should include at least six phases, 
which are described below. A real case study will then be presented to 
more clearly illustrate the six phases of the methodology: The Espartxo 
Bridge.

Phase 1: Preliminary Analysis. First, a preliminary analysis must be 
conducted that gathers all available information about both the struc-
ture under analysis and its surroundings and context. This preliminary 
information must cover at least three main areas: structural data, data on 
the terrain near the bridge, and hydraulic and hydrological data for the 
area. Regarding the structural part, the information should include the 
structural layout, geometry, materials, and construction process, as well 
as any major event that may have affected the structure during its ser-
vice life. Regarding the ground data, it should contain sufficient infor-
mation to establish both soil-structure interaction and the necessary 
data for hydraulic analysis. Finally, in the preliminary analysis, the 
hydraulic study must be undertaken to statistically establish the scour 
scenarios, i.e., the statistical probabilities of different scour depths 
occurring at the foundation. This hydraulic analysis is based, on one 
hand, on the data characterizing the terrain near the bridge, as 
mentioned earlier, and on the hydrological study that establishes the 
river’s design floods according to the return period.

The ultimate goal of the process is to obtain a digital model that 
accurately reproduces the actual behavior of the bridge. This approach 
differs from the design phase, where calculations aim to leave a margin 
of safety. In this case, the goal is to reproduce the actual behavior of the 
bridge as accurately as possible, considering its true conditions. For this 
reason, it is crucial to have real test data on the bridge.

Phase 2: Bridge Testing. A suitable occasion to gather data on the 
actual behavior of the bridge is the tests conducted before the bridge is 
put into service, which are often mandatory. Typically, static tests are 
performed on road bridges, and both static and dynamic tests on railway 
bridges. However, as seen in the case presented, dynamic information is 
also important for road bridges. Since pre-service tests are not conducted 
with regular traffic, it is also essential to have information during the 
bridge’s service life, i.e., with the usual loads the bridge carries. Whether 
during the pre-service tests or tests during the bridge’s service life, this 
methodology strongly recommends conducting some kind of test that 
includes a horizontal load on the bridge. The idea behind this specific 
test is to study the horizontal restraint of the ground on the bridge. The 
real case presented in this article will demonstrate the importance of this 
test.

Phase 3: Finite Element Model. Once all the preliminary data have 
been gathered, and real tests have been conducted on the bridge to 
provide actual data, a finite element model must be developed. At this 
point, it is crucial that the model is created by personnel with extensive 
experience in this field. Creating a finite element model requires, con-
trary to common belief, significant reliance on the engineer in charge. 
The type of elements defined, connections between elements, materials, 
types of analysis, etc., and even the choice of software, can result in 
sufficiently different outcomes, potentially leading to an incorrect 
interpretation of the bridge’s behavior.

Phase 4: Calibration of the Digital Model. Once the model is devel-
oped, it must be calibrated based on the real data obtained from tests on 

the bridge. The parameters that must be selected for calibration depend 
on each case, but at a minimum, the modulus of elasticity of the mate-
rials, the density, and the stiffness of the supports should always be 
considered. It is recommended to first calibrate the static tests and then 
the dynamic ones. Static calibration involves fewer parameters than 
dynamic calibration, making it easier. Once these parameters are cali-
brated, it is recommended to calibrate the parameters that affect dy-
namic behavior under vertical loads. Finally, it is recommended to 
calibrate the parameters that affect dynamic behavior under horizontal 
loads, where the influence of horizontal ground restraint is greater. The 
idea behind this sequential calibration process is to isolate parameters so 
they can be calibrated almost individually, minimizing uncertainty 
regarding the influence of some parameters on others.

Phase 5: Numerical Analysis. Once the model is calibrated and the 
digital model is established, the numerical analysis using finite elements 
can be performed. The model is subjected to the scour scenarios ob-
tained from the hydraulic model, and the variations in the dynamic 
behavior of the bridge are analyzed. The objective of this analysis is to 
find some relationship between the depth of the scour and the dynamic 
behavior of the bridge. Ideally, a one-to-one relationship between the 
two would be established, so that changes in dynamic behavior are 
solely attributed to scour and not to any other defect. It is not always 
possible to achieve this one-to-one relationship, as it depends on the 
bridge and the available data, but even in such cases, it is useful to know 
that scour is suspected, allowing for preventive measures to determine 
the actual cause of the anomalous behavior.

Phase 6: Conclusions. After the numerical analysis, the main findings 
that help determine the degree of scour based on the dynamic behavior 
of the bridge are summarized. The following section presents the 
application of this methodology to a real case: the Espartxo Bridge.

3. Preliminary analysis of Espartxo Bridge

3.1. Analysis of the structural solution

The Espartxo Bridge [23] over the Urumea River in San Sebastián, 
Spain, was designed by the company Arenas & Asociados and opened to 
traffic in 2020. The bridge consists of two spans, one measuring 42 m 
and the other 17.4 m. The two spans are separated by a roughly 6 m tall 
V-shaped concrete pier. The structural solution for the bridge includes 
two longitudinal metallic ribs and intermediate metallic ribs, spaced 
every 3 m, as illustrated in Fig. 1.

