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Abstract

Corrosion of steel in reinforced and prestressed concrete members exposed to the marine tidal
zone 1§ a severe durability problem. It results in frequent maintenance and repair work leading
to high life cycle costs and even premature failure of structural members if left unattended.
Thus the design of elements exposed to marine tidal zone for prolonged maintenance-free
service life assumes paramount importance. Service life design in exposure environments,
including aggressive or extreme ones, can best be done through mathematical modelling of
transport processes of aggressive external agents involved in the deterioration of structural
elements. All the material degradation processes leading to element deterioration and resulting
serviceability failure occur in the solution phase often in the presence of moisture as a necessary
condition. The other agents that play a dominant role in the de-passivation of reinforcing or
pre-stressing steel are water-soluble chloride salts. Seawater attack on concrete also involves
sul fate attack, but the high solubility of calcium sulfates in seawater diminishes their expansive
actions and resultant cracking. Hence it is imperative that estimation of service life and design
for desired service life demand modelling of moisture and chloride ingress in concrete
elements. While numerous physical/empirical mathematical models were developed for the
prediction of deterioration of concrete members in the marine environment, modelling the
boundary conditions and characterization of moisture and chloride profiles in the tidal zone

remains relatively unexplored.

The main aim of this project is to estimate the severity of chloride attack in the tidal zone so as
to enable one to estimate the service life with reference to chloride ingress for given concrete
material characteristics and section parameters. The above procedure of estimation in tum
would enable one to determine the appropriate material characteristics and section parameters
as decision variables for desired service life design. This estimation is facilitated by using
several penetration indices already reported in the existing literature. To achieve this, finite
element (FE) models are developed to solve for the moisture and chloride profiles in concrete
members exposed to alternate wetting and drying encountered in the tidal environment. The
developed models are validated with published experimental results from existing literature.
The validated FE models are then used to evaluate the moisture and chloride profiles for several
wet-dry regimes prevalent in the tidal zones. A superimposed tide model having closer
proximity to real tides is proposed as a novel alternative to the conventionally used diumnal tide

model for simulating the wet-dry regimes in the tidal zone. The simulated moisture and chloride



profiles are characterized using well-defined penetration indices, which are used as metrics for
comparing the severity of chlonde attacks along the tidal zone. Also, the proposed
methodology was implemented for the case of six Indian coastal stations to estimate the safe

cover depth for steel reinforcement across tidal zones.

The key findings from the study are: 1) The proposed methodology for evaluating the
penetration indices along the tidal zone facilitates locating the critical zone of chloride attack,
the attributes of which can be used for the durability design of the rest of the tidal zone. 2) The
study presents a systematic methodology for using real-time tidal environmental data in
calculating the environmental loads affecting the durability of concrete elements exposed to
tidal zone. This methodology helped in estimating the environmental loads and the
corresponding responses from concrete elements at different geographical locations. 3) The
proposed superimposed tide model is a closer approximation of the real tides compared to the
conventionally used diumal tides. It gives conservative predictions compared to the diurnal
tide models, which underestimate the severity of chloride penetration in the tidal zone. 4) The
estimated values of safe cover depth to reinforcing steel across 6 Indian coastal stations were
found to differ by 20-25 mm, which is significant and indicates a need for classifying the
coastline into different severity zones. This zoning would be a significant improvement over
the current practice, wherein a distinction is not made between the severities of tidal zones of
different coastal stations. 5) The comprehensive parametric study helped in identifying the
parameters that cause significant variations in the penetration indices. This preliminary analysis

18 useful in shortlisting relevant design vanables for the development of surrogate/metamodels.
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List of Symbols

element level matrix added to account for boundary conditions that are
functions of'the degrees of freedom

surface mass transfer coefficient (1/m? /s)

initial chloride concentration (kg of chloride/m” of concrete)
bound chloride content (kg of chloride/m” of concrete)
environmental chloride concentration (kg of chloride/m? of solution)
free chloride concentration (kg of chloride/m’ of solution)
initial free chloride concentration (kg of chloride/m’ of solution)
relative free chloride concentration (—)

free ion concentration (kg of chloride/m” of solution)

surface chloride concentration (kg of chloride/m” of solution)
chloride concentration of surrounding seawater (gm/L)
relative chloride concentration of surrounding seawater (-)
solubility limit of chloride in the pore solution (gm/L)
element level damping matrix

