A WEB BASED TOOL FOR SELECTING REPAIR OPTIONS AND LIFE CYCLE COSTING OF
CORROSION DAMAGED REINFORCED CONCRETE STRUCTURES

John P. Broomfield D Phil. (Oxon), Eurlng, FICorr, FIM, MCS
Broomfield Consultants
Consulting Corrosion Engineer
The Loft, 30B Vine Road
East Molesey, Surrey KT8 9LF, UK
Tel/Fax +44 (0) 20 8941 6696
e-mail JohnPBroomfield@aol.com

ABSTRACT

The UK concrete repair industry is believed to turn over $2 billion per annum, more than 3% of the
entire UK construction industry turnover. While many structures are well maintained within a suitable
management program, a number of owners do not have the resources to cope effectively when
presented with a one off problem, their first or their only case of reinforcement corrosion.

This paper described a new web based tool to guide the user through the process of:
a. prediction of time to chloride or carbonation induced reinforcement corrosion,
b. the selection of effective repair options,
c. the budget costing of repair options
d. life cycle costing of the chosen repair options

Examples of its application are given for both carbonation and chloride induced corrosion. Elements of
the tool can be used independently or sequentially, depending upon the requirements and expertise of
the user and on the available information from the structure under evaluation. Costs for different
techniques have been developed by a peer group of UK contractors, consultants and materials
suppliers. Although given in British Pounds they can be used by simple exchange rate conversion in
other countries if no better local data are available. Costs should be considered comparative budget
prices rather than absolute values.

Case studies are given where the paper has been applied to reinforced concrete structures suffering
from chloride and from carbonation induced corrosion. The studies show that by quantitative analysis
of good quality survey data the costs and advantages of different repair options can be analysed
objectively.
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INTRODUCTION

The UK concrete repair industry is believed to have a turnover of $2 billion per annum, more than 3%
of the entire UK construction industry turnover. While many structures are well maintained within a
suitable management program, a number of owners do not have the resources to cope effectively when
presented with a one off problem, or their first case of reinforcement corrosion.

Under a “Partners in Industry” (PII) project, sponsored by the UK Department of Trade and Industry, a
website was developed to guide those managing a structure through some of the major processes of
choosing a technically valid and cost effective repair for a reinforced concrete structure suffering from
reinforcement corrosion. The tool can be found at http://projects.bre.co.uk/rebarcorrosioncost/ [1].

The web based tool consists of a series of independent steps to determine

the cause of corrosion,

the time to corrosion initiation,
repair options

repair costs

life cycle cost of the repair
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Each step is an independent module and can be run at any time and in any order providing that the
necessary inputs are available.

STEP 1: TIME TO CORROSION

This has an introductory page that presents information on the definition of Time to Corrosion
Initiation and how it can be assessed using an external tool (DME 5.1) developed with Microsoft Excel.
The tool can be downloaded and used to estimate time to corrosion initiation due to chlorides or
carbonation. The tool requires reinforcement depth measurements and either associated carbonation
depths or chloride profiles.

Chloride profiles are used to predict the time to initiation by using a parabolic approximation to the
error function solution to Fick’s second law of diffusion [2].

Alternatively, if carbonation is the suspected cause of corrosion, then carbonation depths and
corresponding reinforcement cover depths are fed into a statistical tool that uses a power law
approximation to estimate time to corrosion.

where: X = carbonation depth at
t =time
n is an exponent usually 0.5

The time to corrosion is required in the next step of selecting a repair strategy. It may be predicted
from the models, estimated from experience or known to have passed from observation (it may have
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passed on some elements of a structure but not on others, giving opportunities for different approaches
in different locations).

STEP 2: REPAIR STRATEGY SELECTION:

This step presents a tool and some technical information on how to select the most appropriate repair
technique based on the results of step 1. The tool takes as its inputs the source of corrosion (i.e.
carbonation or chloride), the time to corrosion initiation and year of end of service life. Based on these
inputs, the tool provides a recommendation on the appropriate repair strategies.

For example, if a structure (or element) has not yet started to corrode and is not estimated to do so for
several years, a preventative strategy may be suitable. This might consist of applying a suitable coating
to keep out chlorides or to significantly slow down carbonation. However, if corrosion is already
underway then impressed current cathodic protection or electrochemical chloride extraction are options
for chloride induced corrosion. Further information is provided to help the user to select one or more
options for further consideration.

A typical repair option screen is show in figure 1 for the case of a University building suffering from
reinforcement corrosion. Analysis of a detailed survey which included carbonation depths, cover
depths and chloride contents showed that carbonation induced corrosion had damaged areas suffering
from low cover and poor quality concrete (e.g. honeycombing). However, the distribution of
carbonation depths measured and the distribution of cover depths shows a low risk of corrosion for a
significant time as shown in figure 2.

