A prototype computer-integrated knowledge system:

Predicting Service
Life of Ghloride-Exposed
Steel-Reinforced Goncrete

n the last decads or 50, numerous

advances have occurred in the

lield of information lechnology.

Through the use of compulers,
the amount ol available information
and the speed at which it can be re-
ricved have both increascd dramarical-
Iy. The proliferation ol the Internet and
the World Wide Web (WWW) now al-
lows rescarchers o rupidly access a
wealth of multimedia information on a
seemingly infinile variety of fopics.
The World Wide Web also provides a
convenientl format for excouting com-
puter programs over the lotecnet. for
example through the use of forms and
common  galeway interface  (CGI)
serpls or other Internel progranuming
lunguages,

A computer-integraied  kmowledge
system (CIKS) provides a meuans of
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combining this wealth of information
into a coherenl system that produces
uselul results for both the scademic and
commercial communitics.! A CIKS
should provide the knowledge needed
for solving problems with a runge of
complexities, based on an imegrated
sel of knowledge which is interpreted
by an underlying intelligent system.”
For the concrete communily, @ subject
ol vital interest is (he service life of
concrete  structures.” One  common
mode of degradation  for  highway
structures and those exposed o seawa-
ter is corrosion of the reinforcing steel.
The diffusion rate at which chlonde
ions can reach the ste2l is one of the
controlling factors in delermining how
Tong such a structure will last,

The present rescarch concerns the de-
velopment ol a prototype CIKS with

Main Menu

2) High sirengih concrete min
reducer)(ACH 211 AR -93 Guide)

1) Ordinary strength conerete mixture proportioning (ACI 211.1-91)
miiure proportioning (with/without a water

. nmmmmmmmmm
) Predict the service life of a reinforced concrete structure exposed to chlorides
ﬂmmqmemmmmm
6)_Advice on analyzing chloride ion penciration profile data

7 View the li b it s i & A e

Fig. 1 — Main manu for computer-integrated knowledge S'_-.|'S1DI‘|"| for service life
prediction of steel-reinforced concrate exposed to chloride fons.

the goal of predicting the service life of
steel-reinforced concrete exposed 1o
chlorde ions. Stacting from the mixlune
proportioning process, the system pro

ceedls w predict chloride ion diffusivity
coelficicnts and o finally predict the
ingress profiles or time 1o cormosion ini-
lation for a meinforced concrete ex-
poscd 10 a specific environment.

This protolype svstem demonstrates
the potential for disseminaring knowl-
cdge on specific lopics in concrete
technology to the construclion industry
through the World Wide Web. 1L is
available for public access at the [ol
lowing uniform resource  locator
(URL): hup/eiks.cbtnist gov/~bemz/f
welcome.himl

Mew users must register by providing
their name and specifying a password
to be used in fulure sessions. In addi-
tion, from this main screen the user has
the option to selecet cither SI or
inch-pound umts o be used in all sub-
sequent forms. A profile is maintained
for each user so that fulure sessions can
restore Lthe parameters last input by that
specific user (as long as the same units
are selected from the welcome form).
COnline guidancc, via separate help pag-
es of text and graphics, is provided
throughout the system as indicated by
highlighred Guidance indicators,

Computer models

The current CLKS integraies a number
of previously developed and new com-
puler models into & single coherent sys-
tem, The main menu provided upon
accessing the system is shown in Fig. 1.
A logical starting point for considering
the service life ol s concrete structure is
the mixmre proporioning  process.
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With this in mind, the current ACI
euidelines for proportioning ordinary
stremgth (ACT 210.1-91%  amd
high-strength (ACT 211.4R-93%) com-
crate have been compulerized using a
combination of HyperTexte Markup
Language (HTML) forms and CGI pro-
arams written in the C programming
language, Upon selecting menu item 1,
the systewmn user is proscated with forms
(Fig. 2) lor trial proportioning a nocimal
concrete mixture, and specifies the
needled parameters and data according
to the appropriate ACI guidelines.**
The choices for the boxes with a but-
on shown in Figo 2 based on ACI
211.1-91.% arc as follows;
» Specily slump:
OIT oor On (when “off.” shunp is
selected by construction lype as
derailed further).
* Pozzolanic replacement method:
Volume basis or mass bhasis,

Fig. 2 — HTML input form for the mixture

o Pozzolanic replacement material:
Silica fume, fly ash, or blast
furnace slag,

¢ Ageresale surluce property:
Angular or rounded,

o Construction Lype:

Reinforced Roundation, foot-
ing, beam and wall. column,
pavement, mass concrete, thin
scction, or  predetermined
slump,

* Air entrainment;

No or yes,

* ASTM cement type:

LILIL IV, or V, and

& Exposure condition:

Mild, moderate, severe, or sall
or sulfate severe.

