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Abstract

A recent research came up with the conclusion that water penetration front is the key
issue regarding surface quality which dramatically change the service life as well as life
cycle cost of RC structure. In this study, chloride ion profile was measured using cores
taken from real structures situated in Hokkaido and samples from Miyazaki Linear
Experiment Line, Daidogawa and from a tunnel structure. The samples were put into
10% NacCl solution in the laboratory to get CI" profile. Using the concept of inclusion of
water front in the estimation of chloride profile, the samples from the inspected
structures were analyzed. Based on this analysis durability design and LCC comparison
among the structures are presented.

Keywords: surface quality; liquid water front; LCC; Inspection; Chloride.

1. Introduction

It is very difficult to predict the actual performance scenario of real in-situ structure without the
inspection being done. In this context the structure situated in Hokkaido was inspected and the cores
were brought to the laboratory to get actual profile of chloride ingress. In spite of difference in
construction year chloride tends to stop at some certain depths. This behavior is similar to the work
done by Takahashi Yuya [1] with the conclusion that water penetration depth is the governing position
beyond which chloride does not move. Laboratory experiments were done for slag concrete, as of
Hokkaido real structure, to know the absorption capacity and liquid water front.

Two different quality of concrete taken from Miyazaki Linear Experiment Line were put in 10%
of NaCl solution in the laboratory and the profile confirms the difference between surface quality
between them. Out of these two, good concrete shows the CI™ stopping position clearly whereas bad
one does not. Same situation happened comparing samples taken from Daidogawa and from a tunnel.
A concept is developed to utilize this penetration front as surface quality parameter to get life cycle
cost of structure.
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2. Background

Chloride profile of the cores taken from OKINAWA and their immersion test results clearly
stated that liquid water front stops the chloride ion penetration as shown in Fig. 1a and 1b [1]. Three
types of concrete namely B0, F1 and F2 that stands for Ordinary Portland Cement concrete, fly ash 1
and fly ash 2 concretes were used. Horizontal close indicates thicker wall with high humidity inside
and vertical open indicates thin wall where low humidity inside.
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Figure 1. Comparison between Immersion test and Real Profile

The chloride stopping criterion due to liquid water front (ws) will change the service life of the
structure as explained in Fig. 2. In this figure liquid water front varies from 2 to 10 cm and the
concentration of chloride is computed for depth of 6 cm. We can see a large difference in service life
that will affect the life cycle cost also for the concrete having different surface quality in respect of
liquid water front. The purpose of this study thus motivated to make a concept that helps to include
liquid water front in LCC measurement.

The field engineers suppose that LCC will reduce due to having more durable materials in
construction or by improvement of technology where the desk researchers at the design stage consider
only Fick’s law to predict chloride profile and that always overestimates the LCC. To reduce this gap
between the images of LCC of two different professionals’ inclusion of liquid water front in
measurement of chloride profile is important.
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Figure 2. Effect of liquid water front on service life

3. Concept

The conceptual framework to use liquid water front in LCC is described briefly under sections
3.1, 3.2 and 3.3 stepwise.

3.1. Model modification

Chloride diffusion into concrete, like any diffusion process, is controlled by Fick’s Second Law
for non-steady state diffusion.

2
oC D 0°C M
ot ox’

This includes the effect of changing concentration with time (t). This has been solved using the
boundary condition Cx =0, t >0y = Co (the surface concentration is constant at Co), the initial condition
Cwx >0, t=0) = 0 (the initial concentration in the concrete is 0) and the infinite point condition Cy =4, :>0)
= 0 (far enough away from the surface, the concentration will always be 0). The solution is,

C(x,1) ( X j
=l-erf| ——
C, 2+/Dt @

where erf(y) is the error function, a mathematical constant found in math tables or as a function
in common computer spreadsheets, X is the cover depth, and C(xt) is the chloride concentration at

time t and at depth x from the surface.
However, in actual practice, the flow is governed by the diffusion and convection manner [2, 3], and

thus we have to use the following equation.
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Ogata and Banks [4] derived the solution for the above equation considering a semi-infinite
column of porous media as follows.

C(x,t) X -Vt (\ﬁj C(X+th
< _O.S{erfczﬁ+exp S erf ENGT 4)

where V is the average linear rate of flow (cm/s).

