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In regard to the subject of the workshop, questions to be asked include: What is the required
performance? What is meant by service life? Is reduced load-carrying capacity acceptable?

It was pointed out that many reports will issue from the three-year European project that is
developing the Duracrete Chloride Penetration Model and will end soon.

24 CHLORIDE EXPOSED RC-STRUCTURES: CHLORIDE INGRESS AND
LIFETIME PREDICTION BY THE HETEK MODEL
Ervin Poulsen, AEC Laboratory, Denmark

In the design, construction, and maintenance of marne reinforced concrete structures
different persons have different needs for information. The structural engineer needs an
estimate in which the basic parameters of chloride ingress are based on a knowledge of the
concrete, reinforcement, and the environment in order to plan and design marine structures.
The entrepreneur (i.e., the contractor) needs the concrete to be accepted or rejected by pre-
testing and trial casting before the construction of a marine structure starts, The building
owner needs to be warned, on the basis of inspection and examination of the marine
structure, in due time before corrosion starts,, The basic HETEK model can assist the
structural engineer and the entrepreneur in obtaining the information they need from
knowledge of the concrete composition, the rebar cover, and the environment, but owners of
structures also need field data which differs depending on whether the structure is new or old.
The HETEK model is based on observations at the Trislévslidge Marine Exposure Station in
Sweden. It is the result of cooperation between the University of Gothenberg’s Department
of Materials and the Cementa Company in Sweden, and the AEC Laboratory and the
Department of Mathematics of the Technical University of Denmark in Denmark. The model
uses data obtained with the Scandinavian NT Build 443 test method. The main result of the
work is a model for chloride ingress into concrete and prediction of the initiation period
before corrosion of the steel reinforcement begins. The model applies to marine structures of
reinforced concrete, as well as to reinforced concrete structures exposed to traffic splash
containing chlorides. Inputs to the model are: the mixture proportions of the concrete; the
class of chloride environment; and the thickness of the cover over the reinforcement bar in
question. The outputs are the chloride profile at any time and the initiation period.
Prediction of service lives is being addressed, but it is complicated by the need to know the
criterion for initiation of corrosion (i.e., the threshold value of chloride in concrete) and the
failure criterion, and the difficulty in predicting corrosion rates.

In marine environments chloride ingress has to be considered in a) submerged sections,
b) sections in the splash zone, and c) sections exposed in the marine atmosphere above the
splash zone. If proper care is taken, useful data on chloride distribution can be obtained from
profile grinding of concrete cores. Chloride profiles can also be obtained from insitu
measurements on drilled dust or by use of the CorroWatch” multiprobe [9] embedded in field

* Certain trade names and company products are mentioned in the text or identified in an illustration to
adequately specify the experimental procedure and equipment used. In no case does such an identification
imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it
imply that the products are necessarily the best available for the purpose.



concrete. The probe has four anodes at different distances from the surface; using the time
for corrosion observed at each anode, the model can estimate the chloride profile at any time
and predict the initiation period if the thickness of cover is known. For existing concrete,
required information about the ingress of chloride can be obtained by the method of inverse
cores [10]. In this method, a core cut from the concrete is put back in place with the virgin
part exposed to the environment; the ingress into the virgin surface is followed by
measurements made at suitable intervals.

The chloride profile is characterized by four parameters — exposure time, ¢; surface ordinate
(i.e., the chloride concentration at the surface), C,; the initial chloride content of the concrete,
C;; and the diffusion coefficient, D = &’ / nt, where a is the distance that chloride would
have penetrated if the chloride concentration gradient was constant and had the value of the
gradient at the concrete surface. The surface chloride content changes with time and the
distribution depends on the direction of the prevailing wind and the distance above sea level.
Also, for structures on the seashore, distance from the shore influences chloride ingress.

Penetration of chloride ions into concrete is affected by the heterogeneity of the material; it
occurs through defects and the cement matrix. The potential diffusion coefficient can be
determined as a function of. w/c ratio and concrete maturity using the NT Build 443 test
method. For supplementary binding materials such as fly ash and blastfurnace slag, the
binder’s factor of efficiency is the mass of cement that can replace 1 kg of the binder without
changing the chloride diffusivity of the concrete.

Examination of concrete specimens exposed to seawater at the Traslovsldge Marine Exposure
Station provided data on chloride ingress; the parameters were: environments (marine
atmosphere, splash zone, submerged), concrete composition (4 types of cement; 2 types of
silica fume; 2 types of fly ash; 0.25 < w/b < 0.75), and exposure periods from about 6 months
to 5 years.