The longitudinal ribs protrude 117 cm above the road level and 
extend 75 cm below it. This design was conceived, on the one hand, to 
provide sufficient clearance for the hydraulic section and, on the other 
hand, to separate the central traffic zone (7 m) from the sidewalks, as 
illustrated in Fig. 2.

The bridge has two sidewalks with a width of 4.0 m downstream and 

Fig. 1. Bottom perspective of Espartxo Bridge.
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2.5 m upstream, separated from the central vehicle passage zone in the 
shorter span. Each of the sidewalks is supported by an additional lon-
gitudinal rib. In the main span area, the total width of the deck 
(including roadway and sidewalks) is 15.30 m, as shown in Fig. 3.

Above the metal structure, the roadway is placed, consisting of a 
21 cm concrete slab supported by the transverse ribs. The slab and the 
metal transverse beams are connected through connectors.

The V-shaped pier, as shown in Fig. 4, is composed of a metallic box- 
section core filled with concrete, attached to an upper crossbeam, also 
metallic, which acts as a diaphragm between the main ribs of the deck. 
The arms forming the metallic core are embedded in a volume of pre-
stressed concrete that shapes the final body of the pier. Due to its much 
higher rigidity than the neoprene bearings supporting the bridge at the 
abutments, the pier is responsible for absorbing all the horizontal forces 
acting on the bridge. However, despite being outside the ordinary 
riverbed, the pier presents a potential risk of scour during a flood. For 
this reason, a hydraulic study was conducted to determine, based on the 
return period of the flood, the potential level of scour that could be 
reached. This study is detailed in section 2.3 of this document.

The pilecap, with a thickness of 1.3 m and dimensions of 8.80 m x 
6.65 m, transfers loads through 8 concrete piles, each with a diameter of 
1.25 m and a length of 19.5 m.

The main materials and their characteristics are summarized in the 
Table 1.

The construction process [23] of the bridge was defined by the need 
to minimize the impact on the river’s natural environment as much as 
possible and to maintain traffic flow during the demolition of the 
adjacent old bridge and the construction of the new one. This led to three 
distinct construction phases: first, the construction of the roadway of the 
new bridge, then the demolition of the old bridge, and finally, the 
construction of the pedestrian sidewalks on the new bridge. For the 
foundation work, a temporary peninsula was required, Fig. 5a. The 
placement of the longitudinal ribs was carried out using cranes, Fig. 5b, 
while the transverse ribs were welded to the longitudinal ones.

3.2. Geotechnical analysis

The ground on which the bridge is supported has been studied 
through three boreholes: S-01 (Abutment 2), S-02 (Pier), and S-03 

(Abutment 1), located as illustrated in Fig. 6.
Standard penetration tests (SPT) were conducted at various depths 

during the borehole execution. A total of 14 samples were obtained: 3 
from the SPT tests, 7 undisturbed (U) samples, and 4 paraffin-coated 
samples (P). Table 2 provides a summary of the conducted boreholes, 
including the SPT blow count (N) results, and the samples in which 
unconfined compression tests were done.

Fig. 7 displays the geotechnical profile beneath the bridge, derived 
from the interpretation of borehole data. As observed, the ground con-
sists of a superficial layer of fill material overlying alluvial soils with 

Fig. 2. Upper perspective of Espartxo Bridge.

Fig. 3. Typical Cross section at main span.

Fig. 4. V-shaped pier.

Table 1 
Material description of Espartxo Bridge.

Element Material Description

Abutments Concrete HA− 30/Pb/20/IIIb+Qb *
Piles Concrete HA− 30/Pb/20/IIIb+Qb *
Pile cap Concrete HA− 30/Pb/20/IIIb+Qb *
Pier Concrete HP− 40/20IIIa*
Slab Concrete HA− 30/Pb/20/IIIb+Qb *
Conc. Reinforcement Steel B− 500S*
Connectors Steel St− 37 * *
Longitudinal Ribs Steel S 355 J0 * ** for thickness < 13 mm 

S 355 J2 * ** for thickness > 13 mm
Transversal Ribs Steel S 355 J0 * ** for thickness < 13 mm 

S 355 J2 * ** for thickness > 13 mm

*As per EHE
* * As per DIN-17100
* ** As per Eurocode
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variable thicknesses. Below the alluvial layers, the rock is encountered, 
characterized by a high degree of weathering and low values of Rock 
Quality Designation (RQD).

