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Abstract: Corrosion is a major factor that causes degradation of reinforced concrete structural elements,
especially in cold regions where de-icing salts are used extensively. It is difficult to assess the remaining
capacity of a corroded reinforced concrete member based on visual inspections alone, and therefore to
determine whether the member has an adequate level of safety. An appropriate structural health monitoring
(SHM) system can provide real-time information about a structure’s actual condition, thereby allowing a
determination of its level of safety and whether remedial measures are required or the service life can be
extended, resulting in a savings of replacement costs. Quantification of the economic benefits of SHM
systems with different levels of sophistication has not been studied extensively but is one of the critical
factors in selecting the optimum SHM system. This paper describes the results of a laboratory-based
experimental study. The first objective of this study was to evaluate the effectiveness of a surface strain-
based SHM technique for determining the bending moment capacity of a corroded reinforced concrete
beam and its remaining level of safety in terms of the reliability index. The second objective was to assess
the effect of using SHM information with different levels of uncertainty on the resulting reliability index and
life cycle costs. Different monitoring schemes were implemented, consisting of combinations of data sets
from different measurement devices (electrical strain gauges, a digital image correlation (DIC) system, and
a cover meter). The value of implementing a more precise SHM system is demonstrated through increased
reliability indexes and reduced life-cycle costs for the beams.

1 INTRODUCTION

1.1 Background

Corrosion is a major factor that causes structural degradation of reinforced concrete elements. This is
because of the loss of effective cross-sectional area of the steel reinforcing bars, as well as the loss of bond
between rebar and concrete due to corrosion (Zhang et al. 2013). Reinforced concrete structures in cold
regions like Canada are more prone to corrosion damage due to the use of de-icing salts. To ensure public
safety, it is important to monitor the deteriorating condition of a structural element in order to decide when
to repair or replace it. Currently, most structural evaluations rely largely on visual inspections, which are
performed at regular time intervals. Considering the increasing number of aging structures globally, and the
limitations of visual inspections, this current approach seems inadequate. The U.S. Federal Highway
Administration (FHWA) conducted a research study to investigate the reliability of routine and in-depth
visual inspections on highway bridges. The results showed that routine inspections were completed with



large variability, and in-depth inspections based on visual inspection only were not sufficient to identify
specific types of defects (FHWA 2001).

Structural health monitoring (SHM) techniques provide real time monitoring and diagnoses of a structure’s
condition. The implementation of SHM systems allows the structure’s maintenance and replacement
schedule to be changed from a time-based approach to a condition-based approach, which is more reliable,
efficient and cost effective (Farrar and Worden 2007). Various SHM techniques have been developed in
the last 30 to 40 years (Qin et al. 2015). One of the ways to classify the various methods is according to
the level of information provided by the SHM systems (Rytter 1993): Level 1 identifies the presence of
damage; Level 2 specifies the location of the damage; Level 3 indicates the severity of the damage, along
with the location; and Level 4 provides an estimate of the remaining service life, in addition to the information
provided by Levels 1 through 3. Most of the current SHM systems are Level 2 and require advanced
numerical analyses such as fast Fourier transform, eigenvalue analysis or finite element analysis.

Christensen et al. (2011) proposed a theoretical SHM method for estimating the bending moment capacity
of a reinforced concrete beam that was subject to corrosion. This method estimated the remaining rebar
area after corrosion using the measured flexural strain distribution. The remaining load-bearing capacity of
the monitored structural member could then be determined. This surface strain-based method is extremely
easy to understand, relying on theories of simple structural mechanics. Thus, it is user friendly and cost
effective, especially considering the fact that it is a Level 4 SHM system. However, the approach has never
been verified experimentally.