Service lifetime prediction by the HETEK method involves a 10-step spread-sheet
calculation. It is described, and examples of initiation time predictions are given, in
Reference [11]. The predicted initiation times were comparable to those made by Clifion’s
model [12] (e.g., Clifton, 30 years; HETEK, 25 years). Estimates of the parameters of the
HETEK model were made using Mejlbro’s Lambda functions [13].

Some other references to the work of Poulsen and his colleagues are [14,15,16].

2.5 MODELLING CHLORIDE INGRESS BY THE COMBINED PROCESSES OF
DIFFUSION AND CONVECTION
Michael Thomas, University of Toronto, Canada (with Evan Bentz)

The University of Toronto (U of T) model [17] was developed by Bentz and Thomas. Their
purpose was to provide a model that would be useful to engineers. The specific application
was for reinforced concrete tunnel lining sections. The WINDOWS-based model addresses
chloride ingress by diffusion, wicking, and permeability, with positive pressure heads,
evaporation, convection, and chloride binding being taken into account. For wicking, the
Buenfeld model [18] was adopted.



Figure 1. Comparison between U of T Model outputs and experimental data

2.6 MODELING ION TRANSPORT IN CEMENT-BASED MATERIALS
Jacques Marchand, Laval University, Canada (with E. Samson and Y. Maltais)

Over the past few years, the mechanisms of ionic transport in cement systems have been the
subject of a great deal of attention. Most of the reports published on the topic have clearly
emphasized the intricate nature of the problem. Given the number of parameters involved,
the process of ionic transport cannot be described by analytical models, and numerical
modeling is required.

The main features of a numerical model that predicts the mechanisms of ionic transport in
reactive porous media were described in the presentation. An important original feature of
the model is that it accounts for the electrical coupling (diffusion potential) between the
various species in solution.

The model is divided into four parts: ionic diffusion, moisture transport, chemical reactions,
and chemical damage. The transport of ions by diffusion is modeled by solving the extended
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Nernst-Planck / Poisson set of equations. The diffusion of all ionic species present in the
system can be accounted for by the model. It also accounts for chemical activity effects.

The transport of water by capillary suction is described by a diffusion-type equation, and the
variation of the water diffusion coefficient is described by an exponential equation. The
water content of the solid serves as the state variable for this part of the model.

Chemical reactions are modeled through a series of sink and source terms. The non-linear
nature of each chemical reaction process is accounted for by a number of interaction
isotherms. The influence of on-going chemical reactions on the material transport properties

is accounted for. The effects of the chemically-induced alterations are described in terms of
porosity variations.

- To solve such a complex system of non-linear equations, a numerical algorithm must be
used. All the equations are solved simultaneously. The spatial discretization of this coupled
system is performed through the finite element method using the standard Galerkin
procedure. An Euler implicit scheme is used to discretize the transient part of the model.
The non-linear set of equations is solved with the Newton-Raphson algorithm. The second
order algorithm gives a good convergence rate and is robust enough to handle the electrical
coupling between the ionic flux and the water movement.

The model can be used to follow any changes in the concrete pore solution chemistry to
obtain a precise description of the materials solid phase distribution. The model has been
successfully applied to cases of degradation by sulfates and by chlorides.

27 THE DURAMODEL® FOR THE DESIGN OF COST-EFFECTIVE
CONCRETE STRUCTURES
Paul Tourney, W.R. Grace Company

Systems for the corrosion protection of reinforcing steel in concrete have three possible
effects: 1) reduction of the ingress of chloride, 2) increase of the chloride level at which
corrosion initiates; and 3) reduction of the corrosion rate once corrosion initiates. The
performance of a protection system needs to be evaluated in light of these effects. Once these
are documented, one can determine the initial costs of the protection system and then project
the time to corrosion for first and subsequent repairs. The future repair costs are converted to
present day costs using a net present value analysis. Examples have shown that eliminating
corrosion protection at the design stage is an expensive long-term option.

The Grace model [19] describes each of the three possible effects mathematically. The model
is WINDOWS-based and the inputs include the type of structure and application, and the
exposure conditions — temperature, surface chloride, thickness, chloride build up/year, and
the corrosion threshold. Outputs include the service life with repair and the costs for various
protective systems. Evaluation of the performance of a protection system as related to the
three effects requires data from accelerated and long-term field and laboratory tests, and the
evaluation requires an understanding of corrosion mechanisms as well as protection
mechanisms; the same accelerated testing techniques cannot be used for all methods.



