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1 Review of the Background of Bridge Deck Deterioration

The ddaminaion (spdling) of concrete in bridge decks has become a serious problem [1.1].
Durebility of hydraulic-cement concrete is defined, as ability to resst weethering action,
chemical attadk, dorason, or any other process of deterioration. Durable concrete will retain
its origind form, qudity, and servicegbility when exposed to its environment. More important
causs of concrete deerioration indude freezing and thawing, aggressive chemica exposure,
aorason, corroson of metds, chemicd reections of aggregates. The principa cause of
Oeterioration is reinforcing sed corroson, which is largdy due to the use of decng <ts
The formation of the corroson products produces an expansve force, which is largdy due to
the use of deicing sdts, that causes the concrete to spdl above the sed. Ample cover over the
ded and use of a lowpemesbility, ar-entraned concrete will assure good durability in a
great mgority of cases, but a more podtive protection, such as epoxy-coaed reinforcing sted,
cathodic protection, chemicad corroson inhibitors, or other means, is needed for very severe
exposures. We are incressingly aware of the fact that durability of concrete is important, and
in some cases it is even more important than its compressve srength. Concrete is durgble if
no changes gppear in it with time, despite being subjected to an action of aggressive actions of
freezing and thawing, especidly in acombinaion with asat action.

Reinforced-concrete  dructures have long  durability in norma  environmentd  conditions.
However, if they are exposed to an environmenta "overload®, which has not previoudy been
taken into account, the durability and function of the reinforcedconcrete Structure may be
reduced so much that the safety of the Structure may come into question. Although there is a
greet number of dructures whose properties have, even after only 20 years of sarvice
degraded so much tha the safety and function of the structures is endangered, the problem of
reinforced-concrete durability <ill does not receive the proper dtention in design, redization,
and maintenance. Conseguently, the number of the dructures with a shorter life span then
possble and necessxy hes increased. Furthermore, sructures affected by reinforcement
corroson have been repared with inadequate materids and procedures, which may, despite



great expense, hagen deterioration. This is why the decison of repair Srategy of reinforced
concrete structures is of exceptiond economic and technica dgnificance This is dso te
reeson why quiddines for the repar of reinforcedconcrete dSructures affected by

reinforcement corrosion are a part of this report.

Durability of reinfforced concrete is primarily determined by the penetration of aggressve
subgtances into concrete. The substances penetrate into a concrete dructure, degrading both
concrete and reinforcement. Degradation mechanisms are processes or reactions, which
change properties of dructurd demerts, or the whole sysem; consequently, the sysem does
not behave as antticipated. It is very important for a civil engineer to have good understanding
of degradation mechanisms, if proper desgn and peformance ae to be achieved, induding

the life-gpan expectation of the materids and structure asawhole.

Damaged residentid, indudrid, trangportation and other Structures can be repared, but often
a high codt. If damege is to be repaired a a sage when it is dgnificant, it often becomes an
unsolvable economic problem. Some dameged indudrid dructures may cause environmenta
pollution, adding ecologicd problems to dreedy exiding economic ones Damage in
reinforced concrete sructures is caused by many factors [1.2]. The most common cause of
damages to reinforced concrete dtructures is reinforcement corrosion. The influences (actions)
that cause renforcement corroson may be observed in two phases of a reinforced-concrete
gructures life span, (Table 1.1 [1.3]). In the initid phase, agents (subdtances) penetrate into
concrete. Carbonization, penetration of chlorine ions, sulfates that later on is accderated by
drying and wetting processes, are examples of harmful agents penetration in the initid phase.



Table 1.1 Causes of damages of reinforced-concrete structures

Alkdi-aggregate reection (6%)

Condtruction fault (design error), cause of reinforcement corrosion (33%)
Influence of chloride cause of reinforcement corrosion (19%)
Geotechnica problems (23%)
Other (19%)

The savice life and utility of concrete depends drongly on its transport properties, i.e
permesbility, <orptivity and chloride permesbility. The ingress of potentidly deeerious
materiads, such as chlorides, sulfates and water by diffuson and cepillary transport, can lead
to corroson of ged reinforcement or to a reduction of Srength due to cracking by frost or
alfate dtack. Clealy, a vaiety of trangport mechanisms play an important role in
degradation of concrete and must be better understood to mitigate such processes. Depending
on its mix desgn, preparaion and environmenta exposure, meterid properties of concrete
can be highly variable To make assessment of the qudity and condition of maerids gandard
experimentd tet methods ae needed to messure key transport properties, such as
permesbility to fluids sorptivity and the diffuson of ions Without standard meesurement
methods it is difficult to develop objective criteria needed for prediction and assessment of the

s2vice life of concrete as a condtruction materid and barrier.
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2 Clasdfication of the Environmental Loads Based on Reinforced
Concr ete Performance

Many other environmentd effects can, in addition to dead and live loads affect sability and
safety of reinforced concrete dructures. Since it is possble to smulae mechaniams of these
influences mathematicdly, i.e. quantify ther effects they can be conddered as a specid type
of loading that can be incorporated into reinforced concrete structures design procedures. That
way, indead of usng current generd recommendations, environmentd loads could dso teke
pat in definition of the sze of a crosssection, renforcement bar sze, and of materid
properties. To work out a smple concept for a design procedure that includes environmenta
loads, it is suggested to dassfy them in four besc se#s chemicd, physicd, biologicd and
mechanica, with corresponding subsets. Each type of the environmenta load corresponds to a
certan characterigic of a Sructure based on reinforced concrete reaction to ther activity, and
eech characterigic corresponds to a certain testing method [2.1,2.2]. Results from performed
teds can be used as input parameters in mathematicd models for environmenta effects, as

well asfor quality control of reinforced concrete structures.

Every dructure is to be designed for deed, live and specid loads so that its bearing capecity is
not exceeded. Poor condition of numerous exiging offshore and under-water structures points
out a requirement for deveoping a desgn procedure that will condder environmentad and
durdbility conditions [21]. Theefore, it is proposed to indude environmentd loads into
design procedures. Environmentad loads are those that initiste or accderate deterioration
proceses of materids, especidly the corroson of ged in concrete [2.3]. Besides cracking
and spdling of the cover, environmental loads cause reduction of the active reinforcement bar
of cross section that can result in a loss of the section bearing capecity. Influence of
environmenta loads has na been condgdered in the design of reinforced concrete sructures so
far, except in pat in cracking limit date desgn criteria Such an gpproach in the design and
condruction of durable concrete dructures does not meet requirements of modern engineering



condruction of increesngly more sophidicatled and demanding dructures. The result of

disregarding environmental loads may be failure of parts or the entire Structure.

2.1 Clasdfication of Environmental Loads

Regourd [24,25 RILEM committees [2.6], Mehta [2.7], Moskvin [2.8], Bjegovic [29] and
others proposed dassfication of aggressve environmental actions on reinforced concrete
dructures. Because of ther extendve descriptiveness, those classfications are not precticd
for cvil enginering purposes A dmple dasdfication of environmentd loads that can be
included into reinforced concrete desgn procedures is presented in the report. The
dasdficaion divides environmentad loads into four ss  chemical and  eectrochemicd,
physicd, biologica and mechanicd, and their corresponding subsets (Fig. 2.1).

Chemical and dectrochemical environmental loads consst of four subsets (Fig. 2.2):
1. Chemical and €ectrochemical actions or active environmental loads:
Corrodon of renforced concrete, AAR, seawater, sulfate attack, minerd water, acids,

bases, st solutions and water with large amount of free CQ..

2. Reactionsto chemical and electrochemical actions or active environmental loads:

Cover glitting, cracks gpdling, swdling of solid components, solid  components
transformation, hydration products solubility.
3. Characterigtic of dructures exposed to chemical and eectrochemical actions or active
environmental loads:

Depth, volume, mass, reinforcing bar diameter, cover depth, Ck concentration through
cover, reinforcement corrosion, penetrability of cover, pH of concrete cover.
4. Methods for testing performance of the structures exposed to chemical and
electrochemical actions or active environmental loads:

Meter, bdance, reinforcement locator, Cl- identification, phenolphthdein ted,

pathfinder (potentid measurement techniques), moidure meter, corroson raie meter, initid



surface absorption tet, water permegbility, ar permesbility, gas permedbility, O, diffuson,

d- diffudon.

Physical environmental loads consst of four subsats (Fig. 2.3):
1. Physical actions or active environmental |oads:
Volume changes because of temperaure difference, sdt pressure crygalization,
reinforced corrosion, extreme temperature as freezing and thawing, fire.
2 Reactionsto physical actions or active environmental |oads:
Sdling, crumbling, cracks, structure decay, splitting.
3. Performance of the structures exposed to physical actions or active environmental loads:
Depth, volume, mass of decay, width, depth, frequency of cracks changes of modulus
of dadticity, strength decreasing, porosity increasing, loss of binder, loss of integrity.
4. Methods for testing performance of the structures exposed to physical actions or active
environmental loads:
Meter, bdance, microscope, ultrasound, load testing on samples, chemicd andyses of
samples, pull-off.

Biological environmental loads consists of four subsets (Fig. 2.4):
1. Biological actions or active environmental loads:
Shdlls, bacteria
2 Reactionsto biological actionsor active environmental loads:
Growing development, structure decay, solid components transformation.
3. Performance of the structures exposed to biological actions or active environmental loads:
Change of the modulus of dadicity, drength decresse, porosty increese, loss of
binder, loss of integrity, penetrability of cover, depth.
4. Methods for testing performance of the structures exposed to biological actions or active
environmental loads:

Ultrasound, load testing on samples, microscope, chemica andyses on samples,



pull-off, initid surface absorption test, water permegbility, ar permesbility, gas permesability,
O, diffudon, Cr diffuson.

Mechanical environmental loads are divided into four subsets (Fig. 2.5):
1. Mechanical actions or active environmental loads:
Eroson, overloading, cydic loading, impect.
2. Reactions to mechanical actions or active environmental loads:
Surface wear cracking, deflection, and fracture.
3. Performance of the structures exposed to mechanical actions or active environmental
loads:
Depth, volume, mass of surface wear, width, depth, number, frequency and size of cracks.
4. Methods for testing performance of the structures to mechanical actions or active
environmental 1oads:
Meter, baance, microscope, ultrasound, mechanica drain gauge, dectrica resistance
(metd and dloy) inductive displacement.
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2.2 Example

Proposad  dassficaion of the environmentd loads is gpplied in an example of a bridge

aoutment submerged in  seawater. Active ewironmentd loads reactions, materid

performance and corresponding testing methods are given in FHg. 2.6.