In addition to demonstrating the technical feasibility, it is also useful to investigate the effects and costs of
implementing SHM systems in order to encourage the adoption of these technologies in practice, as well
as to make an optimized selection among different SHM systems. The implementation of an SHM system
itself has no effect on the physical condition of a structure. However, data gathered through this system
can help to reduce the uncertainty in the prediction of a structure’s load-bearing capacity, which can then
be used to increase the level of confidence in its safety and reduce its life-cycle costs.

Structural reliability analysis is an approach to quantify and account for the effect of uncertainty on the
safety of structures. The reliability index, 3, is defined as the difference between the mean resistance and
load effect divided by the corresponding standard deviation. Common values for 8 range from 2 to 4 for
structural assessment, and each value corresponds to a particular probability of failure. For instance, a
reliability index of 2 corresponds to a probability of failure of 0.02275 (Frangopol and Messervey 2011).
Theoretically, the higher the precision of the SHM system being implemented on a structure, the higher the
reliability index for the structure.

The reduced uncertainty in estimation provided by an SHM system can also be used to reduce the life-
cycle cost (LCC) of a structure, and therefore the extra cost of implementing the system can be justified.
Cost is one of the critical parameters to consider when selecting the most appropriate SHM system for a
structure (Loupos and Amditis 2017), since any decision made in structural design and management should
be a balance of economy and safety (Frangopol and Messervey 2011). The implementation of SHM
systems is an extra cost to a structure’s original budget. Even though a more sophisticated SHM system
will usually cost more, it can also provide a higher level of structural reliability, which may allow a
deteriorating structure to remain in service for a longer period of time while keeping the risk of failure within
an acceptable range. Christensen et al. (2011) demonstrated the economic value of SHM systems with
three different levels of uncertainty using the annual life-cycle cost of a hypothetical beam. However, this
approach also has not been verified experimentally.

The objectives of this study were first to verify the technical feasibility of the SHM method proposed by
Christensen et al. (2011), and then to demonstrate the economic benefits of implementing SHM techniques



with different levels of sophistication in terms of the life-cycle costs of a reinforced concrete beam subject
to corrosion.

1.2 Theoretical Basis of the Surface Strain-based SHM Method

The principles of the surface strain-based SHM method for determining the remaining bending moment
capacity of a corroding reinforced concrete beam were first described by Christensen et al. (2011), and
may be understood by considering Figure 1. Figure 1 (a) shows a reinforced concrete beam instrumented
with two strain gauges attached at mid-span (where the bending moment is the largest) at depths of d1 and
d2 from the top surface. Readings from these strain gauges, ¢; and ¢,, can be used to generate a linear
strain diagram, as shown in Figure 1 (b). The distance from the top surface to the neutral axis, c, can be
found using the similar triangles. If more than two strain gauges are used to increase the reliability of the
data, a linear best bit function, obtained, for example, using the least squares method, can be used to
determine the neutral axis location.

Based on the principles of mechanics of materials, as long as the beam is within elastic deformation range,
the neutral axis will coincide with the centroid of the transformed cross-sectional area. Since concrete has
little tensile strength, the tension side of the beam cracks at a low bending moment. After the beam has
cracked, the neutral axis remains at a fixed location until the beam exceeds the elastic deformation range.
Thus, the transformed reinforcing steel area, At, can be found by solving the geometry of the cross-sectional
area. The effective bar area can then be calculated from At and n, the modular ratio of steel to concrete.
Knowing the actual amount of reinforcement left in the corroded beam, the remaining bending moment
capacity of the beam can be predicted.
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Figure 1: (a) Profile of the beam, showing the location of the two strain gauges; (b) the strain diagram
showing the relationship of the similar triangles; and (c) the cracked transformed section used to find
centroid