The superficial fill consists mainly of rocky material from excavation 
and alluvial sediments, comprising loose grey gravel with some clay and 
sand. Additionally, there is medium-consistency silty clay with sands 
and some gravel. The alluvial soil layer is composed of alternating 

layers: i) silt with sand and some gravel, ii) silty sand with gravel, iii) 
sand with gravel, and iv) medium-density gravels. The rock, from the 
Lower Cretaceous period, consists of limestone with a highly weathered 
condition (Grade IV), characterized by extensive fracturing (RQD values 
below 20 %, even 10 %). This study focuses on the bridge pier as it re-
ceives the horizontal forces of the structure. Therefore, Fig. 8 provides a 
more detailed profile of the terrain in this area, corresponding to bore-
hole S-02.

Geotechnical properties for the alluvial soil layers can be obtain from 
the results of the SPT tests. For the silty sand layer, blow counts are 

Fig. 5. (a) Construction process.V shape Pier reinforcement. (b) Construction process. Longitudinal Rib placement.

Fig. 6. Plan view location of the boreholes.

Table 2 
Summary of the borehole’s samples. Test values NSPT.

Borehole Depth (m) Sample NSPT Unconfined compression tests

S¡01 3.00 − 3.50 SPT 13 
6.50 − 6.75 U 50 
13.81 − 14.00 P  X
16.50 − 16.84 P  X

S¡02 3.00 − 3.60 U 1 
6.50 − 7.10 U 8 
10.00 − 10.60 U 17 
10.60 − 11.05 SPT 34 

S¡03 3.00 − 3.60 U 4 
6.50 − 7.10 U 6 
10.00 − 10.60 U 6 
10.60 − 11.05 SPT 2 
13.50 − 13.60 P  X
19.60 − 19.75 P  X

U: Undisturbed sample
P: Paraffin-coated core
SPT: Standard penetration test

Fig. 7. Geotechnical soil profile under the bridge and Urumea river flow levels.

Fig. 8. Soil profile under the pier area (S-02).
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available from undisturbed samples, one from borehole S-02 with a total 
of 8 blows, and another from S-03 with 6 blows. In the sand layer, a 
result of 17 blows was obtained from an undisturbed sample, and 
another of 34 from an SPT test, both values from borehole S-02.

Geotechnical properties for the highly fracture limestone can be 
obtained from the results of the unconfined compression tests that were 
done with samples prepared from blocks of the intact rock, and from the 
available values of the RQD (average 20 %, some values 10 %).

For the analysis presented in the following sections, it is necessary to 
estimate the value of the horizontal coefficient of subgrade reaction (Kh) 
for the strata in contact with the piles: layer 1: silty sand (1.5 m depth 
below the pilecap), layer 2: grey sand (4.5 m depth below the pilecap), 
and layer 3: limestone (highly fractured). As it is well known, there are 
different proposals by different authors to estimate this coefficient, but 
the Values always fall within a broad range but are sufficiently accurate 
for the calculations performed in the following sections.

In the following paragraphs, the method that was employed in this 
paper for this estimation is described for each layer of soil.

For the granular soils, the subgrade coefficient can be estimated from 
the blow count obtained in the SPT tests. This has been done for the 
layers of silty sand and sand.

As it is well known in geotechnical literature, there is a direct rela-
tionship between the blow count and the relative density of sands, as 
shown in Table 3.

According to the values of the number of blows of 6, 8 for the layer of 
silt sand and 17, 34 for the sand layer, loose and medium relative den-
sities can be considered for each soil respectively.

Some of the proposals in the bibliography relate the horizontal co-
efficient of subgrade reaction with the relative density of sands. Classi-
cally Terzaghi [24], and more recently Reese [25], as shown in Fig. 9, 
present these relationships among the most commonly used.

In Fig. 9, it can be observed that the ranges for loose and medium 
dense are quite broad. In a slightly conservative manner, a relative 
density of 20 and another of 40 have been assumed within their 
respective ranges to consider values below the mean of both ranges in 
the calculations.

These values should be corrected according to the actual width of the 
piles (1.25 m). In addition, it has to be considered that Kh increases with 
depth in granular soils. For the layer of silty sand, with a thickness of 
1.5 m, a constant and average value of Kh has been considered. For the 
sand layer, being thicker (4.5 m), an increasing law with depth has been 
considered.

Finally, the group effect between piles must be considered. Accord-
ing to Davis [26], Parkash [27], or Jampel [28], the value of Kh should 
by multiplied by a group factor (Fg) equal to 0.25 for separations lower 
to 3 times the diameter of the pile. The above thee effects can be taken 
into account by using the well-known expression, Eq. 1: 

Kh = ηh
z
D

Fg (1) 

where D is the diameter of the piles and z is the depth.
For the limestone, the estimation for Kh can be derived from the 

results of the unconfined compression tests and the RQD values. Cheng 
[29] proposed the following relationship between Kh and the modulus of 
deformation of the rock mass, Em where the group factor has been added 
to obtain the commonly used expression: 

Kh =
A • Em

D
Fg (2) 

where A is a coefficient that depends on the type of soil (3 for non- 
cohesive soils and 1,6 for cohesive soils), D is the diameter of the pile 
and Fg the group factor.