STRUCTURE: Bridge Abutment

ENVIRONMENTAL TESTING
LOADS-ACTIONS REACTIONS | |PERFORMANCE METHODS
chemical |sea water cover penetrability permeability,
spalling of cover diffusivity
physical |temperature cracks volume ultrasound
changes testing
biological |shells growing integrity chemical and
development loss microscopically
analyses
mechanicallerosion surface wear mass of balance
surface wear

Fig. 2.6 Classfication of the environmenta loads for the bridge abutment

Parameters obtained from the results of performed tests can be findly used in a desgn
procedure to affect the sSze of the cross section, quantity and Sze of reinforcement, materid

properties, and parameters for qudity assurance and qudity control.

A savice life of a dructure is determined largely by its durability properties and exising
environmentd  conditions  Environmental  loads can be induded in the exiding desgn
procedures and thus affect materid and geometrica properties to insure an adequate service
life of the structure. The proposed classfication of environmentd loads in four sts chemicd,
physcd, biologicd and mechanicd, and ther corresponding subsets contribute to  the

14



reinforced concrete design procedure by providing the beds for devdopment of additiond

tools for determination of influences of the environment on the dtructure and its performance.

Testing methods for evduaion of materid and sructurd performance provide parameters for

design models and properties relevant for quaity assurance.
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3 Mathematical Model for Durability Desgn of Reinforced Concrete
Sructures

After twenty or thirty years of servicg a reinforced concrete structure may be in a condition
that can lead towards its failure. It is not due to design or condruction flaws but due to severe
environmenta conditions thet may cause condderable concrete and reinforcement damege. A
procedure (modd) for durebility design of reinforced concrete dructues in aggressive
environment has been proposed [3.1]. According to this proposd, the damege is anticipated
dready during the design phese. Thus, the impact of environmentd influences is congderably
reduced during the sarvice life of the gructure. In this way, the least probable Structurd
damage reslting from the effect of specid environmentd loads can be provided dready in
the design phase.

Today, reinforced concrete dructures are designed according to the ultimate limit date or the
savicedbility limit date. In that desgn, generd conditions of the environmentd impact ae
congdered only within the sarvicegbility limit date, resulting in a prestribed Sze of ultimate
crack width. Strict criteria of a limiting crack width often result in an increased need for
reinforcement. At the same time, cracks wider than those caculated or defined by standards
canot be completdy diminated. To avoid uncertainties about the actud crack width, a new
criterion of the servicegbility limit Sate is proposed. This new criterion makes the crack width

limit less drict, and aso congdersnumerous other durability factors.

3.1 Corroson Limit State

It was proposed that durability factors be cdled "environmentd loads' [3.2]. Environmentd
loads dimulate or accderate materid degradation, especidly the process of reinforcement
corroson in concrete. Consequences of the reinforcement corroson in concrete are cracking
of the concrete cover, and reduction of the surface of stedl bars. In the long run this may result
in a dructurd falure Taking this into condderation, a new criterion is suggested to be cdled
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the "criterion of the corrodon limit dat€'. It is suggested to control the criterion within a
regular serviceghility limit sate design.

According to the criterion of the corroson limit dae, it is necessty to prove that the
caculated reinforcement diameter f - is greater or equa to thelimit vaue, f (;

fes fyu (31
or that the calculated service life of astructure tc isgreater or equd to the designlifety

htt1=1tc® iy (32
where;

to isperiod of initiation of reinforcement corrosion in concrete

tq isperiod of propagation of reinforcement corrosion in concrete [3.3].

The proposed design procedure, requires long enough ty and t periods of service life under a

condition of 9multaneous action of dead, live loads and environmentd loads.

3.2 Period of Initiation of Reinforcement Corrosion in Concrete

In the period of initigion of the reinforcement corroson in concrete, to, the following

environmental |oads are consdered:

- chlorides,

- carbonization,

- sulfates,

- temperature.

It is assumed that environmentd loads can initigte the corroson process in a sufficiently long
period of time [3.2]. For dructures in a marine environment and objects on roads where the
pavement is drewed with sdt in conditions of continentd winters, chloride is a criticd
environmental load. The period of initiation of reinforcement corroson in concrete sinmulated
by chloride can be determined by a diffuson anadysis of chloride ions in a reinforced concrete

structure.
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The solution of the diffuson problem in a semi-infinite, anisotropic and  nonhomogeneous

medium (reinforced concrete dab) for a congtant vale of the initid concentration of chloride
ions and time-dependent diffusion coefficient is given by the following eguation (3.3):

é ®e X o
C(x,t)=C,gl- erffc——
S-l &2t &
where:
C(x, t) is concentration of chloride ions & depth x intimet,
Co isnitid concentration of chloride ions,
erf X0 iserror function
gzﬁ 2 ;
t
t=P, (905, ad
DC|- = Dw/c >4:)o s 0.1[3-4]-
D¢ = diffuson coefficient of chloride ions,
Dwic = diffuson coefficient of chloride ions depends on water/cement ratio.
It is suggested thet the value coefficient Dg be taken according to Table 3.1 [3.2).

Table 3.1 Cofficient Dg
Do INFLUENCE
1-135 Sulfates
05-1 Increase of C3A quarntity
04-09 Addition of fly ash
008-0.12 Addition of slicadust
0.8 Addition of superplagticisers
2 Permanent temperature difference of 10°C
comparedto anaverage vadue of 20°C
1-13 cracking of concrete under the basic loads
0.04 cading in controlled permesbility formwork

33

The actud initid concentration of chloride ions in concrete surfece layer of newly built

dructures changes with time, from zero to some maximum vaue, Cmax [3.235]. Therefore,
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it is necessry to modify the solution of diffuson problem defined by eguaion (3.3) by taking
into account the boundary conditionsin the following form:

COY=j (t)y O0£Cy<Cmax (34
For the assumption of a linear increese of the initid concentration of chloride ions with time,
the boundary conditionsin equation (3.4) can be expressed as.

COp =kt, OE£Cy<Cmax

where k is a coefficient of a linear increase of the initid chloride ion concentretion. Vaues of
coefficient k are given in Table 3.2 [3.2,34].

Table 3.2 Increase coefficient value of theinitia chloride ion concentration (k)

ENVIRONMENTAL CONDITION Kk

Wetting zone 10
Tidd zone 1

Atmospheric zone — for structures up to 10 m away from the sea 0.8
Atmospheric zone — for structures at 10 - 50 m away from the sea 05
Atmospheric zone — for structures at 50 - 250 m away from the sea 0.2
Atmospheric zone — for structures more than 250 m away from the sea 0.1
Continenta area— gpplication of deidng st 01

On the bads of a computaiond experiment, the diffuson coefficent and the initid
concentrtion of chloride ions ae obtaned (for a continuous diffuson process of chloride

ionsin areinforced concrete structure for atime-varyi ng coefficient k) [3.2):

x 0 X -4X¢—1u
c(xt)=[C, +k(t- 1)]{’;‘?[ erfﬁ—+k>§i %1 erfth_ﬂ Io>t1e E;

0£ Co< Cmax (35)

where:

k isthe coefficient of linear increase of initia concentration (Table 3.2),
t isthe subgtitution by which variation of Dgy- with time is taken into account [3.4], and

t1=t(t=1).
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After reaching the maximum initid concentration Cy = Cpygx the equation (3.3) is vdid
agan. The peiod of initigtion of the corroson proces is findly determined from the
condition of critical chloride ions concentration & the reinforcement level:

Clc to) = Cer (36)
where;

cisthickness of concrete cover,

Cer = 04% of cement weight [3.6].

For the purpose of cdculaing the period of initigion of a corroson process of reinforcement
in concrete, a computer program CHLODIF was developed [3.23.5]. The program computes
the required initigtion period (Fg. 31) through the andysis of chloride ions diffuson in a

semi-infinite medium.
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CHLODIF output results

Al T
A
B0 1
4.0 1
01
a0 1
1.0 1

‘ COMCENTRATION

OF CHLORIDE IONS <%

COMCRETE COUER {em)

water scement ratio 0,45 total observation time T {years) 20
concrete cover C Comd 5,00 time far Cc) = 0.0 % (years) |
Ocl ¢t =1 yeard 1.2723021260E-08 || time for Coric) = 04 7% (years) I7
Ocl for Cleh = Cor 5.5984877938E-09 || Cmayx (¥ 7.4
Ocl €T =20 years) 9.4339161593E-09 || Cic, Ty (4 0,643

Fig. 3.1 Resulting of computing corrasion process obtained by CHLODIF program
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3.3 Period of Propagation of Reinforcement Corrosion in Concrete

The period of propagetion of reinforcement corroson in concrete, t1 has previoudy been

sdomly teken into account in the lifespan andyses of reinforced concrete sructures,

epedidly of those structures where the reinforcement corrosion was initiated by chlorides.

The period of propagation caculated according to the criterion of the corroson limit sate can
be ggnificantly longer than what has been consdered to be in the past It can be computed
using the dgorithm for evduation of the corroson rate. There are numerous mathemaicd and
empiricd modds that describe the corroson rae The modd adopted in the corroson limit
date design is one of the most commonly used ones. It can be defined as [3.7]:

f)="1,-0023x % (37
where:

f(t) - thereinforcement diameter & timet (mm),

f. - theinitid reinforcement diameter a timet = 0 (mm)

0023 - conversion coefficient (mA/cm) in (mmyyear),

I, - corrosion current density (mA/cn); for newly built structures values are given in
Table3.3[3.8-3.10].

t - time passed since the corroson processinitigtion (years).

Table 3.3 The corrogon current dengity vaues

ENVIRONMENTAL HUMIDITY (%) 100 70100 |70
i, (M/emd 10 1 01

Sated vaues of corroson current dendty teke into account only the influence of the
environmenta reldive humidity, while the actud vaue of i, depends aso on numerous other
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factors. Therefore, it is proposed to modify equaion (3.7) by introducing the correction

coefficient of corrosion current dengty in the following way [3.2):
f®)="1j-0023>pxi_ % (398

where;

p - correction coefficient of corroson current density, p = p. where vaues p for vaious

factorsare givenin Table 34 [3.2].