The form for a high-strength mix-
ture,” menu item 2, is similar wo that
shown in Fig. 2. with the following ex-
ceptions: aggregate swrface property,
comslruction type, air entrainment, and

exposure condition are not included;
slump must be specified; the usefab-
sence of a high-range water-reducing
agent s specified: and  the tlurgel
strength is specilied cither after 28 or
56 days of curing. Once all parameters
have been specified, the user simply
clicks on the Submit form (o deter-
mine mixture proportions button and
the resultant trial mixmre proporlions
are refurned (Fig. 3), lollowing execu-
tion ol the mixture proportioning pro-
gram, written in the C programming
language, Bused on the (rial mixture
proportions, the program also remrns a
predicted value for the chlonde ion dif-
fusivity (£2) of the in-place concrete®
and its maximum expectad wmperature
increase under adiabatic (no heat loss)
conditions.”

The prediction of chloride ion diffu-
sivity from mixwure proportions is
hased on a statistically designed com-

Fig. 3— (Abave) Exa

mple results of submitting the form in Fig.

2, showing trial mixture propartions and predicted chlgride ion
diffusivity and tharmal properties.
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puler experiment which identitied wa-
ter-cement ratio (w/fe), volume [raclion
of aggregates, and degree of hvdration
as Lhe three major variahles influencing
the diffusivity of a conventional con-
crete mixture without mineral admix-
wres. From  the results of  this
computer experiment, an equation was
developed for estimating chloride ion
diffusivity coeflicients using  these
three variables. In addition. the CIKS
also returns an estimate of the 90 per-
cent confidence limils [or the estimated
D value, based on regression of the de-
veloped equation 1o the computer ex-
periment data,

Walues for wic and volume fraction
of aggregates are directly available
from the wial mixture proportioning
process. The long-term degree of Ly-

Fig. 4 — HTML input form for predicting chloride ion diffusivity
based on mixture proportioning and anticipated hydration.

dration is cstimated
as 90 percent of the
theoretical  maxi-
mum  wchicvable
hydration, based on
the wic. For wic
gredler than or
equal 1o 042, there
is sulficient capil-
lary porosity for all
of the cament to re-
act so that this the-
oretical  maximum
is 1, while for low-
er wic, this theoret-
ical maximun
degree of hydration
is  given by
fwie 0425 Alter-
natively, within the
CIES sysem. a
separate form
{menu item 3) ex-
ists to estimare the chloride lon diffu-
sion coefficient along with its 90
percent confidence limils, given user
inputs for the wie, volume fracrion of
aggregates, and expected degree of hy-
dration, as shown in Fig, 4.

Onee a £2 value has been estimated, it
can he employed in a model to predict
the service life of a reinforced concrete
structure exposed 1o an exlernal source
ol chlomides. The simplest approach to
this problem, implemented as menn
item 4, is to vse Fick's second law and
solve [or ¢ in the following cquation:®

e

COre = apfe £

=
Cr.r: LD

where Cmris the concentration of chlo-
ride ioms needad ot the reinforcement to
initiate corrosion, C__ is their external
concentration, v 15 the depth of the rein-

CONGERTRATION
|

TIWE

Fig. 5 — lllustration of the two-state cyclic “square-wave”™
function used in characterizing an exposure anvirgnment.

forcement, 1 is the chloride ion diffu-
sivity.  is the predicted service lile, and
erfo(x) = | - enfix).* Weyers et all!
have madified this approach slightly o
consider the statistical variation in the
depth of the reinforcement bar (assum-
ing a normal distribulion characlerized
by a miun and standard deviation), em-
ploying chloride ion concentrations re-
ported in mass of chloride per unit
volume of concrete, and Laking C_ 1o
be the chloride ion concentration mea-
sured at a depth of 12.7 mm (0.3 in.).
The approach outlined in their report
was implemented in the current CIKS.

An aliermative Lo the simple £rf solu-
tion of Fick's second law is to employ
a one-dimensional finite difference so-
lution.'* which directly incorporates
the time-dependent variubility of the
exposure environment and the perfor-
mance differences between the bulk
and surface laver conerele. The model,
menw ilem 5, developed in the present
research allows for the following pa-
rameters o be specified by the nser:

Iy A vwo-siate eyvelic “square wave™
exposure consisting of an external
chloride ion concentration of Cn,; of
duration 1y, followed by an external
chloride ion concentration of Oy » of du-
ration £y, along with the totzl deration
of the exposure (Fig. 5k

2) A two-layer composile concrele
structure consisting of bulk conerete
with a user-specified diffusion coeffi-
cient and a surface layer of a user-spec-
ified thickness with a dilferent (higher

"The Gauss emor function, i), is dofined based on an
smalytical integral cquation. ¥Walues con be found in -
bled o many mads and beat eeansfer texes'™ and librasy
roaines for the calculation of eqfs) and egf=) anc
seaadily availslde i most computer progrmeming |-
ELRE.