_kéh
@ OX
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where OX is the hydraulic gradient, which is considered constant as 0.1 MPa/m in this study,

k is the hydraulic permeability (m/s), and ¢ is the porosity of the material. Porosity is dependent on
other properties as the following equation, Eq. 6. The key parameters in this study are diffusion
coefficient and liquid water front. In Eq. 5, the rate of flow is the function of hydraulic permeability
(k) and porosity (¢), and these are dependent on the diffusion coefficient and liquid water front. Thus
to determine the effects of the parameters only, the hydraulic gradient is kept constant.

\% ()

1000x M
p=—"
w

(6)

f

where M is the absorption capacity (gm/mm?) and ws is the liquid water front (cm).
Hydraulic permeability and the critical pore radius are determined by the experimental results as
shown in Fig. 3 stated in the references [5].
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Figure 3. Permeabilil'% vs. critical pore radius
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The critical pore radius, which is designated as r in this study, can be determined by capillary
theory according to the following equation.

r(m)= i @

— 7
Pt (7)

where t is the time for short term absorption in seconds, ws is the water front in cm, u is the
viscosity in pa-s, and P, is atmospheric pressure in pa.

In Eqg. 3, the diffusion coefficient is found from experiments done in the laboratory and the
solution is based on the Finite Difference Method that will be discussed in the next section.

The surface chloride concentration C, is considered to increase with time and is calculated as
follows [6].

C,(t)=C,, [L—exp) (®)

where « is an environmental factor adopted as 0.50, t is time in years, and Coy is the ultimate
surface chloride.

Diffusion coefficient D is assumed to obey the following rule to make compatible with the
stopping criterion of chloride ion up to the liquid water front. In Fig. 4, MFD, MFP and F stand for
Modified Fick Deterministic, Modified Fick Probabilistic and Fick respectively.
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Figure 4. Coupling between liquid water front and diffusion coefficient

Fig. 4c shows the conventional way of thinking, which does not take into account the liquid
water front, whereas the Modified Fick Deterministic and Modified Fick Probabilistic ways of
thinking include the influence of the liquid water front on the chloride stopping criterion, diffusion
coefficient D, which is set to the value shown in Fig. 4a and 4b. Under the conventional Fick’s law,
the diffusion coefficient is set as a constant throughout the specimen depth, whereas in the case of the
modified Fick models, the diffusion coefficient is set differently in step with the liquid water front.
In the case of bad quality concrete, saturation drops in the deeper zone from the surface where the
diffusion coefficient drops slightly, but for the ease of calculation, it is assumed to be constant
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throughout the specimen depth, based on the premise that the specimen is saturated almost in its
entirety. In the case of large pores, CI- can move through the unsaturated zone inside. In the case of
good quality concrete, saturation drops with the sharpness of the water front, and thus two values are
needed for the diffusion coefficient, as shown in Fig. 4a. The medium quality type of concrete has
both large and small pores, which makes the water front penetrate in a distribution pattern where the
diffusion coefficient should be considered to decline along a slope until it reaches zero.

Matric pressure or capillary pressure is thought of as the pressure of water in a pore of the
medium relative to the pressure of the air. If the matric pressure is close to zero, air-water interfaces
are broadly curved, nearly all pores are filled and water content is high. If matric pressure is much
less than zero the interfaces are more tightly curved, they can no longer go across the largest pore,
and the pores have less water inside. Actually the curvature of the air-water interface is inversely
related to the pressure. Tighter curvature is associated with smaller pores with more negative pressure.
That is why in bad quality concrete having many larger pores, the water front variation is large and
CI" can move through unsaturated parts with less wall friction. However, in good quality concrete, it
is difficult to achieve the fully saturated condition and the pores inside remain disconnected.
Moreover, good cover concrete having fine pores, a sharp front of water is expected, and if water can
move through the even finer pores, CI" flow will be restricted by the wall friction.

3.2. Reliability based failure

The structural performance function of state ‘z’ for corrosion initiation of reinforcing steel and
crack width are shown below.

2=Cjjy, ~ c(x.t) 9)

2= wg W (10)
Equations 9 and 10 can be generalized as load —capacity model as shown in Eq. 11.

Performance = Strength — Load = A— B (11)

where ‘Ciim” and wq are the threshold chloride concentration and maximum allowable crack
width, ‘C(x,#)’ is chloride ion concentration (kg/m®) and is solved using Eq. 3 by finite difference
method, ‘wc’ is the crack width (mm) as reference [7].
Reliability index can be determined using load-capacity model.