Table 3.4 Vdues of the corroson current dendity coefficient

P INFLUENCE
2 Qilfates
1-15 Carbonation
1-20 Cracks

The correction coefficient of corroson current densty tekes into account effects that directly

contribute to the reduction of the reinforcement bar cross-section.

There are many other factors that do not directly affect the corrosion process, but contribute to
an increased failure probability of the bearing capacity of the design crosssection where the
corrodon process is in progress. These factors cannot be quantified, but they can be induded
in afactor of safety which modifies equetion (3.8) into the following find form [3.2):

f) =f, - 0y (0.023 %%, %) (39
g« - corroson limit State safety coefficient.
Although the exact influence of the factors included in the factor of safety cannot be

expressed numericdly, ther contribution can be edimated. The fuzzy sat theory has proved to
be an adequate procedure for that estimation [3.2].
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The fuzzy sets theory was established by Zadeh [3.11] in 1965, because of lack of a classicd
meathematica apparatus for agorithm definition of certain sysems responses to input stimuli (see
Appendix A). Application of this theory alows for regulation of the system’s control by series of the
rules, which smulate human (experienced) behavior. This theory of fuzzy sets reached its pesk in
practice in eighties and its quick development to date has resulted in amazing achievements
concerning supervison of even the most complex processes. Since the description of severd
additiona factors influences is qualitetive (greater or minor), the cdculation according to the fuzzy

sets theory is taken as the most appropriate procedure in the safety coefficient definition.

34 Sesof Influences and Consequences

The dements of fuzzy sets influences are verbd expressons about certain influences on a
designed section’s bearing failure. The dements of fuzzy sets consequences are categories that
indude sgnificance of corroson consequences on the bearing capecity of the same section.
Fuzzy sats of influences and consequences are described in Table 35. For a smpler andyss
these set dements are grouped according to common properties in sets and subsets. Assessment
of an gppropricte Hection of influences o dements, as wdl as definition of the respective
consequences is a very complex procedure which requires a find property expertise or more of
them if necessary. Therefore, only a suggedion is provided in the report on how the functions
could possbly look like and what membership of the consequence categories to the sdected set
of dement influencesiis possble

To define the membership functions, fird it is necessary to define a rdevant variable x. The
bearing falure occurs due to a red reduction of the reinforcement area by corroson (with a
gregter or minor probability, enhanced by additiond factors). Therefore, the vaiade x is
suggested to be teken as a raio of the reduction of the crosssection area and the initid area of
reinforcement (For a Sngle bar the condition is that the same reinforcement profile is used in the
observed section). The value of up to 10% is cited in literature as the grestest dlowed section

area reduction (as in a consequence of corroson). Additiond factors that contribute to the
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bearing falure, are conddered in the report as wel. The reduction limit due to them may be
increased, but up to avaue of 25% at most [3.6].

In dl further caculations, a vaue of 20% [3.3] for the greastest possible area reduction of the
renforcement section is adopted from the bearing falure safety conditions. To facilitate
cdculaion and gpplication of the formerly cdculated vaues, the vaiable x is findly presented

as

(3.10)

Df
X=—,
f;

where

D - reduction of reinforcement diameter,

fi - initid value of renforcement diameter.

The reinforcement section area reduction of 20% corresponds to a diameter reduction of
agoproximatdy  10%. Then, the variable x tekes vaues within an inteva from 0 to 01
(including vdues 0 and 0.1). To meke cdculaion of the safety limit corroson dae possble
by means of the fuzzy sets theory, the varigble x will be discretized and hence, the following
vadues will be obsarved: 000, 0.01, 002, 003, 004, 0.05 0.06, 0.07, 0.08, 0.09, 0.10. It is
assumed that dl redevant fuzzy sets of influences and consequences may be expressed by means
of the varidble X, judt like fuzzy sets for which the universd st X = {0.00, 0.01, 0.02, 0.03, 0.04,
0.05, 006, 0.07, 008, 009, 0.1G;. The membership functions of the obsarved fuzzy sets are
given in Table 3.6. The membership function vaues are suggested on the basis of experience
acquired to date.
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Table3.5 Elements of fuzzy sets of influences and consegquences

INFLUENCES- U

CONSTRUCTION PARAMETERS

STRUCTURE COMPUTING ADOPTED | TYPE OF STRUCTURE
SIGNIFICANCE MODEL ELEMENT
KZ1 — secondary KM1 - adequate KEL - non bearing
KZ2 — man KM2 - amplified KEZ2 - group bearing
KZ3 - primary KM3 - gpproximete KE3 - sngle bearing
DESIGNED TECHNOLOGY ERRORS IN DESIGN
CROSSSECTION OF CONSTRUCTION AND CONSTRUCTION
KP1 — digant KT1- prefabricated KI11 - hardly probable
KP2 — ner KT2 inform work, K12 - probable
KP3 - critical continuos K13 - dmost certain

KT3 informwork,

condruction joints,

dipform
MATERIAL SPECIAL ACTION OF OTHER
SIGNIFICANCE ENVIRONMENT DL*

CONDITION
Gl - very wel O1 - vary favorable SLD1 - without loed
G2 — wl 02 - favorable S.D2 - alittleload
G3-— average O3 - average S.D3 - average load
4 - bad O4 - unfavorable S.D4 - grest load
G5 - very bad 05 - vary unfavorable SLD5 - very greet load

*S.D - specid durable loads

CONSEQUENCES - P

P1-without consequences
P2 - alitle

P3 - dgnificant

P4 - great

P5 - critical
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Table 3.6 Themembership functions of the observed fuzzy setsof influences and

coNsequUENCES
ordina number 1 2 3 4 5 6 7 8| 9|10 11

X 0.00(0.01]|0.02| 003|0.04| 005(0.06|0.07| 0.08| 0.09|0.10
Mkmz(X) 1 1109|0705
mMe1(X) 1 1]109(08]|07
Moa(X) 1 1(09|08|06
mero1(X) 1 1(09|08|06
Mp1(X) 1 1 109|07]|05
Mkz1(X) 08(09| 1 |09(08]| 06
Mkmz(X) 09| 1109|0806
MkeL(X) 08(09| 1 |09 (08| 06
Mkpr(X) 08(09| 1 |09 (08| 06
mkr1(X) 07[{09| 1 |109|08]| 06
Mk1(X) 07({09| 1 |09 (08| 06
Me2(X) 09| 1109|0805
MoAX) 08| 1109|0706
MbroAX) 07]08| 1 |08]| 07
Mp2A(X) 09| 1109|0806
mkma(X) 06/ 08|09| 1 |09]|06|04[02]|01
Mke2(X) 060809 1 |09 |06
MkT2(X) 060809 1 |09 |06
Mki2(X) 06[08|09| 1 |09 |06
MG3(X) 05(07]|09(| 1 |09 |07
Mo3(X) 05(06|08| 1 |08 |06
Mbro3(X) 04(05|07(08| 1 |09
Mp3(X) 060809 1 |09 |06
Mkz2(X) 06| 07[08]09] 1 |09
Mkp2(X) 06| 0708|109 1 |09
mkr3(X) 06| 07(08|09| 1 [09]08
Mk3(X) 06| 07(08|09| 1 [09]08
Me4(X) 06| 07|08|09| 1 |09
Mo4(X) 05| 060709 1 |08
Mero4(X) 05| 06(07]|08|09( 1
Mp4(X) 06| 07|08|09| 1 |09
Mkz3(X) 07]108|09]| 1 1
Mkex(X) 07]08|09]| 1 1
Mkps(X) 0708|091 1
Mes(X) 07]08|09]| 1 1
Mos(X) 050708 1 1
Mbros(X) 05|07|08|09 | 1
mps(X) 07]08|09]| 1 1




3.5 Probability Bearing Failure Sets

The mentioned coefficient gy« (corrosion limit Sate safety coefficient, equation (9)) is teken as a
rdlevant varidble y in determination of the corroson limit state probability when discretization is
performed using vaues 10, 12, 14, 16, 1.8, 20. With their bearing failure probability described
a V1 - vay sndl, V2 - andl, V3 - dgnificant, V4 - gredt, V5 - very big, the fuzzy s#ts V1, V2,
V3, V4, V5 ae expressed by means of variable y. It means that fuzzy sets universd st Y =
{10, 1.2, 14, 16, 1.8, 2G. The respective nembership functions are presented in the Table 3.7

on the basis of the acquired experience, the same asfor Table 3.6.

Table 3.7 The membership functions of the fuzzy sets of corrosion limit state safety coefficient

ordina number 1 2 3 4 5 6
Y 1 12 14 16 | 18
my1(X) 01 | 03 05 | 07 | 09

myAX) 02 | 03| 04| 05| 06 | 07

my3(X) 09 | 08| 07 | 06 | 05 | 04

My 4(X) 1 08 | 06 | 04 | 02

mys(X) 1 09 | 08 | 06 | 01

3.6 Safety Coefficient Calculation

For any concrete case, firdly the rdevant influences U (i=1.., m) and the respective
consequences P (j=1..., n) (according to the Table 3.5 and Table 3.6) are sdected and the
corresponding  relationship Z;; between them is established. This is obtained in a way that the
membership function of relationship Z;; is defined as follows

my,; (%, %) =min {m(x)), My (%) }, X, %1 X (31)

To take the mutud effect of dl the sdected dements into condderation, dl the rdations will be
combined, that is the fuzzy sat Z will be obtained from the following respective membership

function:
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my(%,, %) =max { my, (%, %) }, x, 61 X (31
i)

To etablish a rdationship between the sdected sats of consequences and sets of bearing failure
probabilities, the reaionships Rk (k =Lp) are defined. Hence, ther respective membership
functions are as follows.