REPAIR STRATEGY SELECTION TOOL

Structure | Element Iame University of East Anglia Chemistry Tower

Tear of Construction 1967

Year of Survey 2004

Tear of Corresion Initiation 2020

Tear of End of Service Life 2030

) Carbonation ) Chloride

Recommendation

MName of Building : University of East Anglia Chemistry Tower
Year of Construction @ 1967

YTear of Survey 1 2004

Year of Corrosion Initiation @ 2020
Year of End of Serwvice Life @ 2030

Based on the sbove information deduced from the Carbonation assessment
Carbonation Induced Corrosion is not considered to have started.

Recommendation is to consider:
1. AntiCarbonation Coatings

Monitoring is optional on esch recommendation

To copy the generated output, click the button and copy (type Ctrl
- C ) into a new file in your text editor (such as Word or NotePad)

Figure 1 — Recommendation of a repair Strategy of a Building Tower
Based on the Time to Corrosion.
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Figure 2 — Statistical Analysis of Carbonation and Cover data
(depth in mm vs. number of readings) showing that generally cover is far greater than
carbonation depth

A simple power law equation can be used to model the rate of progress of the carbonation front [3]
x =kt *

where x is the carbonation depth, t is time and k is a constant. The value of k was determined for each
of the 100 measurements shown in Figure 2. The k value was then used to predict the time (or year) for
the carbonation front to reach the reinforcement for each measurement location, i.e. the time to
initiation of corrosion by calculating t when x is the cover depth. The values are shown in Figure 3.
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Figure 3 — Statistical Analysis of time to corrosion showing that areas of low cover and poor
concrete quality (high carbonation rate) are already corroding. If these areas are repaired,
negligible further corrosion is expected until 2037 or later.

Thus it can be seen that there are defects that lead to early corrosion that has already occurred.
However, no significant corrosion initiation events are expected from now until 2037. This is well
beyond the client’s required life extension of 25 years (from repair in 2005 to 2030). An
anticarbonation coating applied after repairing existing corrosion damage would minimise the risk of
future damage.

On being presented with a list of repair options, one can be selected and then checked for its suitability.
Figure 4 is a page where checking the boxes will show whether or not galvanic or impressed current
cathodic protection is likely to be suitable. Options are not excluded but responses advise that life
cycle costing may exclude an option e.g. when selecting impressed current cathodic protection where
there is a short remaining life, or where great care must be taken e.g. where applying impressed current
cathodic protection to structures containing prestressing strands.

In the example shown, lack of electrical continuity of the reinforcing steel and lack of a power supply
make impressed current cathodic protection difficult and expensive. The high resistance concrete
means that a galvanic anodes trial would be required to determine if they could adequately protect the
steel and what spacing would be required between anodes. Therefore neither approach may be the
most appropriate as stated in the tool’s response.




Suitability Check List - Cathodic Protection
¥ No Available Electricity Supply
™ Lots of tie wire on surface

I Prestress

¥ High Concrete Resistivity
. Microsoft Internet Explorer
T Required Life = 20 yrs &
. IT 15 UNLIKELY THAT EITHER GALYANLC OR IMPRESSED CURRENT MAY BE SUITABLE FOR THIS STRUCTLRE, BUT
I Required Life <10 yrs ! Y GREATER CARE IS REGLIRED IF LISED:
W Lack of Electrical Continuity
™ Excess Concrete Repait > 20%

Refer to Section 6.2 of the guidance document
to provide mare guidance on the selection of
CP for concrete.

Close Check Suitahility

= A ROL Topspacd™ |5 Window (4) +| |8 Blocking Pop-Ups (0) = || £ JohnP.

Figure 4 — Suitability check list for cathodic protection



STEP 3: REPAIR TECHNIQUES COSTING:

This chapter gives a brief description on all the techniques presented within the system. Each
technique is represented as a sub-section to this chapter. Each sub-section presents in detail a
description of the technique and also a tool to calculate the cost of applying the technique. This is done
by reference to a table of fixed costs and costs per square meter.

Costs were derived from a range of sources. Costs for impressed current cathodic protection were
derived from a UK Highways Agency Bridge Advice Note [3], written by Contractors, Consultants and
materials suppliers who are members of the UK Corrosion Prevention Association. Other data were
collected by a peer group of contractors, consultants and materials suppliers who partnered the project
with contributions in kind.

Figure 5 shows the build up of a budget cost for galvanic cathodic protection

CP COSTING TOOL

Type of Application |Gahaanic _'J
Ancds Type ﬁéihéEaFZFEaes
Ceostof Application 190 e
Areato be Treated |5U— e
Eixad Copl 450 £
Maintenance Cost lﬂi £iyt
L of Teshnique s
Life of Rutraatmaent |257 s
Mext Close IIEIHHHII
Total Cost

The total cosec for applying Galvaniec Cathodic Protection using
XP Repair Anodesz
based on the inputs below comes up to a total of £ 4950

Input Details

Type of Application : Galvanic CP
Anode Type : XP Repair Anodes
Co=t of Application : £ 90 per =q. m
Area to be Treated : 50 =q. m

Fixed Cost : £ 450
Haintenance Cost i EOQ

End of Technigue Life : 2029

This 12 to bhe retreated every 25 years

Fi_gure 5 — Cost estimate for applying galvanic anodes in repairs
for a walkway with leaking joints.