ﬂ:i:ﬂ_z: HnA " #InB 12)

\Y; o 2 2
: : \/GInA *%nB

V7" is the coefficient of variation of performance function ‘z’. All random variables are taken
as log-normal distribution. Thus ‘Wina’, ‘Uine”, ‘oma’ and ‘ome” are the mean of strength, load and
standard deviation of strength, load respectively.

Ps (t)=¢(- 5) (13)

The deteriorating structure is characterized by probability of failure ‘P¢(z)’or damage over the
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interval [0, T] as shown in Eq. 13 where ‘¢ is the standard normal cumulative distribution function.
The reliability or performance index of structure thus comes to as follow.

R(t) =1-P; (1) (14)

The time to initiation of corrosion is referred as ‘7’ and ‘tcr " is named as time to reach allowable
crack. Thus, the study reports the failure time as the summation of both the times indicated above.

It is assumed that when ‘R(?) ’< 0.8 structure needs repair.
3.3. Life cycle cost estimation

Life cycle cost regarded as LCC plays key role in maintaining the infrastructure and provides
necessary information to the manager or owner. The definition of LCC in this study is considered as
stated in the following equation.

. T : : (16)
LCC = InitialCog +tZO(Ag|ngCost+ RepairCost)

The three terms in the right hand side were accounted as explained by the following sections.
3.3.1. Initial cost

Initial cost is incorporated in the way below.

InitialCogt = (unitcost x area)x (1+ &y ime) (17)

where ‘o is the cost of durability and is determined by the ration of cover to liquid water front,
‘Tiitetime " 1S the design lifetime of the structure.

3.3.2. Aging cost

This is the cost carried by the owner due to regular maintenance operation. Aging cost is
assumed to be proportional to the failure probability, as both of them increase with the increase of
age of the infrastructure.

Aging Cost = Initial Costx0.05x P(f )t; ..... u=o (18)

Aging Cost = Initial Costx0.05x P(f );_t ....... u=1 (19)

It is assumed that 5% of initial construction cost will be expended for maintenance. ‘P(f):” is
the probability of failure at yrs. ‘¢’, number of repair is subscript i’, ‘%’ is the ith repair, u’ is the
decision for repair, u=0 means no repair and u=1 represents do repair.

3.3.3. Repair cost
This cost is provided by the owner due to repair when the performance goes down below the
required. In this study the repair is taken to be happened at performance index of structure goes below

80% of initial. Repair cost is modeled as shown in Fig. 5 below.
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Figure 5. Concept of repairing cost

RepairCost=0 ... u=o (20)
RepairCost =
Fixed Cost + ¢
. xRSk (21)
unitCostxareaxP(f),  xAx t
i t. Repair
-1 1 p
....... u=1
_ P(f )t_
where unit cost is the cost of repair for unit area, * I-1"1s the failure probability just before
AXt
repair, | is the change of state done by repair ‘i at time ‘¢’, ‘frs.’ iS the residual service life in

years, ‘trepair " IS the life time of repair material.

AX
t ] o
It is assumed that the performance will be improved up to I that will meet initial level of

performance. Cathodic protection is chosen as repair method with fixed and variable cost $ 6870 and
$/m? 97 respectively [8].

4. Parameters from core data

Number of water retaining structures at Hokkaido was inspected to collect cores to analyze in
the laboratory. All the structures were constructed with same slag concrete but in different years from
1994 to 1998. The cores were cut in 1 cm pitch and analyzed by titration according to JCI SC5 [9]
and the profile is in Fig. 6.
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Figure 6. Chloride profile casted in different
years (Hokkaido samples)

Samples collected from Miyazaki Linear Experiment Line, Daidogawa and from a tunnel
structure were put in 10% NaCl solution in the laboratory and profiling was done in the same manner
that of Hokkaido samples and are shown in Fig. 7, Fig. 8, Fig. 9 and Fig. 10. The percentage of NaCl
solution was fixed to 10% as it was a continuation of research work as of reference [1].
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Figure 7. Chloride profile M083 Figure 8. Chloride profile M112
(Miyazaki samples) (Miyazaki samples)

Fig. 6 shows stopping position around 4 cm for the case of Hokkaido samples. For Miyazaki
Linear Experiment Line, intentionally 2 cases M083 and M112 are considered where we can see
MO083 has no stopping zone which represents bad surface quality and on the other hand M112 reflects

stopping position at 3 cm and is treated as good concrete.
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Figure 9. Chloride profile Daidogawa (Flange) Figure 10. Chloride profile of a Train Tunnel

Another case of Daidogawa shows strong surface quality whereas the tunnel shows very bad in
respect of penetration front. For the case of LCCA H7S and H10S are taken into account where
Surface chloride C,, diffusion coefficient D are different. Surface chloride Co, diffusion coefficient D
and liquid water front ws are shown in Table 1.