2 EXPERIMENTAL PROGRAM

2.1 Overview

The strain-based SHM technique was tested on three reinforced concrete beams with dimensions of
70%x140%x2000 mm. A single No. 10 reinforcing bar with a yield strength of 400 MPa was used in each
beam, and the mean compressive strength of concrete was 38.27 MPa. After the beams were cured for 28
days, they were subjected to accelerated corrosion to achieve a 10% weight loss of the reinforcing bars in
the middle 100 mm section of the beam using the impressed current method. Two four-point loading tests
were performed, one before and one after the corrosion, with the maximum load set to remain within the
elastic range while exceeding the cracking load. Strain data from each loading test were used to estimate
the effective cross-sectional area of the reinforcing bars, as described in the previous section. The
estimated reinforcement area from the first loading test was compared to the known area prior to corrosion
(100 mm?). After the second loading test, beams were loaded to failure. Reinforcing bars were extracted



and cleaned by the procedures described in ASTM G1 (ASTM 2017). Following the cleaning, the actual
weight losses and remaining diameters were measured and compared to the estimated values.

The configurations of the beams and the set-up of the loading test are illustrated in Figure 2. With this
specific experimental design, the impact of loss of bond due to corrosion was minimized. Since corrosion
was constrained to occur only in the middle 100 mm section, the rest of the reinforcing bar maintained its
original bond strength. The controlled corrosion was achieved by adding 5% sodium chlorides by the weight
of cement to the concrete mixture of the target section. The use of the four-point loading set-up created a
constant moment region in the middle 200 mm section; therefore, bonding was not required in the corroded
section.
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Figure 2: Dimensions of the beams and the set-up of the four-point loading test

2.2 Monitoring Schemes and Equipment

Strain data were acquired using two different techniques: electrical strain gauges and the DIC system.
Electrical strain gauges with a 60 mm gauge length (model PL-60-11-3LJCT-F, Tokyo Sokki Kenkjujo Co.
Ltd., Japan) were used to even out the non-homogeneous effect of concrete. Four electrical strain gauges
were attached at mid-span on one side surface of each beam above the neutral axis (i.e., in the
compression zone). The opposite surface was monitored by the DIC system (model VIC-2D 6, Correlated
Solutions Inc., US), which is a non-contact optical method that provides in-plane displacements and strains.
The DIC system tracks the movement of a speckle pattern on an object’s surface using digital images. The
strain resolution of the DIC 2D system is within 50 pe (Correlated Solutions 2018), which is higher than 5 pe
provided by the electrical strain gauges (calculated statistically from test results).

Figure 3 shows a beam being monitored by the DIC system and electrical strain gauges during a loading
test. The left-hand side surface of the beam is painted with a speckle pattern and is being monitored by the
DIC system. The right-hand side has electrical strain gauges attached and is connected to a DAQ system.

In addition to the strain measurements, a cover meter (model Profometer 5+, Proceq SA, Switzerland) with
a tolerance of £2 mm was used to measure the location of reinforcing bars, thus reducing the uncertainty
associated with this variable (Proceq 2007).

Four SHM schemes can be developed by using different combinations of the strain measuring equipment
and the cover meter, as summarized in Table 1. Each monitoring scheme has different levels of uncertainty
associated with measured strain data and reinforcing bar locations. The different levels of uncertainty
associated with these variables translates into different levels of uncertainty for the estimated bending
moment resistance, and therefore affects the reliability index of the beam.



Figure 3: The experimental set-up, showing a beam being monitored by the DIC system and electrical
strain gauges during a loading test

Table 1: Instruments used for each SHM scheme

SHM Scheme Monitoring Equipment
1 Electrical strain gauges
2 Electrical strain gauges + cover meter
3 DIC system
4 DIC system + cover meter

3 EXPERIMENTAL RESULTS

3.1 Effectiveness of the Proposed Strain-based SHM Technique

During the pre-corrosion and post-corrosion loading test of each beam, strain data provided by the DIC and
electrical strain gauges (ESGs) were used individually to estimate the neutral axis location. These estimates
were compared to theoretical values, which were calculated based on the actual reinforcing bar area and
specified dimensions for each beam. A comparison of these results is shown in Table 2. It can be seen that
the ESG data resulted in estimates of the neutral axis location that were within 10% of the theoretical values,
while the DIC system resulted in estimates within 20%.