Fig. 8 — Porlion of the database providing expermentally
measured values of chioride ion diffusion coefficients for
concrete available in the literature,
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Fig, ¥ — HTHKL input form for predicting service |fe of concrate exposed to chloride

ions based on analysis using Fick's second law.

or lower) diffusion coefficient than tha
of the bulk concrete;

3} An adsorption isotherm (lang-
muir type) relating bound to free
chloride!; and

4) The aluminare (tricaleivm alumi-
nale and tetracalcium aluminoferrite)
comtents of the cement 1o account for
the farmation of Freidel's salt! from
reactions berween the aluminates and
the dilTusing chlonde ions.

For the case where the comerete diffu-
sivily can be deseribed by o
mwo-layer model and all the
previously stated eflects can
be ignored, an analytical solo-
tien for the concentralion pro-

bl
Il

file as & function of time has EL
been obrained by Andrade et 2
al.'® bused on the solubion =
originally derived by Carslaw 5
and Jacwerin lerms of heal 3
transfer varinbles.'® This solu- =
tion can also be viewed within -
the CIKS by selecting main - 5

menu item 6, Advice on ana-
lyzing chloride fon penetra-
tion profile data. The current
mixde] n the CIKS considers
only diffusion under saturated
conditions; 11 should be noted
that comprshensive models

LI

[ =]

for diffusion into purtially suiuraled
concrele have been previously devel-
oped by Saetta et al.'™ Although much
more computationally intensive, mod-
els such as that ol Sactta ol al. may also
someday  be executable  over the
WWW.

Onee a user specifies all of the shove
paramelers and submils the form lor
this module, the underlying C program
remurns a plot showing the predicted to-
tatl undl Tree chloride ion concentlrations

as 4 function ol depth. Knowing the
depth of the rzinforcement and the
chloride concentration necessary o in-
duce commosion, the user can then deter-
ming if the chloride ion concentration
at the reinforcement is such that corro-
sion will be probable after the specified
exposure lime. In addition Lo relurming
this plot, the program also optionally
sends a file, containing o numerical list-
ing of the inputs and resulis, by e-mail
Loy & user-specifed address.

Databases

Severul protolype databases have been
developad and included in the curment
version of the CIKS. The first is o sim-
ple bibliographical listing of recent ar-
ticles dealing with the penctration of
chloride ions into cement-based male-
rials and can be accessed via item 7 of
the CIKS main menw. 10 should Be not-
ed that this dutibase actuadly resides on
a different computer than the CIKS it-
self, illustrating the access of a distrib-
uled system of knowledge vsing the
World Wide Web,

The second database, a poction of
which is shown in Fig. 6. is a compila-
tiom of concrete chloride ion dilfusivily
coefficients available in the literamre,
along with mixture proportions and
curing times, when provided in the
ariginal references. This datihase 15 ac-
cessible from both the form for predict-
ing chloride don  diffusivity from
mixture proporions and the orm lor
estimating the chloride ion ingress pro-
file. as described previously. Within
this datsbase, clicking on a highlighled
reference number will show the com-
plete bibliographic reference for the
chosen duta set IF the name of one of

the authors is highlighted in a

reference listing, clicking on

SOLID— FREE CHLORIDE
DaSHEQR=- TOTAL CHLORIDE

the name will gecess o final
database, which provides an
alphubetical  listing  of  re-
- searchers active in the feld of
chloride ion diffusion in con-
crete, including their mailing
adidresses.

Example session

As an example of the use of
the CTKS, Tet us compare the
performance, with respect o

0.1 015 02
Distonce (m)

Fig. 8 — Example results for predicted chloride ion (free and
total) profiles for 2 conventionzl 24 MPa (3300 psi) concrete.

s
0.25

chloride resistance, ol a con-
ventiomal (241 MPa [3500
psil  28-day  compressive
stremgth) and a high-perfor-
mance (483 MPa [TO00 psi]h

0.3
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concrete, We will specily a nonair-en-
trained concrete with a low slump of 50
mm (2 in.). Vor the high-strength con-
crete, the maximum aggregate size will
be 25 mm (1 in.) and no high-range wa-
ter-reducing  admixture will be em-
ploved. The other paramsters will ba
specificd as shown in Lthe input forms in
Fig. 2.