The value of Em can be estimated from the results of the unconfined 
compression tests. In this case, the interpretation of the tests will give 
the modulus corresponding to the intact rock. The average obtain value 
is 2000 MPa. Just to obtain the value not for the intact rock but for the 
rock mass (RQD of 20 %), the proposal of Einstein [30] can be used. This 

Table 3 
Relationship between the blow number and the relative 
density in granular soils.

No of blows Relative density

5 ¡10 Loose
11 ¡30 Medium
31 ¡50 Dense
> 50 Very dense

Fig. 9. Variation of ηh with the relative density of sands (Reese [25]).

Fig. 10. Recommended relationship between RQD and Em/Er (Einstein [30]).
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proposal is given in Fig. 10 where Em is the modulus of the rock mass and 
Er is the modulus of the intact rock.

The used value for calculations considering the Fig. 10 and the ob-
tained value of module form the unconfined compression tests is equal 
to Em= 0.04 × 2000 = 80 MPa.

In accordance with Eqs. 1 and 2 and the parameters explained 
earlier, the values of the subgrade reaction coefficient obtained for the 
profile generation are shown Table 4.

Due to the precision usually required in geotechnics, where relevant 
variations are typically at least an order of magnitude, the results of Eqs. 
1 and 2 have been rounded to the nearest whole number in Table 4. At a 
depth of 1.5 m, where there are values for two different layers, the 
average between them has been used.

In Fig. 11, the law relating the horizontal coefficient of subgrade 
reaction to depth is observed according to the estimated values of 
Table 4 for the three layers described above.

3.3. Hydraulic analysis of torrential flows

Next, a hydraulic analysis is performed on the expected torrential 
flows in the design of the Espartxo Bridge to determine their impact on 
the terrain near the foundation of the V-shaped pier. Despite being 
separated as much as possible from the ordinary riverbed (Fig. 7), the V- 
shaped pier is at risk of being within the flood-prone zone depending on 
the considered design floods. Three design floods corresponding to re-
turn periods of 10 years (T10), 100 years (T100), and 500 years (T500) 
were provided by the administration that commissioned the project. For 
this research, these three floods were used as input data, Fig. 12.

Once the flow laws are defined as starting data, a hydraulic analysis 
is performed using the Mike 21 FM MT Mud Transport v2023 program. 
The design hydraulic parameters were estimated using this widely used 
software. Over 200 m of the Urumea River channel near the Espartxo 
Bridge is modelled, with the bridge located approximately in the middle 
of the modelled length. Regarding the roughness used in the flow, a 
Manning coefficient value of 0.03 was determined for both the centre of 
the channel and the margins. The model discretization is defined in three 
levels, Fig. 13a: a general mesh (2/3 length of the model approximately) 
to define bathymetry in the more distant areas (triangulated mesh with 
sides of approximately 4 m), a detailed mesh in the bridge area and its 
surroundings ((triangulated mesh with sides of approximately 1 m)), 
and a precision mesh in the foundation area of the V-shaped pier 
(triangulated mesh with sides of approximately 0.25 m), Fig. 13b. In the 
model, in addition to bathymetry provide by the administration that 
commissioned the project, the three terrain levels defined in Section 3.2
of this article have been incorporated, for instance, the density, gran-
ulometry data, etc., from on-site tests were applied in the model.

The inlet and outlet sections are defined at the beginning and end of 
the modelled bathymetry, where the design floods are to flow, as shown 
in Fig. 14. As boundary conditions, the design flood for each case (T10, 
T100, and T500) was imposed at the initial inlet section, while the outlet 
section was left free for the modelled bathymetry to determine the flow 
distribution.

The current velocities resulting from the model are analyzed in the 
vicinity of the piles of the Espartxo Bridge pier foundation for the three 
design floods, as shown in Fig. 15.

The model results confirm that the V-shaped pier is subject to scour 
processes, albeit to varying degrees, for the three design floods, as shown 
in Fig. 16. For the T10 flood, only the row of piles closest to the riverbed 
experiences significant scour. In the T100 flood, scour penetrates up to 
the middle row formed by the pair of piles. Finally, for the T500 flood, 
all the piles, to varying extents, undergo significant scour.

From the analysis of the entire hydraulic study, the maximum depth 
of scour for the 8 piles that make up the foundation of the V-shaped pier 
of the Espartxo Bridge is ultimately obtained, depending on the corre-
sponding design flood, as shown in Fig. 17.

Based on this data, a structural analysis will be subsequently per-
formed to study the impact of scour on the static and dynamic behaviour 
of the bridge.

4. Load test on Espartxo Bridge

On May 19, 2020, static and dynamic load tests were performed on 
the Espartxo Bridge over the Urumea River in San Sebastian, Spain, prior 
to open to traffic. Various sensors were placed along the bridge during 

Table 4 
Estimated calculation of the horizontal subgrade coefficient as per Eq. 1 and Eq. 
2.