My, (X, y) =min{ my(x), m, ) }, xT Xyl Y@BD

The globd effect is obtaned by combining dl of the above mentioned redionships eg. by
obsarving fuzzy st R using the following respective membership function:

nk(x,y)zrrm{rrkjk(x,y)}, x1T X,yT Y @314
J.K

A limit gate corroson safety coefficient will be expressed like fuzzy st K obtained from a

compostion of rdaions Z and R (K=Z o R), udng the following respective membership

function:

me(x,y) =max { min { m,(x, , %), (%, , )}}, xI X,yT Y (315
xl X

On the basis of the obtained membership function of set K, it can be dated that the sefety factor

is very amdl, smdl, mid, grest or very grest. This Satement certainly anticipaies that the

membership functions respective to the mentioned destriptions are determined in advance.

Hence, the obtained membership function will be compared to the determined ones, and the find

judgement about the safety factor will be given. If concrete value gy for the limit corroson state

safety factor issought, they T Y will be taken for which the following relaion is relevant:

M, ) =max {m (x,y)} (316)
Xy

It may happen that severd different vaues y, are obtained. This is in accordance with the fuzzy
setstheory.

Theratio of the reduced (Df ) and initid vaues of the bar diameter is adopted asavariablein
the procedure to define function of the corresponding fuzzy sets dements.
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X = T (817

where:

Df =f-f(t),and

f (t) is derived from equetion (3.8). f (t) takesinto account direct factors that reduce the area of
the reinforcement cross-section. Concerning the factor of safety vaue, the following possble
vauesare proposed [3.2]:

g1 {112,14,16182}

Findly, to define the propagaion period of renforcement corroSon pProcesses in equion
(39), it is necessary to determine the maximum allowed reduction of the bar diameter, f
The falure condition of the desgned cross-section is fulfilled when the maximum bar
diameter reduction is reached. According to data presented in [3.83.10], a reduction of the
reinforcement bar crosssection area of 20% can be consdered as the ultimate one, with the
respective bar diameter reduction of 10%. This|eads to the following expression:

fu=09f; (318
The period of propagation can be findly determined from the condition of equdity between
the bar diameter at time t1 and the ultimate diameter:

t(t,)=f, - o(0023xp%, %,)=f, =095,

(= 01X,
" g(0.023%p% )
The caculated sarvice life of a gructure, ¢, is finaly obtaned from the sum of the period of

(319)

propagetion, t1, and the period of initietion, ty,
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3.7 Desgn Procedure

The desgn procedure, according to the criterion of the corroson limit date, is described
bdow. The period of initistion and the period of propagation of renforcement corroson are
computed and compared to the designed service life of agtructure. If the condition:

o+t1=1tc3 tp (320

is fulfilled, the desgn procedure is completed. Otherwise, it IS necessary to design the section

of interest in one of the following ways

a) By extending the period t 1

This can be achieved by ether reducing the factor of safety (reevauding eements of fuzzy
sts of influences), or by reducing the correction coefficient of corroson current dengty
(modifying the way of renfacement devdopment, Sze of a chosen bar diameter, or the

pacing between bars, that may result in a reduction of the crack width in concrete). Most of
the time achange in the period t1 will not be sufficient to satisfy the required condition.

b) By extending the period t

This can be achieved by improving the qudity of the materids, primarily of concrete, or by
changing the dimensons of the desgn concrete cover. If the corroson is caused by diorides
it is necessary to increase the diffusion coefficient OQy- . Afterwards, concrete qudity and the
thickness of the concrete cover, c, can be detemined from a nomogram, cdled C-D-ct
nomogram [34]. For a required period ty, vaues of ¢ and Dg- can be determined, or the
period ty cen be determined for ¢, Dg- , or for both known (Fig. 32). If intervention in

materid properties or in the concrete cover thickness Hill cannot satisfy the condition given
by the corroson limit date criterion, the diffuson process of chloride ions can be additiondly
dowed down by placing dlicone coatings. This will reduce the time necessxy for the change
of the initid concentration of chloride ions Findly, the process can be compledy
discontinued by gpplying the cathodic protection or corroson inhibitors [3.12,3.13].
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The find result of the desgn process, according to the corroson limit Sate criterion, is the
time schedule for the mantenance of a dructure. An example is given in Table 38. The
procedure is goplied in this case to the design of flanges of a bridge arch. The procedure
secures the sarvice life of the structure within the designed period of 100 years[3.14-3.16].
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Table 3.8 Time schedule of the structures maintenance

t (years) ACTIVITY

0 completion of structure congtruction

21 concrete surface oraying with mobile
corragoninhibitors

37 initiation of mobile inhibitors effect

39 reaching the critica chlorideions

concentration on reinforcement, gpplying of
seoond layer of mobile inhibitor

64 end of mobileinhibitors effect, corrason
initiation if the second layer of mobile
inhibitor is not applied

100 fulfilled conditions of ultimete corrosion
limit Sate, if the second layer of mobile
inhibitor is not gpplied

3.8 Condusons

A mathematicd modd for the durability design of reinforced concrete structures that insures bearing
conditions during the entire service life of a dructure, is proposed. Unlike the existing methods, the
time framework of the cdculation is extended to the period of propagation of the reinforcement
corroson process in concrete. This contributes considerably to an increase of the service life. The
model is based on the proposa of supplementing the existing design procedure, tased on the criteria
of serviceability limit states. The new criterion insures that the bearing capacity of the cross-section
under a condition of smultaneous action of traditionad and environmenta loads is retained
Environmentd loads incorporate durahility factors, which can be expressed either quditatively or
quantitatively, and thus are included into the design procedures. Environmentd loads influence mostly
changes in the active bearing capacity of the reinforcement cross-section. The criticd varigble that
controls the gructural failure in marine conditions is corrosion due to chlorides. The result of the
proposed design procedure, according to the corroson limit dtate criterion, are the initiation and
propagation periods of corrosion process, i.e. the sructure's service life and its maintenance time

schedule within the entire designed service life. Findly, dimensoning according to the corrosion limit
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date criterion often reduces the amount of reinforcement, in comparison to the amount necessary

according to the conditions of the cracking limit stete.
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4 Concrete Production by Means of Knowledge Supported Mix Design

There ae two characteridic phases in the mix design of concrete laboratory tests ad
redesgn of concrete proportioning on the bass of control tesing. In the fird phase, the
concrete compogtion is predicted on the bads of the fundamenta rules of concrete
technology, and then the properties of a fresh mixture and hardened concrete ae tested in the
laboratory. Proportions of the components necessary for the beginning of production are
obtained by application of mathematical methods on the basi's of experimenta data[4.1].

Concrete is cetanly one of the mogt important condruction materids. Many properties of
concrete structures depend sgnificantly on the properties of the concrete placed. On the other
hand, concrete is a complex materid, produced out of different components according to
gpecific mix desgns and technologies. It is therefore the basic task of a concrete technology
soecidig to design such a compostion and concrete production technology to meet dready
determined concrete properties. In that process, main difficulties occur due to the fact that
physcd and chemicd links between propeties of the individud concrete components
externd conditions during the production process, and the ultimate concrete properties, are
extremdy complex and intricate. Thus, the actud scientific knowledge cannot present them in
a form of exact mathematica formulas [4.2-4.5], i.e numericd dgorithms that would predict
concrete properties on the bass of dready known propetties of components and the
technological process. That is why the desgn of concrete compodtion is presently based on a
large number of empiricd facts (various tables and grephs), actud laboraory tests and
sgnificantly on the knowledge and experience of a concrete technology expert.

Due to numerous data obtained by the components control tesing and due to complexity of
ther influences, a decrease in qudity is sometimes observed during a concrete qudity contral,
but only after 28 days. During a production in progress, properties of components and dimate
conditions dggnificantly change and affect the concrete's workability and the compressve
drength. On the bass of components control testing, the concrete production is controlled in
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a way that the quality of components must be in the range of determined and required limits
However, a vaiaion of the properties of a fresh and a hardened concrete, dthough within the
required limits sometimes results in the compressve drength falure, or in an overly high,
non-economic, average desgn compressve drength. Taking into account s many variable
data, that reguire quick changes in the compogtion, it is vey difficult to control the qudity.
Recently, severd authors have suggested a formulaion and solution of the procedures for the
concrete mix desgn by means of a computer aided mathematicdl modeing [4.2-4.7]. As a
result, different programs have been developed [4.34.6], which endble more exact, more
rdidble and quicker decison meking in individud dages of the mix desgn and concrete
production. Namdy, the dgorithmic programs meke the empiricd knowledge (tables
formulas, etc) memorized in the computer, and transform a pat of the expet's knowledge
into forma decison rules In tha way, an gpproximate solution may be reached, and even
improved later by |aboratory tests.

41  Computer Aided Mix Design of Concrete (CAMDOC)

A theoreticd modd of the computer aided mix desgn of concrete has been developed on
the bass of basc concrete propertties. The concrete mix design is based on assurance of
project conditions, required workability, concrete compressive drength, and durability. This
resolving way has directed the ressarch and resulted in sophidication of the information
sysem CAMDOC for the computer aided mix desgn. The advantage of usng a computer in
daly adtivities is in ample procedures. The ability to store data for a later use represents a
specid advantage. Computer Aided Mix Design of Concrete runs on a persond computer.
The software tools used in the devdlopment of the CAMDOC sysem are Clipper and Turbo-
Pascd. For dl the computing, the information sysem indudes 30 empiricd daabases and
decison rules in the solution of the problem (Fig. 4.1). Basc deps of the mix desgn of
concrete are described in the flowchart in Fig. 4.2. On the basis of a project design, structura
dements information, environment, concrete reinforcement, bar spacing, and than about the

contractors, equipment and workmanship are to be collected.
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{ INPUT

A
EMPIRICAL DATE RULES
tables DECISION
diagrams
formulas
{ OUTPUT

Fig. 4.1 Howchart 1 of program CAMDOC

From research and empiricd testing resdts reationships between the properties of concrete
components and the criteria of concrete qudity control were edtablished in a form of
databases [4.2]. The implementation of these reations is presented in Fig. 4.2, while detals of
these relaions are described by modules 1, 2 and 3.

All properties can be conddered a three leves required, desgned and red (experimentd).
The am presented in this modd (Fig. 4.1, 4.2) is to obtan desred propeties. The workability
of concrete is designed by the ad of two modules. Module-1 describes equipment for concrete
placement (Fg. 4.3) while module-2 describes a computer method to achieve a desred
grading. According to these two modules, the database of a current project is expanded by an
adequate consstency, the type of aggregate fractions, proportions of aggregate fractions, type
of grading curve, fineness modulus, and then by the required water content.
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Fig. 4.2 Howchat sepsin CAMDOC
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A ocomputer method to achieve a dedred grading is a combindion of various fractions of
agoregate as to get optimum grading of aggregae It is an important sep in mix desgn of
concrete. Module-2 of CAMDOC is a computer routine by which the number and quantity of
aggregate fractions are combined in the best way to achieve the desired grading compaosition.