humidity diffusion coefficient of the aggregate (m? /s)
chloride diffusion coefficient (m? /s)

apparent diffusion coefficient (m? /s)

humidity diffusion coefficient of the cement paste (m? /s)
wetting diffusivity of an initially dry medium (m?/s)
effective chloride diffusion coefficient (m? /s)

ionic diffusion coefficient (m? /s)

ionic diffusivity measured at the temperature T7¢f (m? /s)
moisture diffusion coefficientmoisture diffusivity (m?/s)

reference diffusivity at age t,o; (m? /s)
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drying diffusivity of an initially wet medium (m? /s)
total heat of adsorption per mole of vapor (I)
breakdown voltage (V)

standard breakdown voltage (V)

corrosion potential (V)

latent heat of condensation per mole of vapor (J)
Faraday’s constant (C)

dimensionless moisture diffusivity functions (-)
aggregate volume fraction

relative humidity (-)

critical relative humidity (-)

relative humidity of the surrounding environment (-)
ionic strength of pore solution (kg/m? of pore solution)
the humidity flux (1/m?/s)

the mass flux of water at the surface (kg/m?/s)
element level stiffhegs matrix

relative permeability of water (-)

permeability of water (m?)

spatial extent of the domain (m)

length of the finite element (m)

element level mass matrix

surface mass transfer coefficient of chloride (m/s)
molecular mass of water (kg/mole)

age factor (-)

shape functions

empirical constant ranging from 6-8 for building materials (-)



Qe
{Q°}
Gwer

ery

peak
rbp

capillary pressure (Pa)

moisture flux variable (kg/m?/s)
vector of moisture flux

wetting flux (m/s)

drying flux (m/s)

universal gas constant (J/kg/K)

peak radius of a capillary pore (nm)

temperature (K)

reference temperature (K)

time coordinate/age (s)

curing time of concrete (s)

age of concrete (day)

age of concrete at the start of exposure (d)
equivalent maturation age (d)

exposure duration (d)

mtended service life (y)

relative time coordinate (—)

reference age (s)

activation energy (J)

monolayer capacity of cement (m® of water/m? of cement)
space coordinate (m)

carbonation depth (m)

relative space coordinate (—)

water content (kg/m”)

water to cement ratio (—)

valence ion ‘1 (—)
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Pw
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chloride binding parameter (m? of solution/m? of concrete)

ratio of mimmum drying diffusivity to maximum drying diffusivity (—)
empirical constant ranging from 6-8 for cementitious materials (—)
temporal extent of the domain (s)

activity coefficient of ion “i’(-)

tortuosity (-)

ratio of diffusion coefficientt, — oo and t, = 28 days (-)

empirical coefficient ranging from 6 to 16 for cementitious materials (—)
thermal conductivity (W/m/K)

reference thermal conductivity at the temperature 776 (W/m/K)
volumetric moisture content (m? of moisture/m?® of concrete)

initial moisture content (m?3 /m?)

equilibrium moisture content (m®/m?®)

mass basis moisture content (kg of moisture/kg of concrete)

relative moisture content (—)

mitial relative moisture content (—)

critical relative moisture content at which the drying diffusivity dips (—)
equilibrium relative moisture content (—)

nodal relative moisture content (—)

critical relative moisture content (—)

saturated moisture content (m® /m?®)

density (kg/m®)

density of concrete (kg/m?)

density of water (kg/m?)

temporal extent of the relative domain (—)

initial porosity of concrete (m®/m?)



1) = total porosity of concrete (m® /m?®)

$paste = porosity of cement paste (m®/m®)
P = electric potential (V)
0 = constrictivity (—)
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CWAA

DPCC

DWTR.

EMPD

FEM

HTL

IDMT

LCTD

LTL

MCTD

MPD

MSL

PCC

RH

StMC

UCTD
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Chloride threshold depth

Cyclic water absorption amount
Depth of occurrence of peak chloride concentration
Drying to wetting time ratio

Effective moisture penetration depth
Finite Element Method

High tide level

Influential depth of moisture transport
Lower chloride threshold depth

Low tide level

Median chloride threshold depth
Moisture penetration depth

Mean sea level

Peak chloride concentration

Relative humidity

Stable moisture content

Upper chloride threshold depth