Table 2(a): Pre-corrosion load test neutral axis location, measured from the top surface in mm

Theoretical ESG % Diff DIC % Diff Average % Diff
Beam 1 38.6 41.8 7.8% 323 -17.8% 37.0 -4.2%
Beam 2 39.0 42.1 87% 39.0 1.0% 40.5 4.9%
Beam 3 38.8 36.7 5.1% 411 6.1% 38.9 0.7%

Table 2(b): Post-corrosion load test neutral axis location, measured from the top surface in mm

Theoretical ESG % Diff DIC % Diff Average % Diff
Beam 1 37.1 37.8 20% 345 -7.2% 36.2 -2.5%
Beam 2 37.5 40.6 8.1% 33.8 -10.3% 37.2 -0.7%
Beam 3 37.3 40.3 79% 354 -5.0% 37.9 1.7%

Itis observed that for the same beam, the estimates from the DIC and ESG data consistently lay on opposite
sides of the theoretical neutral axis location. This might be due to asymmetrical conditions associated



eccentric loading or supports, or non-uniform cross-sectional properties, and the fact that the two data sets
were obtained from the opposite surfaces of the beams. In order to reduce these effects, an average was
taken between the two estimates. The average results are within 5% of the theoretical values. A 5%
difference in neutral axis location results in approximately 15% difference in cross-sectional area estimation
and 4% difference in calculated bending moment capacity.

Table 3 shows the estimated remaining bending moment resistance after corrosion based on averaged
neutral axis locations. These values are seen to lie within 5% of the actual failure loads measured at the
end of the post-corrosion load tests.

Table 3: Comparison of estimated bending moment resistance based on average neutral axis location and
actual bending moment resistance

Averaged  Estimated Estimated Moment  Estimated Load Actual Ultimate

Beam N.A. Area Resistance Resistance Load Applied
# (mm) (mm?3) (kN-m) (kN) (kN) % diff
B1 36.2 84.6 5.0 11.7 11.2 -3.8%
B2 37.2 88.3 5.0 11.8 12.4 4.5%
B3 37.9 94.2 5.3 12.4 12.7 2.9%

3.2 Comparison of the Digital Image Correlation System and Electrical Strain Gauges

Figure 4 shows a typical load test result, corresponding to the post-corrosion load test for Beam 2. The
graph plots the neutral axis location estimated using DIC data and ESG data with increasing load until
failure. It is obvious that there is more noise in the DIC data as compared to the ESG data. This might be
due to the poorer precision of the DIC measurements compared to ESGs. Also, the DIC camera measures
from a distance, so other factors such as the vibration of the loading machine, dust in the air, and lighting
conditions in the lab may also affect the precision of DIC measurements.

The main advantage of using the DIC system is that it provided reliable data even at extreme loads, while
the ESGs broke at an applied load of approximately 11 kN due to their lower strain limit (0.002). Concrete
ultimate compressive strain is approximately 0.0035, which means any ESGs close to the extreme
compressive surface will break before the concrete crushes. ESGs were also found to be unreliable when
attached in the tension zone, due to high local strains caused by concrete cracking or corrosion. The side
surfaces of the beams used for these tests only provided enough space for four ESGs to be attached in the
compression zone. However, the DIC system can monitor strains in both the compression and tension
zones. In addition, averaged strain data along any specified line can be extracted at any location by drawing
virtual extensometers in the DIC 2D analysis software, as shown in Figure 5.
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Figure 4: Comparison of DIC and electrical strain gauge data (post-corrosion load test for Beam 2)
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Figure 5: DIC Analysis from post corrosion load test for Beam 2: (a) strain field on the side surface of the
beam, with numerous virtual extensometers defined, and (b) a plot of the average strain along each
virtual extensometer as the beam was tested to failure

4 RELIABILITY ANALYSIS
The reliability index, B, is defined as follows (Frangopol and Messervey 2011):

[1] ﬁ — HR—HL
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where uy and y,;, are the mean values of resistance and load effect, respectively, and o, and g, are the
corresponding standard deviations. The reliability index is related to a level of confidence, or the probability
that the structure is safe (i.e., resistance > load effect). To design a structure that is absolutely safe is
impossible and will not be economically efficient. Therefore, structures are generally designed and
evaluated based on a certain level of confidence (Frangopol and Messervey, 2011).