The rasults in Table | contrast the Lri-
al mixture proportions, the predicted
chloride ion diffusion coefficients. and
the predicted service lives Tor the two
mixtures, The conlidence limils for D
for the conventional conerete are scen
Ly be much wider than those for the
high-performunce concrete, due 1o the
fact thar the confidence limis nawwrally
Lendd 1o widen away from the mean a
rameler values used o the computer
experiment (wie = (0045, volume of ag-
gregate = 67.5 percent, and degree of
hvdration = 0.6).

For the prediction of service life, in
addition to the estimated dilTusivity co-
efficients, the other values, as shown in
Fig. 7. were taken from Example |
{representative ol a bridee deck in Kan-
sas) in the report by Weyers et al." e
high-strength concrete, mainly due 1o
ils lower porosity, is seen to offer a ser-
vice 1ife thal is over seven Limes as long
as the conventional concrete. In this
by doubling the compressive
strength, we have achieved even a
greater proportional increase in esi-
mated service life,

For the ordinary strength mixture, the
estimated  chloride  jon dilfusivity,
along with the mixture proporlions.
were inpur into the form for predicting
the chloride ingress profile. An expo-
sure consisting ol 120) days at a concen-
tration of 4 molfl. followed by 240 days
al a concentration of 0.1 molfT. was se-

ClsL,

lected, with a toral exposure time of

T2 days.

This is intended 1o model a 4-month
winter period during which deicing
salts are applied, followed by an
S-month period of relatively low exter-
nul chloride ion concentrations. The
parameters for chlorde binding were
biased on those given in the paper by
Sergi etal.,,” with C,A and CC, AF mass
lractions of 4 percent and 8 percent, re-
spectively. The diffusivity coefficient
for the top 5 mm (0.2 in.) of the con-

crete was selected to be double that o

the value for the bulk concrete 2iven in
Tuble 1, hased oo the lower volume
fraction of ageregates generally present
in the surface laver, The resultant pre-
dicted profile after the 7200 days of ex-
posure s given in Fig, 8. Due 1o the
reactions with the aluminates and the
binding of chlorides, the wtal chlorde
concentration is much higher than the
free chloride levels. In this cose, if the
reinforcement was located at & depth of
50 muny (2 in), substantial levels of free
chlorde (on the order of 0.5 mol/L}
would be present al the reinforcemsin
depth after 7200 days ol exposure, con
sistent with the projected shor service
life wiven in Table 1 for a constant 2x-
posure condition.

Discussion

The previons example illusirates the
putential of emploving the prolotype
CIKS in the design process. A variety
of differem trial mixture proportions
can be quickly evalmred with respect
L their expected servige life for chlo-
ride-ion induced corrosion, and also
with raspect tov their susceplibility Lo
thermal cracking via the projected wdi.
ahatic temperature rise, The diffusion

Table 1: Mixture proportions and
properties for ordinary and high-strength concrete
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coelficients predicied by the computer
madels can he compared to those in the
existing experimental results database,

The potential of utilizing the Internet
and WWW for the dissemination of
koo ledge in the leld ol concrete tech-
nology appedrs very promising. As the
technology advances, more indivicduals
will have direct access to the Tnternet.
Updating a CIKS. such as the protatvpe
described here, becomes o much sime-
plar task, as one no longer needs 1o
worry about the distribution of a set of
update  diskettes or CD-ROMs, but
necd only change the inlormation on
the server machine, Thus, responses o
user feedback can be greatly expedited.

User feadback for the present sysiem
would be most welcome: comments
can be c-mailed Lo one of the authors by
using (clicking on) the e-mail address
provided ar the hottom of the form wel-
coming new wsers to the CIKS. The
multimedia noture of the WWSW allows
for the seamless integration ol lexL, im-
ages, movies, and even sound inlo o
single coherent system, This should al-
low lor the development of online
euides and totorials,®

Planned rescurch will [ocus on two
major extensions 1o this protolype sys-
tenn The fiest will deal with the devel-
opmenl ol an ooline  system for
assisting in the mixiure propuortioning
optimization process and the sccond
will fovus on extending serviee life pre-
diclions w0 other degradation mecha-
nisms, such as sullaie altack  and
leaching, In the latter chse, the code
previously developed for a computer
program addressing o variely of mech-
anisms for modelling the depradation
of underground low-level waste con-
crele viuls'® should be readily adapt-
able to the present CIKS system.
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