Layer ηh (MN/m3) Z (m) D (m) Fg Kh (kN/m3)

silty sand 5.00 1.50 1.25 0.25 2000
sand 10.00 1.50 1.25 0.25
sand 10.00 6.00 1.25 0.25 1000

A Em (MPa) D (m) Fg Kh (kN/m3)
limestone 2.5 80 1.25 0.25 40000

Fig. 11. Horizontal coefficient of subgrade Vs. Depth under pile cap.

Fig. 12. Flow law for the design floods, T10, T100 and T 500.
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these tests to collect the structural response to both tests. The specialized 
company responsible for instrumentation and measurement was Teknés, 
which produced a report with the results obtained during the tests. The 
following are the most relevant results from this report for the current 
investigation.

4.1. Static Test

The static load test consists of 7 different load configurations 
depending on the location of the trucks. For this article, the data from 
configuration 1 and configuration 2 have been used, as these analyze the 
bending behavior of the bridge; the others were focused on torsion 

behaviour. In configuration 1 (Fig. 18), 2 rows of 4 trucks each are ar-
ranged along the main span, and 2 rows of 1 truck each along the short 
span, for a total of 10 trucks of approximately 260 kN. Configuration 2 is 
similar to configuration 1 but without placing the 2 trucks on the short 
span (Fig. 17b).

During the load test (Fig. 19), displacement values close to the ex-
pected ones were obtained, and the recovery of the structure’s 
displacement was complete.

For the static load test, 10 displacement measurement devices were 
set up, but for the purpose of this research, only 6 of them have been 
used: P1, P2, P3, P4, P9, and P10 (Fig. 20a). Sensors P1 and P2 corre-
spond to abutment 2, sensors P3 and P4 correspond to the centre of the 
main span, and sensors P9 and P10 are located in abutment 1. The 
reason for not considering sensors P5, P6, P7, and P8 is that they are 
placed at points with small movements, such as the pier area and the 
centre of the small span. With such small movements, any adjustment of 
the bridge during the first significant load can distort the results, 
whereas these effects are negligible at points with larger movements, 
such as the centre of the large span or the abutment area due to the 
neoprene supports. All of them were draw wire sensors of the SX50 se-
ries from the Waycon brand (Fig. 20b)., recording values at 1 Hz. This 
static deflection measurement was only carried out during the execution 
of the static load test.

This calibration process does not require calibrating each parameter 
that influences the stiffness individually. If the difference from the 
theoretical value is not too large, it is sufficient to have a calibrated 

Fig. 13. (a) Bathymetry of the studied area model. Software Mike 21 FMN MT Mud Transp.v2023. Fig. 13b: Detailed mesh. Software Mike 21 FMN MT Mud 
Transp.v2023.

Fig. 14. Inlet and outlet (free) sections of the design flood.
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stiffness value that averages all the parameters on which it depends.

4.2. Dynamic load test

Hypothesis of a 30 km/h speed with an amplification board.
The dynamic load test consisted of 4 hypotheses, all of them were 

performed with the same 260 kN truck. Two of the hypotheses were 
performed with the truck passing at 30 km/h, with and without ampli-
fication board (Fig. 21), and the other two were identical to the first 
ones, but with the truck passing at 40 km/h. For the dynamic load test, 6 
triaxial accelerometers ATA-OYO AC3Tx (Fig. 22b) were used, distrib-
uted in 3 different sections (Fig. 22a) and recording at 200 Hz. These 
accelerometers were installed during the construction of the bridge and 

were configured to continue measuring in real-time during the bridge’s 
service phase.

In the dynamic load test, after analyzing the data from all acceler-
ometers using the Fast Fourier Transform (FFT), a fundamental bending 
frequency of 2.29 Hz was obtained (Fig. 23), with an average structural 
damping value of 0.50 %.

4.3. Test during service phase

To characterize the bridge’s behaviour under the horizontal load of 
regular traffic, accelerometers have continuously recorded real-time 
data at a frequency of 100 Hz from the opening day until the present. 
During the monitoring of the structure, and based on the data provided 

Fig. 15. (a) Velocity results in the surrounding of the pier for a T10 years return period. (b) Velocity results in the surrounding of the pier for a T100 years return 
period. (c) Velocity results in the surrounding of the pier for a T500 years return period.
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by the accelerometer, the frequency of 2.29 Hz obtained during the 
dynamic load test has remained consistent, as seen in the analysis of the 
data recorded on 10/11/2021 at 08:46, Fig. 24.

However, on other occasions, accelerometer data detected a fre-
quency of 2.73 Hz, as seen in the data analyzed on 08/11/2021 at 16:53, 
Fig. 25.

In Fig. 24, it can be observed that at the frequency of 2.29 Hz, the 
horizontal component of the accelerometer is zero, meaning it is strictly 
a vertical movement. However, in Fig. 25, it can be identified that the 
horizontal component represents approximately 25 % of the vertical 
component. In both figures, it can be observed that if one frequency 
appears, the other does not.

