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Abstract.  Digital twin is a new approach in structural life-cycle management, 

when a virtual replica of a real product or structure is developed. The virtual 

twin is used to test the product behavior under limit state conditions. The im-

portant feature of the digital twin is the connection of the virtual model with the 

real-life data obtained by its monitoring. The digital twin method can be used 

for the assessments of safety, durability and reliability of reinforced concrete 

structures. The presented digital twin model consists of a finite element me-

chanical model coupled with a chemo-mechanical model for the assessment of 

chloride ingress or carbonation and propagation of the subsequent reinforce-

ment corrosion. The model is combined with the nonlinear modelling of crack-

ing, bond failure and reinforcement yielding for static as well as dynamic anal-

yses. The digital twin approach is demonstrated on pilot problems of bridge 

structures in the Czech Republic and Germany.  

The latest development also extends the digital twin approach for the additive 

manufacturing of concrete structures, where the G-code generated by the robot-

ic machine is directly used for the simulation of the construction process as well 

as for the assessment and verification of the final structural behavior under de-

sign loads as well as its long term behavior.  

Keywords: Chloride Ingress, Corrosion, Digital Twin, Durability, Finite Ele-

ment Analysis, Reinforced Concrete Structures, Additive Manufacturing. 

1 Introduction 

The functional infrastructure is one of the key aspects of an efficient modern economy 

both in developed and developing countries. In European Union, the majority of the 

critical infrastructure was built during the economic growth after World War II imply-

ing that the average age of the structures well-exceeds 50 years. Nowadays, the age-

ing infrastructure represents a significant financial burden for the public authorities. 

Based on the data from 22 selected OECD countries [1], the cost of infrastructure 

maintenance increased by 1.78 billion euros each year between 1997 and 2016. 

At the same moment, the concrete industry produced about 7 % of the man-made 

CO2 mainly due to the production of the cement clinker, which is required for the 

construction [2] processes. One of the means how to reduce the negative environmen-

tal impact is to ensure the optimal structural design and lifespan.  
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The early diagnosis and prediction of the structural deterioration not only reduces 

the repair cost but may prevent limitation in serviceability of the structure and prevent 

the worst-case scenarios such as was the case of the collapse of a pedestrian Troja 

bridge in Prague or the Morandi Bridge in Genoa.  

Digital twin refers to a virtual replica of a real structure, which is connected with 

online measurement data of the real structure. This enables the identification of the 

most significant model properties. The resulting calibrated models are consequently 

used for assessments of safety, reliability, durability, and sustainability of the investi-

gated structure under service as well as limit state conditions. 

In this study, we show two examples of this methodology. The monitoring system 

was installed on the Wonka Bridge, Pardubice, Czech Republic and Vogelsang 

Bridge, Esslinger, Germany. Non-linear finite element (FE) models were subsequent-

ly developed for both structures. Upon calibration, the numerical models were used 

for assessment of their long-term performance. By applying advanced chemo-

mechanical models, namely for the chloride ingress and reinforcement corrosion, the 

degradation of the structure due to chloride attack was evaluated. 

Recently the digital twin approach and virtual prototyping was also applied to the 

modern construction methods such as the additive manufacturing of concrete struc-

tures. The G-code generated by the robotic machine is directly used to drive the simu-

lation of the construction process as well as for the assessment and verification of the 

final structural behavior under design loads as well as its long-term behavior. 

2 Pilot Applications 

In this paper, two pilot applications of the proposed system are presented. The first 

one is the Wonka Bridge, Pardubice, the Czech Republic over the Elbe River, and the 

second is the Vogelsang Bridge, Esslinger, Germany over the Neckar River. The in-

situ monitoring data were previously collected within the framework of the European 

cyberBridge project (www.cyberbridge.eu). 

The Wonka Bridge in the Czech Republic is a pre-stressed box-girder concrete 

bridge consisting of three arches with spans of 50 + 70 + 50 m. The cross-section 

depth is up to 3.5 m. The bridge was constructed between 1956 and 1959. The bridge 

is loaded mainly by road transport and pedestrians. Furthermore, the bridge is sub-

jected to the deterioration mechanisms originating from the external environment, 

such as penetration of the de-icing agents and carbonation of the concrete cover. The 

data from the monitoring system were collected for 60 days from August until Octo-

ber 2018. 

The Vogelsang Bridge in Germany consists of eight partial structures built in three 

different construction types. The bridge was built between the years of 1971 and 

1973. The total length is approximately 595 m and it has a total area of 9 744 m² in-

cluding ramps. For the monitoring, two spans of 13.8 + 13.2 m were chosen. From the 

structural point of view, this section is a continuous non-prestressed beam with a 

height of 0.6 m. The bridge monitoring ran for 61 days from Jan. until Mar. 2019. 

http://www.cyberbridge.eu/
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3 Monitoring System 

The iBWIM (Bridge-Weigh-In-Motion) technology (PEC – Petschacher Consulting, 

ZT-GmbH) was used as the monitoring system.  