Dedgn of compressve drength and durability of concrete are induded in Module-3. From the
dructures desgn, the specified drengths, and criteria for concrete components, as wel as
criteria for designed compressve drength of concrete are known. The assurance of concrete
durability parameters is implemented through criteria where exposure classes are connected to
a oecified drength, cement content and water cement raio. Popovics [4.9] formula or Walz
[4.13 present the reation between the water cement ratio and characterisic compressve
drength curves. The cement class and quantity can be chosen out of them. Then, by
ubtracting water content, cement content and ar content from the whole volume the

aggregate content is caculated.
4.2  BascRdations

The procedure for a concrete mix design that has been used as a modd for CAMDOC
[4.3], and is described herein, is based on three fundamentd rdationships:
- Reationship between the weater required and the desired consistency
- Reationship between the compressive strength and the water cement retio
- Rdationship begtween the required concrete durability and CEB-FIP Modd Code 90
requirements.
Kluge hes demondrated [4.7,4.8] that the quantity of water reguirement in concrete consss
of the quantity required for cement standard consstency and the quantity to keep the surfece
of the aggregete wet.

W=SCC+A, A =& 5xA
4.2)

where;
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W - water requirement [4.2],

SC- gandard consstency of cement (percentage),

C - cement quartity (kg),

ai — aggregate retained between two deves (kg) (proportion of each fraction in cumuldive
aggregate),

Ai - water requirement fraction of aggregate on each Seve in percentage of aggregate weight.

Kluge has experimentdly determined quantity of water requirements of esch fraction (i) for
the corresponding aggregaie fineness modulus (Teble 4.1). Although these quantities are not
the same for dl the aggregaes, because they depend on the shgpe, texture and minerdogica
composition, they can be used as areference for al the aggregates.

Table 4.1 Kluge® experimentaly results of water quantity reguirements of each fraction

(A) for the corresponding aggregete fineness modulus

SEVE (mm) 0025 02505 051 12 2-4 4-8 8-16 1632

Aii (%) 218 1019 6.42 4.53 3.77 298 223 155

Popovics extended and modified Abrams formula (fcz%/) by means of multiple
B C

nonlinear regresson modd and obtained the following [4.9]:
¢ = A

c W,
B Aw.ooosa'cm.zma

4.2)

where:

fc - 28-day compressve strength,
W/C - water cement retio by weight,

C - cement content,
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a - ar content volume,

A, B - congtants depending on aggregate and cement.

The equation clearly shows, how the drength rae is increesed as the water cement ratio is
decreased due to an increase of cement (cement paste) quantity. Andyzing a given data S,
Popovics got A=35372 and B=2366 [49. By supplying daa for specfic cements
agoregates, admixtures and compressve drengths, the vaues of the eguation parameters can
be by feedback, step by step corrected. The third besic rdaion for CAMDOC is based on the
tables from CEB-FIP Modd Code 90 [4.9]. There, environmentd conditions for concrete are
classfied in 5 casses and 9 subclasses (Ldry; 2 ahumid (without frost), b-humid (with
frost); 3-humid (with frod and de-icing agents); 4: a-sea water (without frost), b-sea water
(with frost), 5 adightly aggressve chemicd environment, b-moderaidly aggressve chemicd
environment, c-highly aggressve chemicd environment. Besdes, a new dass 6. aggressive
mechanica concrete exposure, has been added to CAMDOC. For each exposure class in
CAMDOC there are conditions for the minimum characteritic compressve drengths, cement
quantity, the maximum waer cement raio and required entrained ar. If concrete mixes
obtained by the laboraiory procedure (one-month process) are compared to the CAMDOC
ones (sevard minutes), no sSgnificant differences in the concrete mix component quantities

are obtained.

Desgn by means of the CAMDOC program have made the mix desgn of concrete quicker
and better because in saverd minutes the type and quantity of concrete components, and
equipment for concrete placing, can be obtained. Every change in the mix can be quickly
evauated & each sep of the process by CAMDOC, new compostion of concrete can be
quickly cdculated. Preference of computers is in a quick cdculation, as wdl as in the
possibility of connecting the concrete component data with the compostion and the properties
of concrete itsdf. All the data are memorized and stored on megnetic media, and thus will be

of mgor hdp in the future mix desgn Properties of the components are connected with the
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compressive grength. Popovics formula of interdependence of concrete srength to w/c ratio,
cement quantity and quartity of air, is used.

During the concrete production, many changes occur and the production is permanently based
on the compodtion obtained earlier by means of the laboratory tests which sometimes means
a deviation from the redity. Due to that fact, the concrete mix should be congtantly redesigned
during production with respect to ay change in the production process (types and quantities
of the components). This is the great advantage of usng the Computer aded mix desgn of
concrete (CAMDOC). Mix desgn of concrete was based on the by assurance of the
conditions for the dructurés dedgn, assurance of the required workability and concrete
srength, and durability assurance. CAMDOC gives a posshility of smple and quick reaction
to dl the vaidile changesble vaues in concrete proportion, equipment and concrete
production, and dl of that to assure the concrete qudity control. Its gpplication reduces the
scope of preiminary laboraory tests, as wel as time necessary for ther peformance, and it
enables quick implementation of qudity control results to the correction of components
proportion during concrete production. The future of such mix desgn of concrete is in
connection of decison and knowledge bases, and databases of cement, aggregate and concrete
aswdl [4.14].
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5 Concrete Transport Properties

51 Concrete Structure

Concrete is a heterogeneous composite materid, a mixture of cement, water and aggregate,
where chemica reactions between the cement and water harden and bind the inert aggregate.
Additiond condituents are concrete admixtures and air, ether dready present or atificidly
entrained. In the hardened concrete, the cement paste has two main tasks to fill the space
between the aggregaie grains and to creaste an impermesble mass with them, and to bind the
aggregate grains and give the necessary drength to the concrete. The aggregate is just an inert
fill in the cement paste matrix.

Mutud interaction of concrete condituents and interaction with the environment can be
diginguished on various levds of dructurd complexity. Three observation levds ae
commonly used for concrete micro, mezzo, and mecro levd [5.1]. The mos dementary, or
the primay levd, is the mico levd (atomic-molecular) of the dructurd compostion of
concrete condituents. On this level properties of a hardened cement paste are observed.
Kondo and Damon (1980) proposed a modd of a hardened cement peste, didinguishing
pores between the gd particles, pores between the cryddlites, and pores in the crystdlites.
The fdlowing cement properties can be noticed: solubility in water, ability to react with the
water action or to ress it, themd dability within working temperaures, and attraction of
various chemicad compounds These ae in fact chemicd propeties of the materid, defining
its resgance to the aggressve components of the environment. On the mezzo leve, the
composte dructure of the concrete is conddered. The red Sructure can be presented as a
porous dructure and the matrix with randomly didributed aggregate grains. The hardened
cement pagte is a porous materid with a wide range of pore size digribution. Within a porous
matrix there are grains of a very vaiable sze and shgpe On the mezzo levd, pores and
aggregete should be modded. On the mezzo leve, concrete properties determine its ability to
ress numerous aggressve influences including freezing and thawing. Results obtaned on
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diffuson and the
process. In the case of diffuson, there is a combined influence of the following gradients.

- vaious solution concentrations causing osmotic pressure



- moisture concentration, influencing surface forces

- temperature differences

5.2 External Influences

Water can be consdered as an integrd pat of concrete (pore water) and as an externd
influence (rain, ec). In the hardened cement paste, water can be found in severd daes
Although there is no sharp line, the following dassfication is suitable:

- Chemicdly bonded water is a pat of waer bound by hydration process into had
compounds, making up acement gdl.

- Interlayer water penetrates between layers of a hard gd or intercrystdlic space, like in
cays. The depth of such interlayer is only about a nanometer. By removing the water
these spaces close and the hardened cement paste contracts.

- Adsorbed water is the water tied to the gd surface by surface forces. In the firdt layer,
which are saverd water molecules thick, these forces are very strong, so that this part is
under a high pressure. With an increased distance these forces rgpidly decrease.

- Free water is found in the capillaries and in large gd pores. It is aufficently disant from
the gel surface and is free from surface forces.

- Beddes water, concrete voids contain ar with a cetain amount of vapor, depending on
the temperature and air pressure.

Temperature. Concrete deterioration due to low temperaiure results from a change in the

water volume when water freezes In larger capillary pores, freezing starts a 0 °C, but in

smaler pores, the temperature needs to be much lower before the water Starts freezing. For
examplein the smallest cement gel pores, water freezes at—78 °C.

St To deice the concrete surface, sdts used ae chlorides of sodium, magnesum or

cdcium, as wdl as urea. The sdts have a two-fold action on the cement matrix: physicd ad

chemicd. Cryddlizing pressure, which has a dedructive effect on the cement matrix, is the
physca action. The chemicd action is expressed by a chemicd bond of the cement minerd

(ricdcium duminate) and the chloride resulting in Fried <dt, whch by cyddlizing,



changes the pore dructure of the concrete. It is generdly agreed that the sdt action is a
physcd raher than a chemicd phenomenon. Sdt concentration in concrete plays an
important role. The most dangerous concentretion is a one of a moderate range (2-4%).

5.3 Mechanismsin Concrete

Concrete behavior during freezing and thawing depends on the concrete pore Structure,
water content, and temperaure, presents schematicdly causes of damage and the resulting
mechaniams. When water freezes, the volume increases by 9% and the capillary water comes
under hydraulic pressure. If the hardened cement paste does not contan ar pores (ar
compresses eadly and this absorbs capillary pressure), water pressure acts on the hardened
cement pade dructure and expands it. When the pressure is too greet, the bonds bresk and the
hardened cement paste dructure is destroyed. Thawing of concrete provides for the absorption
of new waer quantities in the concrete, and its freezing further destroys the concrete.
Increesed ice volume is accompanied by dhrinkege of had materid, cement gd and
aggregate, due to a lower temperature. Obvioudy, concrete dedruction appears only when
concrete is saturated. If concrete is fully saturated (S=1009%), the hydraulic pressure formed
by an ice forming in the capillaries cannot be absorbed within the materid and will inevitably
bring about damege due to freezing.