In Fig. 26, the accelerograms that allow the calculation of the fre-
quency spectra in Fig. 24 and Fig. 25 are analysed and compared. It can 
be concluded that the excitation is similar in duration (a few seconds). 
This fact determines that the most probable cause of excitation in both 
accelerograms is vehicles and not another source of horizontal forces, 
such as the wind, for example. When analysing the data from all 

Fig. 16. (a) Scour result for the T10 years return period. (b) Scour result for the T100 years return period. (c) Scour result for the T500 years return period.

Fig. 17. Scour for each pile at the foundation of the pier of the Espartxo Bridge 
Vs design flood.
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accelerometers, the possibility that the frequency of 2.73 Hz was asso-
ciated with torsional modes was also ruled out, as the sign of the ac-
celeration recorded by the accelerometers on each side of the span was 
the same. Another relevant point from this analysis, as seen in Fig. 26 by 
the envelope curve defining the logarithmic decrement, is that the 
damping is approximately double at the frequency of 2.73 Hz compared 
to 2.29 Hz. This could indicate that the soil is involved in the vibration 
mode associated with the frequency of 2.73 Hz.

Therefore, based on field data, it was concluded that the structural 
response of the Puente de Espartxo to horizontal forces from traffic was 

influenced by soil-structure interaction and activated the frequency of 
2.73 Hz, unlike when vehicle excitation was purely vertical, which 
activated the frequency of 2.29 Hz.

5. Finite element model of Espartxo Bridge

A finite element model (FEM) of the Espartxo bridge has been 
developed in the context of this research. The complex geometry of the 
bridge has been defined in detail. The connection between the steel 
longitudinal ribs and the steel transverse ribs has been modelled with 

Fig. 18. (a) Static load test definition. Configuration 1. Plan View. (b) Static load test definition. Configuration 2. Plan View.

Fig. 19. Static test implementation. Configuration 2.

Fig. 20. (a) Location of displacement measurement devices during the static load tests. (b) Wire sensors SX50-Waycon.
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accurate geometry and the appropriate eccentricity between elements. 
(Fig. 27).

The V-shape pier has been also modelled following its complex ge-
ometry (Fig. 28).

Firstly, the steel structure of the deck was defined with beam ele-
ments, and plate elements were arranged to generate both the roadway 
slab for vehicles and the slab in pedestrian areas. The pylon, which 
defines the central support of the deck, was modelled considering its 
complex geometry using beam elements. At the top of the pylon, a steel 
element is arranged to connect the V-shape od the pier. Additionally, the 
piles emerge from the pilecap as beam elements with the corresponding 
length (19.5 m), each with a fixed support at its tips in all three di-
rections. To complete the finite element model, the weights of non- 
structural elements such as railings, the wooden pedestrian platform, 
steel stiffeners, and the road surface in the traffic area were added as 
mass. The neoprene supports on both abutments were modelled using 
springs with their theoretical stiffness. Two FE models were developed 
for this research. Firstly, a model for studying loads without a horizontal 
component (referred to as model 1), where there are no springs in the 
piles representing the soil. Secondly, an identical model but with a co-
efficient of subgrade reaction in the piles (referred to as model 2) for 
cases where there is both horizontal and vertical load.

The vibration mode of Model 1 only exhibits only vertical component 
in deck displacement (Fig. 29a), whereas the fundamental mode of 
Model 2 displays both vertical and horizontal components in deck 
displacement (Fig. 29b). The ratio between horizontal and vertical 
movement is entirely consistent with the Fig. 25. It is important to 
highlight that the only difference between both models is the horizontal 
restraint of the ground on the piles, which, in addition to inducing 
horizontal movement in the vibration mode, increases the vibration 
frequency value.

As observed when comparing the vibration modes in the upper 
figure, due to the lateral effect of the terrain on the piles, even if it’s 
small, a horizontal component develops in the movement of the 
fundamental mode, which can be observed both in the deck and in the 
pile heads. This is a fundamental characteristic for this research, as will 
be further developed later on. It can be noticed that the ratio between 
vertical and horizontal movements showed in both Fig. 29a and Fig. 29b 
are entirely consistent with the amplitudes of the FFT shown in Fig. 24
and Fig. 25.

Fig. 21. Dynamic load test implementation.

Fig. 22. (a) Location of the accelerometers for the dynamic load tests. (b) Triaxial accelerometers ATA-OYO AC3Tx.

Fig. 23. Spectrum of frequencies of the bridge during the dynamic load test. 
Hypothesis at 30 km/h with the amplification board.

Fig. 24. Spectrum of frequencies of the bridge during the service stage.B3 
accelerometer. 10/11/2021. 08:46 h.
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6. Twin model calibration of Espartxo Bridge

The calibration process for the stiffness, mass of the bridge, and soil- 
structure interaction for the twin model has been carried out indepen-
dently for each variable, as explained below.