TABLE 1: VARIABLE PARAMETERS

Co D

Name (kg/m?) | (cmaryry | W (€M
H7S 13.18 0.165 4
H10S 27.16 0.082 4
MO083 16.04 1.650 10
M112 33.54 0.086 3
Daidogawa 2

(Flange) 7.88 0.0847

Train Tunnel 15.96 2.653 6

5. Experimental study

Normal concrete and slag concrete with 50% replacement of cement by slag were cast in the
laboratory. All the specimens were coated by primer and epoxy to make it non penetrable. The
required surfaces were kept open. The specimens were put in 10% NaCl solution in three different
exposure situations as horizontal, vertical open and vertical coated. Wet-dry cycles were maintained
to simulate splash zone.

Wet condition was set as submergence in NaCl solution with temperature 20°C and 100% RH
for 1 day and dry condition was set by keeping specimens inside 40°C chamber with 60% RH for 6
days. The weights for all the specimens were measured twice a week every after each condition. After
the end of 3 months the specimens were broken and liquid water front were measured.
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Figure 11. Correlation between absorption and  Figure 12. Correlation between absorption and
liquid water front (Normal Concrete) liquid water front (Slag Concrete)

Absorption is determined from Fig. 11 and Fig. 12 for the penetration front stated in Table 1
and will be used to compute service life and LCC of structure. Life cycle cost analysis was performed
taking the parameters as log normally distributed with COV 0.1. Cover depth was kept fixed as 4 cm
(mean) with COV 0.1.

6. Results and discussions
6.1. Effect of surface quality

The total cost normalized to initial cost (CT/CI) for H7S and H10S are same for 50 years of
lifetime as shown in Fig. 13.
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Figure 13. Comparison between Normalized Cost
(H7S & H10S)

Although surface chloride and diffusion coefficient are different for the above two cases but
liquid water front are almost the same as shown in Fig. 6 that influenced the normalized costs to be
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the same.
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Figure 14. Comparison between Normalized Cost
(M083 & M112)

On the other hand, M083 shows no stopping position of chloride shown in Fig. 7 that reflects
concrete with bad surface quality and with a definite small depth of stopping position of chloride for
the case of M112 as shown in Fig. 8 that reflects good quality of surface concrete. This variation of
surface quality influence the total cost of M083 to be higher than that of M112 as shown in Fig. 14
where 10% of additional cost is required to be expended throughout service life of the structure.
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Figure 15. Comparison between Normalized Cost
(Daidogawa & Tunnel)

Same explanation is suitable for Daidogawa and tunnel structure that shows the impact of
penetration front on LCC that increase the total cost by 12% for bad concrete as shown in Fig. 15.
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6.2. Impact of liquid water front on durability design

If the reinforcement

location i.e. cover depth is sufficient enough that liquid water front cannot

reach it, reinforcement will be safe against corrosion. Thus it is required to know how much cover
depth is necessary to make the structure maintenance free. If total cost of the structure is normalized
by initial cost and the value is unity is actually reflects that the structure is maintenance free.
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Figure 16. Impact of cover depth on normalized cost

Considering M112 case normalized cost is computed with varieties of cover depth from 4 to 10
cm and liquid water front from 3 to 10 cm. The increase the liquid water front increases the
normalized cost and the increase in the cover depth decreases the normalized cost. Thus a boundary
should exist to design cover depth to make the structure maintenance free, noted that, the life cycle
analysis was performed considering 50 years of service life for all the cases.
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Figure 17. Cover design for liquid water depth

The straight line is the boundary that represents the safer and maintenance free structure against
chloride attack for slag concrete. Cover depth should be maintained to some extent greater than liquid
water depth to avoid maintenance. The top part, as shown in Fig. 17, is set as good concrete whereas
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the bottom is bad that will be subjected to maintenance.
7. Conclusions

A concept is developed to take into account the liquid water front for service life and LCC
prediction. By applying this concept to real structure, following remarks can be pointed out.

(1) Surface quality is important parameter to take into account for LCCA.

(2) Conventional way based on Fick’s law will overestimate the LCC for concrete with good surface
quality.

(3) Good quality of concrete may not require LCCA if liquid water front is considered.

(4) Geometry design of concrete should consider liquid water front as durability parameter.
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