For each beam tested, its reliability index was calculated using the data from each combination of
monitoring equipment listed in Table 1. The load effect was taken as 3.215 kN-m, which is equal to the
factored design moment capacity calculated based on CSA A23.3-14. For the purpose of this exercise, it
was assumed to be known with certainty, and its corresponding standard deviation was set to zero. In a
laboratory setting, since the load is applied by a universal test machine, the uncertainty associated with the
load is very small. The bending moment resistance, My, was calculated based on the estimated neutral axis
location and the estimated area of the reinforcement, and its corresponding standard deviation, gu, was
calculated as an accumulation of the standard deviations of all variables used to calculate the mean beam
resistance, assuming all variables were normally distributed and independent (Christensen et al. 2011).

There are two possible ways to estimate the standard deviation for a variable. One is through statistical
data, and the other is through the specified tolerance or precision of an instrument. For this exercise, the
standard deviation of concrete strength was calculated statistically from the results of several compression
tests on concrete cylinder samples. The tolerance for beam height and concrete cover thickness specified
by CSA A23.1-14 is +12 mm, which was assumed to correspond to the 90% confidence limits, which lie



1.645 standard deviations from the mean. A standard deviation of% = 7.3 mm was therefore used for

these variables. For the strain readings, the statistical method was used.

Table 4 summarizes the reliability indexes obtained using Scheme 1 (electrical strain gauges only), Scheme
2 (electrical strain gauges and cover meter), Scheme 3 (DIC system only), and Scheme 4 (DIC system and
cover meter). Without using a cover meter, the standard deviation for the location of the reinforcement is
based on the tolerance for concrete cover specified by CSA A23.1-14 of £12 mm. If a cover meter is used,
this value can be reduced to £2 mm based on the precision of the instrument, assumed to correspond to
the 90% confidence limits. Thus, the reliability indexes based on Scheme 2 and 4 are significantly higher
than those based on Scheme 1 and 3.

Table 4: Comparison of reliability indexes

Scheme 1 Scheme 2 Scheme 3 Scheme 4

Beam Mu au ou Mu ou ou

# (KN*m) (kKN*m) B (KN*m) B (KN*m)  (KN*m) B (KN*m) B
Pre-corrosion

B1 6.76 0.975 364 0420 8.45 3.853 0.634 1.01 0.417 1.53

B2 6.57 0.950 3.53 0.411 8.16 5.572 0.932 253 0595 3.96

B3 4.88 0.705 236 0.333 499 6.328 1.097 284 0.728 4.28
Post- corrosion

B1 5.49 0.791 2.87 0.366 6.20 4.487 0.638 199 0299 4.25

B2 6.12 0.887 328 0.395 7.36 4.087 0.610 143 0330 264

B3 6.03 0.973 289 0.390 7.21 4.545 0.669 199 0.342 3.89

With the exception of Beam 3, the reliability indexes also decreased after corrosion. For any given beam
and monitoring scheme, the reliability index should decrease along with a reduction in bending moment
capacity. However, the asymmetrical conditions that produced the difference in the location of the neutral
axis on either side of the beam is believed to have affected the estimation of the effective reinforcing bar
area and the remaining bending moment capacity for Beam 3.