6.1. Stiffness calibration of the bridge

For the stiffness calibration of the model, different modulus of sub-
grade reaction values were assigned throughout the length of the pile, 
thus verifying if this variable influenced the displacement values. Fig. 30
shows that the maximum deflection value is practically unaffected by 
the subgrade reaction value, so the stiffness was calibrated with model 1.

Once confirmed that the subgrade reaction coefficient had no 

influence on the vertical static displacements, configuration 1 and 2 of 
the static load test were modelled. The variables calibrated in the model 
were the vertical stiffness of the neoprene supports for movement at 
both abutments and the fixity level between the concrete slab and the 
longitudinal steel ribs due to connectors. The theoretical horizontal 
stiffness of the neoprenes at all supports was included in the model, but 
since this stiffness is negligible compared to the horizontal restraint 
exerted by the pile through its support in the ground, the horizontal 
stiffness of the neoprenes was not included as a calibration parameter. 
With minor adjustments to the vertical neoprene’s stiffness and the level 
of fixity between the slab and longitudinal rib, it was possible to repli-
cate both configuration 1 (Fig. 31a) and configuration 2 (Fig. 31b) of the 
static load test. The numerical values are presented in Table 5.

6.2. Mass calibration of the bridge

The participation of masses in the deck) is the one with the greatest 
influence on the vibration modes studied in this research. Therefore, for 
the mass calibration, only the mass of the deck has been modified. In 
Fig. 32, the variation of the natural vibration frequency of model 1 can 
be observed as a function of the variation in the theoretical value of the 
deck mass, including non-structural masses. With a 1.2 % increase in the 
deck mass over the theoretical value, a frequency of 2.29 Hz is obtained, 
as shown in Fig. 31.

6.3. Soil-pier interaction calibration

Once the bridge’s stiffness and mass have been calibrated, the next 
step is to calibrate the soil stiffness. To achieve this, the theoretical 
values of the horizontal coefficient of subgrade reaction defined in 
Section 3.2 are multiplied by a soil factor of 0.98 to obtain the measured 
frequency of 2.73 Hz, as shown in Fig. 33.

7. Numerical analysis of the scour of Espartxo Bridge

Once the model is calibrated, it serves as a very useful tool for 
detecting scour due to its sensitivity to changes in vibration modes with 
a horizontal component [31]. For this reason, once the twin model of the 
bridge has been developed, an analysis has been performed to determine 

Fig. 25. Spectrum of frequencies of the bridge during the service stage.A3 
accelerometer. 08/11/2021. 16:53 h.

Fig. 26. Accelerograms’ comparison for the frequencies of 2.29 Hz 
and 2.73 Hz.

Fig. 27. Steel structure modelled at deck.

Fig. 28. Piles, pile cap and pier modelled.
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the correlation between possible scouring of the soil under the pile and 
the natural vibration frequency of 2.73 Hz. To achieve this, the springs 
modelling the soil restraint on each pile have been progressively 
removed according to the study conducted in Section 3.3 of this docu-
ment, as shown in Fig. 34. With the modification of the horizontal soil 
restraint for each design flood event, dynamic analyses have been per-
formed in model 2 to determine the variation in vibration frequency 
with this new configuration. Some authors recommend considering the 
influence of changes in soil properties under scour due to the loss of 
material from the upper layers [32]. However, in this case, scour is not 
understood as a total loss of the upper layers of soil but as a localized loss 
around the piles, so that effect has not been considered in the 
calculations.

The influence of the scour has been analyzed at the frequency of 
2.73 Hz for the three-design flood of 10 years, 100 years and 500 years, 
Fig. 35.

Fig. 29. (a) Fundamental model of vibration of 2.29 Hz. Without horizontal motion component (Model 1). (b) Fundamental model of vibration of 2.73 Hz. With 
horizontal movement component (Model 2).

Fig. 30. Maximum relative displacement of the centre of the main span Vs. 
Coefficient of subgrade reaction.

Fig. 31. (a) Configuration 1. Model Vs. Load test. (b) Configuration 2. Model Vs. Load test.

Table 5 
Model values and load test comparison.

Displacement (cm)

Check point Configuration 1 Configuration 2

Model Load test Model Load test

P1-P2 − 0,13 − 0,18 − 0,13 − 0,18
P3-P4 − 2,58 − 2,58 − 2,66 − 2,74
P9-P10 0,01 0,02 0,03 0,05

Fig. 32. Natural frequency of vibration Vs. Increment of mass of the deck from 
the theoretical value.