The costs for galvanic anodes, patch repairs, replacing the leaking waterproofing and applying a silane
coating was compared with applying impressed current cathodic protection. The results are shown in
Table 1.



Table 1 — Comparative costings for conventional repair and
Impressed Current Cathodic Protection

Library Walkway No |Units Cost/ unit [Fixed Cost |Repair Cost
Patch Repairs 50|Defects | £ 100.00 | £ 500.00 | £ 5,500.00
Galvanic Anodes| 150(Anodes | £ 30.00 | £ 450.00 | £ 4,950.00
Replace Waterproofing etc. 425|m? £ 200.00|£ 8,500.00|£ 93,500.00
Silane Coating| 1000|m? £ 10.00 [ £ 1,000.00 [ £ 11,000.00
ICCP| 1000|m? £ 200.00 | £ 28,000.00 | £ 228,000.00
TOTAL wth CP (reduced repair cost, no galvanic anodes) £ 336,625.00
TOTAL without ICCP £ 108,625.00

NOTE — The ICCP option reduces repair costs by 25% as less extensive cutting out is required. The galvanic anodes are
also excluded. If full ICCP is included then the silane would not be needed.

STEP 4: COMPARATIVE WHOLE LIFE COSTING

This module of the website provides a tool to calculate the whole life cycle cost of the project for a
given number of years. It presents a description on how to use the tool and the economic aspect of the
output produced from the analysis.
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WHOLE LIFE COST ANALYSIS

Interes! Rate '_25 " Inflation Fate \ Dizcourd Rate {25 %
Cost of Cost of Inkerval Period for Future Repairs Al Madrda
initial Repairs £ Future Repairs £ yrs Salvage CostE €
[Galvanic CP +coating and weterproofing | |108625 [108625 |15 : T
|Impressed cument CF 1336625 o 50 in 2000

ﬂese_tJ

Results

INPUTS PARAMETERS FOR OPTION 1 A |INPUT PARANETERS FOR OPTION 2

Name of Technigue: Name of Technigue:

Galvanic CP +coating and waterproofing {Impreased current CP

Cost of Installation: 108625 {Cost of Installation: A3E62E
Future Repairs Cosc: 108625 (Future Repairs Cosc: 0
Int.Period for Repairs 15 {Int.Period for Repairs 50
Anpual Haintenance o (Annual Maintenance 2000
Salvage o Salvage o
Discount Rate 2.5 % IDizcount Rate 2.5 %
Inflation Race 2.5 % :Inxlaumn Race 25 %
Study Period 50 yr= iStudy Period 50 wr=
OUTPUT PARANETERS |OUTPUT PARAMETERS

Net Present Value 434500 v ([Het Present Value 436625

JAMALYSIS

Figure 5 _ Life Cync_l“e costing Page comparing Conventional Repai-rmw‘itlflﬁ\Ga"lq\;.ahié Anodes with
Impressed Current Cathodic Protection



A whole life cycle cost analysis was carried out using the examples in Table 1 for a 50 year life,
assuming a 15 year life for the patch repair, galvanic anodes coating and waterproofing approach and a
50 year life for impressed current cathodic protection. Using the same discount and interest rate of
2.5% over a period of 50 years galvanic anodes are marginally cheaper. The change to ICCP being
most cost effective is at 60 years. However, using more realistic values with a higher interest rate the
galvanic anodes have a lower Net Present Value and Equivalent Uniform Annual cost over all realistic
protections.

The client’s requirement is for a 25 year life extension with maintenance. Also, the combination of
excluding chlorides and the localised nature of the problem around failed joints means that the galvanic
option is likely to achieve more than a 15 year life, probably around 25 years. This, coupled with the
fact that the client only required a 25 year life means that the financial argument is strongly in favour of
the galvanic anode approach on both a first cost and hole life cost basis.

The first costs and the life cycle costs should be taken as comparative values between options. They
should not be used for drawing up budgets for repair without consulting an experienced contractor for
his estimate after looking at the job.

CONCLUSIONS

2. A web based tool has been developed for corrosion of steel in reinforced concrete structures to
guide the user through the processes of:
a. prediction of time to corrosion,
b. the selection of effective repair options,
c. the costing of repair options
d. life cycle costing of the chosen repair options

3. Examples of its application are given for both carbonation and chloride induced corrosion.

4. The case studies show that by quantitative analysis of good quality survey data the costs and
advantages of different repair options can be analysed objectively, offering the owner choices
with advantages and limitations in terms of first cost, life cycle costs, maintenance costs and
time to repairs.

5. Elements of the tool can be used independently or sequentially, depending upon the
requirements and expertise of the user and on the available information from the structure under
evaluation.

6. Costs for different techniques have been developed by a peer group of UK contractors,
consultants and materials suppliers. Although given in British Pounds they can be used by
simple exchange rate conversion in other countries if no better local data are available. Costs
should be considered comparative budget prices rather than absolute values.
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