The system consists of deflection measurement units coupled with a laser range-

finder, which is used for vehicle detection (see Fig. 2). The measurement units are 

mounted on the underside of the bridge; therefore, the traffic is not interrupted during 

the installation. Each unit consists of strain gauges and a data collector. The strain 

gauges are arranged booth in the transverse and longitudinal directions. 

 

 

 

 

 

 

 

 
Fig. 1. Two bridge pilot applications, (top) Wonka bridge, Pardubice, Czechia, (bottom) 

Vogelsang bridge, Esslingen, Germany showing also the monitoring strain gauges. 

The information from the coupled system of the strain gauges and the laser range-

finder can be used for rather unique analyses of the bridge traffic. It is possible to 

collect the data on the bridge response as well as about the vehicle speed, weight, and 

load distribution over the vehicle’s axles. The sensitivity of the measurement system 

is tuned to detect vehicles of a gross weight above 3.5 t. The monitoring system was 

calibrated by crossing the bridge with trucks of known weights. 

Each passing vehicle is recorded by the monitoring system as an event and is given 

an event number. An example of the measured data during two single events are 

shown in Fig. 3. The data from the strain gauges are shown together with the infor-

mation from the rangefinders, which detect the passing traffic. An example of the 

obtained data is given in Fig. 3. 
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4 Virtual Model Calibration 

The virtual numerical models were developed in the FE simulation system ATENA 

[3]. The models were calibrated based on the results obtained from the bridge moni-

toring. The summary of the calibration results is shown in Table 1. After successful 

calibration, the numerical model are able to reproduce all important aspects of the real 

structure, including the long-term performance affected by the ageing mechanism. 

These mechanisms were implemented into the FEM model through the mechano-

chemical model, which considers the acceleration of the deterioration due to the pres-

ence of mechanical cracks. The degradation model is described and validated in a 

previous publication [4] and briefly summarized in the Section 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Typical arrangement of iBWIM monitoring system installed on an investigated 

bridge (left) a calibration truck crossing the bridge (top right), and a laser sensor for the detec-

tion of the passing vehicles and number of axles (bottom right). 

The nonlinear behavior of the concrete material is modeled using a fracture-plastic 

material [5] that is implemented in ATENA software, and it enables the modelling of 
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main aspects of reinforced concrete behavior such as concrete cracking, crushing, 

reinforcement rupture or yielding as well as possible bond failure mechanism. 

 
Fig. 3. Typical example of collected data at one of the most critical recorded events at Won-

ka bridge. 

Table 1. Overview of the calibration data for the two pilot bridges 

  Measured  Model 

Wonka Bridge, Czech Republic 

 strain [μ] 8.35 8.88 

 Load test mid-span deflection [mm] 14.36 14.23 

Vogelsang Bridge, Germany 

 strain (group 203) [μ] 77 74 

 strain (group 204) [μ] 30 43 

5 Durability Modelling 

One of the main degradation mechanism reducing the structural performance is the 

use of de-icing salts for road maintenance during the winter season. The chloride ions 

in the de-icing salts eventually penetrate the concrete microstructure towards the steel 

reinforcement, and this leads to a decrease in the pH level. Finally, as the alkalinity of 

the concrete decreases, the corrosion protective function of the concrete cover is lost, 

and the reinforcement corrosion is initiated leading to the reduction of its cross-

section. In the ATENA software, this mechanism is simulated with a chloride ingress 

model coupled with a reinforcement corrosion model. 

The chloride transport through the concrete porous system is a combined diffu-

sion/binding process as the transported ions are absorbed into the C-S-H gel or precip-

itate as new compounds within the concrete microstructure [6]. In engineering prac-

tice, this is commonly modelled using the diffusion equation with a time-dependent 

diffusion coefficient. When cracks occur in the concrete cover as a result of mechani-

cal loads, chloride transport is accelerated. The chloride diffusion is simulated as a 1D 

diffusion process. Such an implementation can be very efficiently used also in large 

scale simulations. 

The chloride concentration at the depth of the reinforcement is checked for each re-

inforcement bar that is modelled by discrete embedded reinforcement approach in 
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ATENA software considering also bond slip between concrete and reinforcement [7].  

When the chloride concentration exceeds a critical level, the reinforcement corrosion 

is initiated. Its rate depends on the chloride concentration, temperature conditions, and 

the duration of the corrosion process.  

The long-term chloride attack is simulated in multiple steps during this calculation. 

At each step, the degree of corrosion is calculated and then used to reduce the cross-

section area of the reinforcement elements in the model. Based on this, a new static 

equilibrium is found and the crack width is updated. In the next solution step, the 

updated crack width is used to accelerate the chloride diffusion process.  

The implemented models are mainly based on the research of Liu and Weyers [8] 

and the recommendations published in the DuraCrete report [9]  

The reinforcement corrosion process has an impact also on the reinforcement bond 

properties. The bond strength-slip material law used in this study was based on the fib 

MC 2010 [10] and for the corrosion effect on reinforcement bond, the formula pro-

posed by Bhargava et al. [11] was used. 
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Fig. 4. (left) Reinforcement bond strength-slip function for the calculation with mean and 

characteristic material properties and (right) relative function for reducing the bond strength as 

a function of reinforcement corrosion [11]. 