Accordingly, a water-saturated concrete will be quickly damaged by frod, and a rdaively dry
concrete will be not harmed by a low temperature. This phenomenon is often encountered in
practice. It has been mentioned that ar pores in the hardened cement paste can serve to absorb
the pressure gopearing in the capillaries due to ice expandon. This phenomenon is utilized in
the ar-entrained concrete technique. It enables water to penetrate into air pores near the edge
of cepillaries or voids due to a pressure. The pressure is redeased fast enough, unless the
hardened cement pagte is too impermesble, the air pores too digant, and freezing is too rgpid.
In such a favorable case, indead of expanson, there is a contraction of concrete due to

temperature. The entrained ar pores have a favorable effect because they bresk the
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capillaies, and thus increese the water impermesbility of concrete. The decrease of concrete
volume is the consequence of the contraction of the hardened cement paste and aggregete due
to temperature. It is dso influenced by the gradud passage of water from the cement ge into
cpillaries, or the cepillary effect, a process identica to concrete shrinkage due to drying. But
in this case, the water movement is due to a loss of the thermodynamic badance when the
cpillary water freezes and thus increases the surplus of free water energy in the gd pores.
The waer movement increeses aso because of an osmotic pressure, caused by a <t
concentration in a gill unfrozen capillary water (only dean water freezes). This is one of the
main reasons why the presence of sdt reduces freezing. This, however, is not the only form of
the harmful effect of decing <dts. There is a szries of other physcd and chemicd
mechanisms and the reactions accelerating the concrete damage. There is a pressure caused by
ot ayddlization in larger pores aove a definite solution concentration. On the other hand,
disolving of some «dts such as sodium chloride and urea cause additiond cooling  of
concrete, i. e a temperature shock, accompanied by an increese in the temperature gradient

and stressesin the cancrete.

The naturd process of ice thawing without sdt or a frozen sdt solution has no temperaure

shocks, just like a naturd freezing of water and sdt solution. An increese in the chloride

content lowers the water freezing point. Different concentraions a different depths result in

ubsequent freezing of the indde layer, s0 this is commonly cdled a “freezing layer by layer™.

With respect to results rdated to the influence of the shock-caused temperaure gradient on

concrete freezing and thawing, the following condusions can be given:

- A high temperature gradient caused by a temperature shock can be expected, as a rule, in
the firgt five minutes after gpplication of deicing sdts, meaning its action is very soon.

- Dedructive dresses increese only in a rdaively narow outer concrete zone severd
millimeters thick.

- Internd tensile stresses can range between 14 N/mm? that is equd to the concrete tensle
srength. Such repeated sStresses can lead to micro cracks in concrete and to a further

damage of the concrete surface.
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An additiond cause of concrete damage can be the difference in deformation of the hardened
cement paste and aggregate due to temperature. The greater the difference of their expansion,
the greater the danger of concrete damage.

54 Trangport

5.4.1 Microstructureof Concrete

A dose examingion of concrete reveds a very rich and complex microdructure [5.2]. It is
comprised of a variety of phases with diverse maerid propeties For amplicity, concrete
can be thought compossd of cement paste, sand and aggregate. Each phase can be
characterized by different length scdes, which correspond to a typicd pore diameter, the sze
that may span over many decades from nanometers to millimeters. Firdly, the cement pagte is
conddered a the amdlest scde where it is largdy composad of a cdcium dlicate hydrate (C-
SH) gd that is comprised of nanometer sze C-SH particles and pores. At the micrometer
scae, the cement paste and aggregate (sand and stones) form a composite materid, which, in
addition, may contain ar voids (at the milimeter scae). Another feature that may be present in
concrete is the so-cdled interfecid zone. The interfacid zone is a region of an order of 10-40
micrometers near the cement paste/aggregate boundary, where there is an increase in porosty.
The increase in porogty is probably a result of an inability of cement partices to densdy pack
near the paseaggregate boundary. The intefacid zone can dramaticdly enhance the
trangoort  properties of concrete. For indance, when there is a lage volume fraction of
aggregae it is essy for the interfacid zone to percolate through the sysem forming a highly
permegble path.

The complexity of concret€s microdructure mekes the theoreticd and experimenta
investigation of its trangport properties a grest chdlenge. Trangport of fluids and materids
depend on a large number of factors, such as porodty, pore Sze didribution, connectivity, and
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tortuogty. These factors, in turn, depend on the volume fraction of materids used, deails of
cement hydration, and the processing of concrete. In addition, new high-performance concrete
(HPC-9) mixtures are being devdoped. HPCs are composed of a wide vaiety of maerids,
auch as dlica fume, blast furnace dag, fly ash, and pladiszers, to name but a few, that can

greatly dter concrete s trangport properties by modifying its pore structure.

Trangport mechanigms  indlude permesbility, diffuson, dectricd conductivity, and capillary
transport.

Fluid Permeability. A random porous medium is a network of pores of varying size. When this
network forms a connected path through the medium, it is capable of transporting fluids. The
permesbility of concrete characterizes the ability of a fluid-saturated porous medium to transport
fluids when subjected to an applied pressure gradient and is defined by the Darcy’s law. Permesbility
is a mgjor factor that determines durability of concrete structures. If the permeability is low, durability
of a dructure is improved because the transport of aggressive substances, such as oxygen, chlorides
and carbon dioxide, is disabled.

Diffusion-based predictions of permeability. Another promisng approach towards
permesbility edimetion has been to condder diffuson bounds. Idedly, such methods would
be useful for determining the permesbility of concrete with an extremey low connected
porodty and thus a very low permegbility. To undersand how diffuson might be reated to
permesbility, condder a st of uniformly didributed particles thet are dlowed to diffuse in a
porous medium. The average time it takes the particles to reech a wal is cdled the mean
lifetime, of the particles

Air Permeability. The study of air permeability is important for understanding the ability of HPC to
encapsulate hazardous materids or act as a barrier to gasses such as radon. Air permesbility studies
may aso aid understanding the ingress of carbon dioxide that results in the carbonation of concrete.
The air permeahility method is based on creating vacuum on the surface of concrete and in measuring
the rate a which pressure is decreasing. This method is applicable for measurement in-situ. Main

problem of method is definition of volume in concrete from which gas flowing.
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Gas permeability. Gas permeghility is property by which materid dlows gas to pass through
it under a pressure difference. The pressure difference between the two opposte sides of a test
specimen is kept congtant. The gas permestility test is alaboratory method.

Water permeability. Instead of gas, water flow through materid can be measured under
pressure. Water has lower viscodty than gas, and caculaion of permesbility coefficient is
more complicated, but method gives us a good comparison with red dtudtion a concrete

structures.

54.2 Chemical Reactions of Aggregates

Types of reactions. Chemicd reections of aggregates in concrete can affect the
performance of concrete Sructure [5.3]. Some reections may be beneficid; others may result
in a srious damage to the concrete by causing admormd internd expanson which may
produce cracking, displacement of dements within larger sructurd entities, and loss of
strength.

Alkdi-dlica reection — the reaction that has recelved the greastest attention and which was the
firg one recognized, involves a reaction between the OH ion associated with the dkdis
(N&2O ad K:0) from the cement and other sources, with certain sliceous congituents that
may be present in the aggregate. This phenomenon was refered to as “dkdi-aggregate
reaction”, but is more properly designated as an “dkdi-slicareaction”.

Mechanisms increase spacing -Alkdi-dlica reaction can cause expandon and cracking of
concrete gructures and pavements. Silica can be dissolved in solutions of a high pH. The
intid reection product a the surface will be a non-swdling cddum-dkdi sglica gd
goproaching C-SH. For a reaction to continue safely, the amount of reective materid must
dther be negligible or more than a pessmum (means wors, the opposite of optimum)
amount, depending on the amount of dkdi and the fineness of the reactive materid.
Formetion of a nonexpandve product is dedrable and will occur, if the reactive particles
present are aufficiently numerous or sufficiently fine. Alkdi-dlica reective materids of high

fineness ae in fact pozzolanic materids and blast-furnace dag. If properly made and used, the
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materids may transform the reactions to become beneficid. If the amount of dkdi is large,
with respect to the reective aggregate surface, the interior dkdi-slica gd with unlimited
expangve potentia will form, imbibe, water, and exert a potentidly destructive force.

Carbonation. When concrete or mortar is exposed to carbon dioxide, a reaction producing
carbonates takes place, which is accompanied by drinkage Virtudly dl the condituents of a
hydrated portland cement are susceptible to carbonation. The results can be ether beneficid
or hamful, depending on the time rae and extent to which they occur, and the
environmental exposure. In one hand, intentiond carbonation during production may improve
the drength, hardness, and dimendond dability of concrete products. In another, carbonation
may result in deterioration, and a decrease in the pH, of the cement paste leading to ©rroson
of reinforcement near the surface Exposure to carbon dioxide during the hardening process
may dfect the finished surface of dabs, leaving a soft, duding, less wear-resstant surface.
During the hardening process, the use of unvented heaters, o exposure to exhaust fumes from
equipment or other sources, can produce a highly porous surface subject to further chemicd
attack. The source of the carbon dioxide can be ether the atmosphere or weater carrying
dissolved COp.

Atmospheric carbonation — a reaction of a hydrated portland cement with carbon dioxide in
the ar is generdly a dow process. It is highly dependent on the rdative humidity of the
environment, temperaiure, permesbility of the concrete, and concentration of CO.. Highest
rates of carbonaion occur when the rdaive humidity is mantaned beween 50 and 75
percent. Bdow a 25 percent rdadive humidity, the degree of carbonation that takes place is
congdered indgnificant. Above a 75 percent rdative humidity, moisure in the pores regtricts
CO: peneration. A redivey permesble concrete undergoes a more rapid and extensve
carbonation than a dense, wel-consolidated, and cured concrete. Lower weater-cement ratios
and good consolidetion dso sarve to reduce permesbility and redtrict carbonation to the
aurface. Concrete in indudrid areas with higher concentrations of CO; in the ar is more

susceptible to attack.