J. Sánchez-Haro et al.                                                                                                                                                                                                                         Structures 71 (2025) 107916 

13 



The Fig. 35 shows the average scour depth of the piles grouped in 
rows: the row of piles closest to the Urumea River (P1-P2-P3), the 
middle row (P4-P5), the innermost row (P6-P7-P8), and the combined 
average of the three rows. It can be observed that a 10-year flood, which 
is highly likely during the structure’s lifespan, despite causing signifi-
cant scour predominantly in the more exposed row of piles, substantially 
alters the natural frequency to a value of 2.62 Hz. The 100-year design 
flood induces scour up to the middle row of piles, but the frequency is 
not excessively affected, 2.60 Hz. The 500-year flood, with significant, 
albeit uneven scour in all three rows of piles, reduces the vibration 
frequency to 2.55 Hz. These results, coupled with the real-time moni-
toring of the bridge through the deployed instrumentation, enable the 
establishment of a preventive alarm based on the frequency values to 
detect potential scouring beneath the foundation. Any defect that might 
reduce the stiffness of the deck, the pier, or the foundation would cause a 
variation in both the 2.29 Hz and 2.73 Hz frequencies. However, if only 
the frequency of 2.73 Hz is affected, then necessarily, the frequency 
variation must be caused by the lack of support from the soil, as it is the 
only difference between the developed calibrated FE models. Therefore, 
this research would allow the establishment of an alarm for the risk of 
scouring with a very high level of confidence. In addition to the fre-
quency analysis, the increase in internal forces on the piles due to 

horizontal forces has been studied based on the level of scouring. The 
analysis was performed at the pile head section, as it is the critical 
section, as shown in Fig. 36a. The relative increase in bending moment 
due to horizontal loads, depending on the level of scouring reached, is 
presented in Fig. 36b. The maximum results for each group of pile rows 
are shown. As observed in the figure, the piles most affected are those in 
the row farthest from the Urumea River, where bending moments can 
increase by almost 30 % for the scouring level corresponding to the 500- 
year flood.

8. Conclusions of Espartxo Bridge

A digital twin of the Espartxo Bridge has been developed, enabling 
predictive maintenance on the structure. Specifically, in this article, the 
digital twin has been applied for early detection of undermining in the 
bridge’s foundation, as it has been documented as the primary cause of 
bridge collapses worldwide.

To achieve this, a geotechnical study of the terrain on which the 
bridge is founded was conducted, along with a hydraulic study to 
determine the torrential flows associated with project design floods, 
assessing their potential for undermining. Real load tests were also 
performed on the bridge, including both static and dynamic tests. With 
all the available information, all necessary parameters for the digital 
twin were independently calibrated, including the horizontal restraint of 
the soil on the piles. For this latter parameter, data from instrumentation 
during actual service conditions, i.e., under the loads of real traffic, were 
analyzed, as the Espartxo Bridge is continuously monitored in real-time. 
After this analysis, the vibration frequency activated during vehicle 
braking, with a value of 2.73 Hz, and the fundamental frequency acti-
vated under exclusively vertical traffic loads, with a value of 2.29 Hz, 
have been identified. The vibration mode associated with the frequency 
of 2.29 Hz is activated when vehicles do not transmit horizontal loads, 
and therefore, the bridge does not require support from the soil. On the 
other hand, the mode associated with the frequency of 2.73 Hz is acti-
vated when, due to the horizontal loads transmitted by traffic, the 
bridge, through its piles, laterally supports itself on the soil. Based on 
this difference in the boundary conditions of the bridge according to the 
type of loading, the horizontal restraint exerted by the soil on the piles 

Fig. 33. Frequency of vibration Vs Calibration of soil factor.

Fig. 34. (a) Model 2 with no scour, f= 2.73 Hz. (b) Model 2 with scour by T10, f= 2.62 Hz. f= 2.62hZ. (c) Model 2 with scour by T100, f= 2.60 Hz. (d) Model 2 with 
scour by T500, f= 2.55 Hz.
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has been independently calibrated from the rest of the parameters. Once 
the digital twin of the Espartxo bridge has been developed and cali-
brated in its baseline condition, the horizontal restraint of the soil has 
been modified according to the pile scour obtained from the torrential 
flow study for the 10-year, 100-year, and 500-year return period floods. 
For each studied scour condition, a dynamic analysis has been per-
formed to establish the correlation between the isolated variation of the 
2.73 Hz frequency and the depth of scour. Finally, it has been demon-
strated that scour substantially increases the forces in the piles farthest 
from the river under horizontal loads, posing structural risks both in 
terms of strength and durability. In conclusion, it can be inferred that the 
level of scour that could occur in the first meters of the piles beneath the 
pier of the Espartxo Bridge could be unequivocally detected if there is a 
decrease in the vibration frequency of 2.73 Hz while keeping the fre-
quency of 2.29 Hz constant. Both frequencies can be measured in real- 
time by the accelerometers installed on the bridge. Consequently, it is 
possible to establish an instant alarm based on the measured values in 
the structural monitoring instrumentation of the bridge. This preventive 
measure can help avoid structural issues in the bridge resulting from the 
scouring process, a factor that has caused numerous collapses in struc-
tures throughout the recent history of bridges.
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