6 Long Term Structural Assessment 

For structural assessment by non-linear numerical model, a suitable loading sequence 

should be defined that respects the load sequence of the real structure as well as the 

investigated load combination required by the codes. In addition to standard loads, the 

analysis history should take into account the effect of chloride in-gress and resulting 

degradation due to reinforcement corrosion.  

The following sequence of load intervals represents a typical approach that was for 

instance used in the case of the second pilot structure (i.e. Vogelsang bridge): 

1) Design dead loads: self-weight and other dead loads, 2) Design live loads: concen-

trated and distributed traffic loads, 3) Unloading design live loads from 2), 4) Simula-

tion of the chloride degradation, 5) Overloading with design live loads. 

The chloride attack with a duration of 25, 50, 75, 100, 125, and 150 years was ap-

plied in the interval 4 after partial reloading of the applied live and dead loads to sim-
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ulate a more realistic scenario, when the chloride propagation and corrosion can be 

expected to occur at characteristic load levels without the partial factors. After that the 

live loads were again gradually applied until reaching the peak load. The main result 

is a set of load-displacement curves as shown in Fig. 6 for overloading at different 

ages. The applied global resistance approach ECoV was originally proposed in [12], 

and it requires always two analyses using mean material and characteristic parame-

ters. The resulting evolution of design resistance in time is shown in Fig. 7. The 

graphs show that in case of Wonka bridge sufficient reliability can be assured for 

additional 87 years. In the worst case when leakage into the tendon area is considered, 

the bridge life prediction is drastically reduced, and the bridge state will be critical 

around year 2028. 

 

 
Fig. 5. Typical failure modes in the simulation, (top) shear failure with concrete crushing for 

Wonka bridge, (bottom) bending failure with reinforcement yielding for Vogelsang bridge. The 

bottom figure shows the bond slips between reinforcement and concrete for each bar taking into 

account the effect of corrosion at failure for the analysis with 150 years of corrosion. 
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In case of the Vogelsang bridge, the life expectancy of about 132 years is predict-

ed. The graphs also show that once the corrosion starts the Vogelsang bridge degrades 

slightly faster than the Wonka bridge. This is due to the fact that if the leakage into 

the tendon area is prevented, the diffusion of chlorides into the prestressing cables in 

general takes much longer compared to the normal reinforcement in the Vogelsang 

bridge. 
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Fig. 6. Resistance curves for the Wonka Bridge (left) and Vogelsang Bridge (right) with 

mean parameters. The red points indicate when crushing strain -3.5 μ is reached in concrete. 
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Fig. 7. The resistance evolution due to reinforcement corrosion for the Wonka Bridge (left) 

and Vogelsang Bridge (right). For the Wonka Bridge, the black triangle points show a scenario, 

where a leak into the protective ducts of the unbonded pre-stressing cables occurs. 
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7 Application to Virtual Prototyping in Concrete Additive 

Manufacturing 

The last application example shows, the latest development of applying the virtual 

prototyping to the new construction technology of additive manufacturing of concrete 

structures. Additive manufacturing is an emerging technology that has been already 

widely adopted in many technological fields, including concrete engineering. This 

new construction technology can greatly benefit from the application of the digital 

twin approach, where a numerical simulation is run either before or even concurrently 

with the actual printing. It can reproduce the lab experiments and further predict new 

printing scenarios saving time and costs or preventing potential construction issues or 

even total or partial collapses at the sire. Furthermore, it allows for optimizing the 

process by predicting necessary interruptions or adjustments of the printing speed 

during the construction process. Fig. 9 shows a real example of a small 3D printed 

house in Czech Republic [13]. The printed structure was also tested in laboratory and 

simulated in order to simulate its construction process and evaluate the effect of the 

printing speed on the structural stability. The simulation showed that the printing 

speed needs to be decreased to about 50 mm/s to prevent structural collapse during 

uninterrupted printing (Fig. 9). 

 

 
Fig. 8. Final view of the 3D printed building and its laboratory load testing. 

 

 
Fig. 9. Virtual prototyping of the 3D printed structure simulating the occurrence of failure 

for various printing speeds. 
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8 Summary 

Paper presents three case studies of the application of the digital twin approach to the 

assessment of existing structures as well as to the design and construction of new 

structures using the new technology of additive manufacturing in construction indus-

try. 

The digital twin approach combines the monitoring data with the numerical simu-

lation. This enables to provide more in-depth information for structural maintenance 

in case of existing structures. In case of construction of concrete structures by additive 

manufacturing this approach can be used to optimize the construction process to en-

sure the structural stability or to evaluate the effects of the construction process on the 

reliability and safety of the final product. 

The paper was prepared with financial support of the Czech Technological Agency 

under the project CK03000023 “Digital twin for increased reliability and sustainabil-

ity of concrete bridges”. The 3D printing methods are developed under the project 

CK FW06010422 “Simulation and design of structures from digital concrete”. The 

financial support is greatly acknowledged.  
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