5 ECONOMIC ANALYSIS

For the purpose of demonstrating the economic value of implementing an SHM system, the beam was
assumed to be an edge beam of a bridge, which is one of the most easily deteriorated structural members
of a bridge (Racutanu 1999). Unlike deck slabs, edge beams are generally not protected by waterproof
surfacing, so they are more prone to corrosion when exposed to de-icing salt. According to Mattsson et.al
(2007), the average replacement cycle for edge beams is 45 years with a standard deviation of 11 years,
and the average cost of replacement is $ 820 per meter.

It is assumed that a 45-year old bridge is under inspection, and its edge beams have lost 10% of their
reinforcement area due to corrosion. Without further monitoring, a bridge inspector may order the
replacement of these beams. In fact, they still have an adequate level of safety based on the reliability
analysis using monitored data. Using the post-corrosion analysis for Beam 3 as an example, and assuming
the beam will be replaced when the reliability index drops to 2, with Scheme 1, this beam can be allowed
to remain in service until its mean bending moment resistance drops to 4.96 kN-m, which corresponds to
an effective cross-sectional area of 86%. With Scheme 2, this beam can be allowed to remain in service
until its mean bending moment resistance drops to 4.00 kN-m, which corresponds to an effective cross-
sectional area of 67%.



The additional service life can be determined based on corrosion rates, which is governed by Faraday’s
Law:

_wir
[2]M =—
where M is the mass of rust per unit surface area (g/cm?), W is the atomic weight of steel (56 g/mol), I is
the applied current density (A/cm?), T is the total time that the current has been applied (s), n is the number
equivalents exchanged, and F is Faraday’s constant (96487 A-s/mol). Under natural conditions, the current
density is often between 0.1 to 10 yA/ cm? (Malumbela et al. 2012). Since the beam has likely cracked due
to 10% corrosion, a high current density of 10 pA/cm? can be assumed. On this basis, the replacement of
the beam can be delayed for two years with Scheme 1 SHM, and 11 years with Scheme 2 SHM.

The total replacement and monitoring costs associated with 50 m of edge beams, considering a 100-year
bridge life span, is illustrated in Figure 6. The total cost of Scheme 1 monitoring equipment is estimated at
$2000, assuming that four electrical strain gauges are applied every 2 m, and the cost of each is $20.
Scheme 2 has the added cost of a cover meter, which is estimated to be $4,000. Thus, the total cost of
Scheme 2 monitoring is $6,000. A discount rate of 5% is used to calculate the present value of total costs
for the comparison of different scenarios. Without any monitoring, the present value of total replacement
costs is $45,563. On the other hand, the present values of replacement and monitoring costs for Schemes
1 and 2 are $42,942 and $29,971, respectively. The economic value of the two SHM schemes is clear, and
the added value associated with the more costly system is realized by the ability of the improved information
to delay replacement enough to prevent the need for a second replacement.
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Figure 6: Cashflow of different monitoring conditions

6 CONCLUSIONS

The effectiveness of a strain-based SHM technique for estimating the bending moment capacity of a
corroding reinforced concrete beam was evaluated using a laboratory-based experimental study. The
results show that the technique has the potential to predict bending moment capacity to within 5% of the
measured capacity. When comparing electrical strain gauges to a digital image correlation (DIC) system,
data from the electrical strain gauges exhibited lower levels of noise, but they are also constrained by an
upper limit on strain. To achieve the best prediction of the remaining cross-sectional area of reinforcing
bars, it is recommended that electrical strain gauges be attached on both side surfaces of a beam to
minimize the effects of any asymmetry in the system, and that the gauges be located in the compression
zone for more reliable measurements. When a cover meter was used to locate the reinforcing bars with
greater precision, and this information was combined with data from strain gauges, the reliability index for
the same beam in an identical condition was significantly improved. The improved reliability index reflects



a higher level of confidence in structural safety, and thus the structural member can be allowed to remain
in service for a longer period of time, until a critical reliability index is reached after additional deterioration.
The economic benefit of a more advanced SHM system comes from the extended service life of the
structural member and the associated life-cycle cost savings.
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