Cabondion by ground wae — Carbon dioxide abosorbed by ran enters the ground waer as

carbonic acid.

Table5.1 Factors influencing chemicd attack on concrete

Factors which accelerate or aggravate attack

Factors which mitigate or delay atack

P High porosity dueto:
High water absorption
Permesbility
Vaids

P Cracks and separdions due to:
Stress concentrations

Therma shock

P Dense concrete achieved by:
Proper mixture proportioning
Reduced unit water content
Increased cementitious material content
Air entrainment
Adequate consolidation
Effective curing
P Reduced tensile gress in concrete by:
Usng tendle renforcement of adequate
Sze, correctly placed
Induson of pozzodan (o suppres
temperaturerise)

Provison of adeguate contraction joints

P Leaching and liquid penetration due to:
Howing liquid
Ponding

Hydraulic pressure

P Structurd design
To minimize aes of oontact and
turbulence
Provison of membranes and protective-

barrier syslems to reduce penetration
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6 Overview of Testing Methods

Corroson of reinforcing sed in concrete is causng damege in concrete dructures dl round
the world, and problems associated with corroson ae growing [6.1]. Corroson  induced
Octerioration is rdated to the use of thawing <dts, influence of the marine environment, and
influence of the atmospheric carbon dioxide All kinds of dvil engineering fadlities, such as
bridge, trangoortation infragructure, tunnds, buildings ae in danger, o that corroson
monitoring and condiion monitoring in generd  are  becoming essntid.  Vaious
electrochemicd and nondectrochemicd methods are developed for this purpose (Fig. 6.1).
Nonelectrochemicd methods include various approaches from visud inspections of concrete
dructures to infrared thermogrgphy and acoudic emisson methods. Electrochemicad  methods
can be divided into static measurements and polarization messurements. The methods can be
adso categorized as in Stu and laboratory measurements Each of these gpproaches has certain
advantages and disadvantages, and the best gpproach is to combine them. Determinaion of
the reinforcement corroson in concrete is a complex problem, which requires experienced
goecidids. Successful messurement of corroson requires good underslanding of corroson
processes Otherwise, misnterpretations are frequently mede.
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Fig. 6.1 Factors Influencing the Rate of Corrosion of Stedl in Concrete

Structures
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There are many devices for corroson invedtigation, but there is no dngle technique which
will tdl the engineer what precisdly to look for, what is the extent of damege, and how rapidly
the damage will grow with time? Visud ingpection is dways the first step in the Structurd
evauation., where the main equipment isthe human eye & brain (Fig. 6.2).

R

Fig. 6.2 Visud ingpection

The depth of cover cracks spdling and ddamination of concrete are mgor indicaiors of
dructurd performance, and of interest in the condition assessment of the dructure. Evauation
of the degree of corrosion is a prdiminary step in the corrosion identification, that needs to be
further investigated. A profometer (Fig. 6.3) is a rebar locator which assgts visud inspection
in locating reinforcing bars and messures the depth of concrete cover and diameter
reinforcement depths by means of magnetic induction.
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Fig. 6.3 Profometer

There are two principle causes of corrodon: a chloride atack on rebars and carbonation of
concrete. The didinction between these two is important, because the type of repair may be
determined by the cause of corroson. Carbonation is eesly detected and measured by
exposing fresh concrete and spraying phenolphthaen indicator (Fig. 6.4) oniit.

Fig. 6.4 Phendlphthdein indicator
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Chloride Content Examination. The method involves drilling smal holes in the concrete a
the levd of reinforcement, taking out powder and the andyss of the powder in the laboraory
to find the chloride content [6.2].

6.1 Measurement of the Diffusion Coefficient

The technique utilizes a deady dae condition of diffuson to measure the diffusion
coefficient [6.3]. The setup indudes two chambers (Fig. 6.5): the firsg contains a solution of
the diffusant under dudy, while the second chamber contains the sample and the solution
(initidly free of the diffusant). The concentration of the diffusant in chamber two is measured
periodicdly and plotted.

chamber 1 chamber 2

concrete specimens

Fig. 6.5 Page cdll

6.2 Electrical Indication of Concrete' s Ability to Resist Chloride lon Penetration
The tet method covers determination of the éectricd conductance of concrete to provide a
rapid indication of its resistance to penetration of chlorideions[6.3]:

| = UE[A] ., R=043wW
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Q = 900 (lo+ 2l a0+ 2o+ ... +2l a0+ 2l 320+ 2l 360)

| = current (amperes)

U = valtage (valts)

R = resstance (ohms)

Q = charge passed (coulombs)

lo = current (amperes) immediately after voltage is gpplied, and
lt = current (amperes) a t min after voltage is gpplied.

6.3 Determination of Effects of Chemical Admixtures on the Corroson of Embedded

Sted Reinforcement in Concrete Exposed to Chloride Environments

The ASTM dandard tes method [64] is useful in evdudion of efficiency of corroson
inhibitors to be used in concrete. Three concrete mini beams are cagt with one rebar a the top
and two a the bottom (Fig. 6.6). Each bar is atached to a ground damp. A grounding wire
connects two bottom bars. A 100W resgtor is placed between the bottom bars and the top bar
through the ground connectors. The voltage across the resdor is measured till the microcell
current increases to 10 mA for a leest hdf of gpecimens. That point is indication of
reinforcement being totally corroded.

PexigasDam 3% NaCl Solution Rebar

Ground CLAMP Tape

Fig. 6.6 Diagram (Sde view) of concrete minibeam specimen
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6.4 Concrete Structure

Gas - Permeahiility

a) Method of gas permegbility a constant ges pressure difference

The machine used to measure concrete permegbility (nitrogen under congtant pressure) [6.5]
isshownin Hg. 6.7.

Fig. 6.7 A machine used to measure concrete permesbility

The theory behind the method of gas permesbility a a congant pressure difference is based
on the HagenPoisallle rdaionship. The rdaionship is for laminar dreaming of a
compressble fluid through a regulaly shaped modd with a saies of narow pardld

cpillaries under gdable conditions. The solution of the sysem points to a pecific gas
permesbility coefficient Kg, given by equétion (6.1):

2 Xh XL X0 X
K, = SRl E () 6.1)
A X(pl - pz)
where,
K- spedific gas permesbility coefficient (m)
Q - flow (m9)
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P, - input pressure (absolute) (N/m2)

P, - output pressure (amospheric) (N/mz)
L - thickness of the sample in the flow direction (m)

h - dynamic viscosity (Ns'm)
A - aeaof thesample (m2)

Methods of gas permeghbility a a variable pressure difference are non-destructive methods for
ingtu tesing. Instead of gas, a meassurement of water flow under pressure through a meteriad

can beused This method compareswell to red Stuationsin concrete structures.

Fig. 6.8 Waterproof testing



6.5 Resstanceto Frost

Evduation of concrete resstance to frost and sdt action is done to predict its sarvice life

to determine the auitability of concrete compostion, and to detect a possble need for

implementation of protection measures. The difficulty lies in the fact that there is a no sngle

teting method tha provides information about the durability, for each concrete composition,

for dl placement methods and for dl environmentd conditions gppearing in practice (Teble

6.1[6.6,6.7)).
Table6.1 Choice of Optimum Method
Method Resstance Criteria Type of Structure and
Exposure

Resgtance to Frost Decrease in compressive | Facades, columns, dabs
srength. and other gtructura
Decrease in dynamic elements not congtantly
modulus. exposed to water.

Decreasein flexurd

Hydraulic ructures and

during freezing

drength. sructura dements
Change of resonance exposed to water.
frequency.
Resistance to frost and Surface damage All structures where sdlt
decing st IS applied (roads,
runways, platforms,
industria objects).
Linear deformations Dilation factor All types of strudures

Microscopic
determination of air voids

Digance factor £ 0.2 mm

All types of structures

Critica saturation - Scr

Scr =0.80-0.95

Only laboratory method,
for prdiminary testing
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6.6 Half Cdl Potentials

The principle of the method [6.8] is to devdop dectricd hdf-cdl potentid between the
reinforcing stedd and a copper/copper — sulfate reference eectrode (Fig. 6.9). The hdf-cdl is
moved in a grid pattern over the concrete surface to be invettigated, and the eectrode
potentidls are measured a esch point usng a high impedance vdtmeter. The measured
potentid is mgpped in a form of equipotentid contours to identify the corroson arees (Fg.
6.10).

Excess of Cupric
Sulfate Crystas

Liquid Leve of Copper Rod

Copper Sulfate
Copper Heed
e Soluti /on /

VA
7

Porous Plug

Sponge

/

Non Conductive, Non-

Capfor
Attaching sulfate or Copper
Voltmeter Lead Reactive Outer Jacket

Fig. 6.9 Sectiond View of a Copper-Copper Sulfate Half Cell
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8L4 /18

pl

p2

p3

p4

p6

p7

1 2 3 4 5 6 7 8

Measured potentid Ey (CW/CuSO4 EQUI) Probability of Corrosion
N -350(mV) >90 %
] -201 -350 (mV) @60 %
I:l -200 (mV) <10%

Fig. 6.10 Equipotentia Contour MapPlotted usng Half-Cdl Readings
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GECOR6 [696.10] is the laet corroson rae meer developed under EurekalEurocare
project EU-401, and has three mgor components a rate meter that automaticaly controls the
sysem, a sensor for corroson rae and hdf-cel potentid measurements, and a sensor for
concrete  resdivity, ambient temperature and rddive humidity meesurements. The linear
polarizetion technique for corroson rate messurement provides a quantitetive information on

the deterioration rate,

6.7 Portable Seismic Pavement Analyzer (PSPA)

The PSPA is a device for nondedructive evaduation of materid properties and defects in
bridge decks and the top pavement layer using seismic techniques [6.11].
Useof the PSPA
- Quadlity contral / quaity assurance
- Evauation of bridge deck ddamination
- Detection of voidswithin structurd dements
- Monitoring of concrete curing
Parameters Measured
- Portland Cement Concrete

Elastic moduli of the surface layer
Poisson’sratio
Sab thickness or pogtion of the ddamination
- Asphdt Concrete
Elagtic moduli of the suface layer
Poisson’sratio
Thickness
Implemented Seismic Techniques
- Ultrasonic Body Wave (UBW)
- Ultrasonic Surface Wave (USW)

- Impact Echo (IE)
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Evduation of dagic moduli and layer thickness by UBW and IE methods is presented in

Fig. 6.11.

IMPACT RECEIVER
DELAMINATION
SOURCEV o

A SOLID
INITIALLY DELAMINATED

~

I Ny T
0 10 20
Frequency, kHz
IMPACT RECEIVER DFl AMINATION

SOURCE,

0 10 20 30 40
Frequency, kHz

Fig. 6.11 Evdudion of dagtic moduli and layer thickness by UBW and |E methods

In the fird pat of the tedt, the UBW method is used to messure the velocity of the
compresson wave. In the second pat, the IE test is used to measure the frequency of
reflections from a reflector, the return frequency. From the return frequency and the
compresson wave velocity the depth of the reflector can be cdculated. If there is an initital
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ddaminaion, the return frequency is higher than the return frequency for reflections from
the deck bottom (upper figure. For a severdy ddaminated deck, a sgnificantly lower return
frequency is observed This is because the dominant response is coming from oscillations of
the whole upper ddaminated portion of deck, indead of wave reflections from the

ddamingtion (lower figure).
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6.8 Example - Bridge Deck Overlay Evaluation Plan

Purpose. This outline provides an overview of procedures required in evduation of bridge
deck overlays[6.12].

Task 1. Evauate conditions of each inddlaion before an overlay is placed usng condition
evauation procedures smilar to those used in the Strategic Highway Research Program to the
extent it is practicd. Include the following:

Electricd haf-cdl potentids (ASTM C876)

Chloride ion content profiles

Crack and patches maps

Permeshility to chlorideion (AASHTO T277)

Preingdlation photographic records

Task 2. Document the specifications used for eech ingallation.
For hydraulic cement concrete, record (or test) and report:
Site preparation and preoverlay repairs
Surface preparation (include moisture condition of deck surface)
Overlay technology sdected
Overlay design thickness
Ovelay desgnlife
Mixture proportions and characterigtics of components (induding moisture content of
aggregates); indude slicafumeif used
Curing method and time (follow State standard practice)
Bond strength (VTM-92, ACI 503, or equivaent)
Compressive grength (ASTM C39)
Grout--follow State standard practice unless EK| bonding processi s being used
For polymer overlays record (or test) and report:

Site preparation and preoverlay repairs
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Surface preparation

Overlay technology sdlected

Overlay design thickness

Overlay desgn life

Mixture proportions

Binder-to-aggregate raio

Pot Life (ASTM C881)

Tensle srength (ASTM D638)

Tensle dongation (ASTM D638)

Viscosity (ASTM D2393)

Minimum compressive strength a 3 hrs (ASTM C109)
Minimum compressive strength a 24 hrs (ASTM C109)
Minimum adhesion strength a 24 hrs (VTM-92, ACI 503, or equd)
Curing shrinkage

Task 3. Record results of job control testing or quality assurance testing for each Ste.
Tegtsfor hydraulic cement concrete:

Mixture proportions and characterigtics of components including admixtures

Record the placement time

Record climatic conditions during the placement, including temperature, wind Speed,

relaive humidity, and rainfal

Mesasure rate of evaporation during the placement

Compare actud mix properties to design pecifications

Water-to-cement rtio

Drying shrinkage of the overlay concrete (ASTM C157)

Thermd coefficients of the deck and overlay concrete

Sump

Compressive strength of the overlay (1 day and 28 days) (ASTM C39)

Concrete temperature
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Aggregate gradations and moisture content
Entrained air
Curing time and type
Tedtsfor polymer overlays
Mixture proportions and characteristics of components
Record the placement time
Record dimatic conditions during the placement
Binder-to-aggregete ratio
Thermd coefficients of deck and overlay concrete
Pot Life (ASTM C831)
Tendle strength (ASTM D638)
Tensle dongation (ASTM D633)
Viscosty (ASTM D2393)
Min. compressive strength a 3 hrs (ASTM C109)
Min. compressive srength & 24 hrs (ASTM C109)
Min. adhesion strength at 24 hrs (VTM -92; modified ACI 503)

Task 4. Evduateinitid conditions after placement of each inddlation.

For ether hydraulic cement concrete or polymer overlays
L ocate delaminations before opening to traffic usng chain drag or other methods
Measure roughness before opening to traffic usng the Sraight edge
Perform skid tests after 4 to 8 weeks of traffic; follow the State standard practice; report
the procedure and reaults. If possble tests should be peformed a 40 and 50 mph usng
both abald and aribbed tire.
Measure dectricd hdf-cdl potentid (ASTM C876) on one lane of one span before
opening to treffic
Conduct three VTM-92 (modified AClI 503) or any reproducible tensle adheson tedts

goproximately Six weeks after theingdlation.
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Conduct three AASHTO T277 permesbility tests on cores approximately sx weeks after
the ingdlaion. The cores should be taken no earlier than 14 days dfter the ingdlation.
Use test cores to determine the thickness of the overlay.

Pogt ingdlation photographic record

Map cracks, patches, and test locations

Report cost of the overlay

Task 5. Evduate condition of each inddlaion annudly.

Asaminimum, conduct avisud Ste ingoection once ayear and document changes, if any
Cdllect weigh-in-motion data if possble, traffic volumes, 80kN ESALS

Summarize dimatic conditions, number of sdt gpplications

Task 6. Evduate find condition of inddlaion. Repest tests in Task 4 as waranted during
the last fild ingpection prior to the find report.

Chlorideion content profile

Review and summarize bridge deck condition data from previous ingpection reports

Task 7. Submit draft and find report to the FHWA. Incdude an edimate of the remaning
savice life of the overlay and an evduation of its cost-effectiveness. Include an assessment of
how well the project met the objectives of Section 6005 (€) 7, which dates:

As a pat of the program under this subsection, the secretary shdl carry out projects to assess
the date of technology with respect to thin bonded overlays (induding inorganic bonding
sysgems) and surface lamination of pavement, and to assess the feaghility of, and costs and
benefits associated with, the repair, rehabilitation, and upgrading of highways and bridges
with overlay. Such projects shdl be caried out 0 as to minimize overlay thickness minimize

initid laydown cogts, minimize time out of service, and maximize lifecyde durability.
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7 Repair of Reinforced Concrete Structures Damaged by Corroson of
Reinfor cement

7.1 Overlays

This chapter dedls with overlays placed on a cured bridge deck as a protective shidd againgt
water, chemicals, abrason, or dipperiness[7.1].

Need for overlays

Waterproof barrier. The primary reason for the use of overlays is prevention and repar of
gpdling on concrete bridge decks Such spdling is a result of expandve forces built up within
the deck concrde by the products of corroson of reinforcement sted. Such corroson is
induced by a presence of moisture and chlorides. Cracks over the reinforcement or pores can
acclerate the rate of deterioration. Thus, where cracks or porous concrete are evident ad
deicers are used, some type of a waterproof barrier should be provided or spdling may be
anticipated.

It should be reemphasized that a careful dtention to good design and condruction practices,
as st forth dsawhere in this standard practice, should sgnificantly reduce the propagation of
cracks and prevent the acceptance of poor quality concrete. However, where repair costs have
become excessve or where good practice is known to have been compromised, an overlay
may be a cost-effective means of extending service life.

Sipperiness Bridge decks, like dl roadway surfaces, must be adequatdy skid-resistant.
Occasondly, repid surface wear, due to condruction deficiencies and inadequate skid-
resdant aggregates, induces dipperiness. Overlays provide means for correcting  this
deficiency.

Wearing course The use of studded tires has markedly increased the abrasve wear on some
bridges. Conseguently, overlays may be conddered as a sacrificid wearing course, since the
loss through dorason of an overlay would not reduce the section modulus or critical clear
cover over reinforcing sted in the structurd dab. Overlays can be replaced with rdaive ease
and low cogt.
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Reduction of wheel load effect Asphdtic concrete (AC) overlays are commonly used to
provide whed load didtribution and a smooth riding surface which helps reduce impact. They

are ds0 used as ariding surface over waterproofing membranes.

7.2 Required Propertiesof Overlays

The required properties of overlays depend on ther intended purpose, as discussed above.

Properties required for all overlays Severd properties are generdly required for al overlays,
regardless of the reasons leading to their use.

Adhesion to concrete or bond is a fundamentd requirement for most overlays. Without
acheson, overlays soon ddaminate which, & best present an undghtly appearance and, a
worg, require extensve repair.

Cohesion or resstance to shear within the overlay itsdf is necessary to resst the ress the
stresses induced by the turning and braking of the heaviest vehides. This resstance may be
relevant when consdering the use of unreinforced thermoplagtic materias, such as asphat.

Skid resistance is a fundamental requirement of an overlay, whether or not thet is the purpose
for which it was intended, because the overlay becomes the road surface. This property
requires addition of an dorasonressant aggregate to most of the polymer-type maerids
currently marketed as overlays. Grooving (diamond blade saw cut of hardened concrete) or
texturing (of plastic concrete) is usualy required when placing concrete overlays.

Durability, used here as ressance to aorason, deformation and decay, is ancther important
property. Many materids, such as bitumens, soften under high temperatures and became
subject to rutting. Such rutting may be imperceptible in the roadway, but cregtes an
undesrable bump a bridge joints Other products may become brittle with age or when
oxidized, and thus may not retain the propeties for which they were intended. Extended
service higories should be investigated for any proposed overlay.

Properties required for waterproof barriers. In addition to the propeties liged above
waterproof barriers should be designed so that the conditions which could lead to the intruson

of moisture and chloride ions are conddered.
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Impermeability is an important propety of waeproof baries Maeids may be
impermegble in lab test conditions but may be affected by ultraviolet rays or by the heat from
agphdt paving. Introducing aggegates for skid ressance or as bulk fille's may dso cregte
interconnected voids that admit water. Some condruction techniques induce foaming and
porosity which may increase weter intrusion.

Crack resgtance is another important requirement for a waterproof barrier. Development of
cracks in concrete is one of the conditions leading to the use of a waterproof barrier. Hence,
barier materids must be capable of bridging such cracks in the undelying deck and
remaning waterproof. Reflective cracking in lridge decks is a much grester problem on long
span, cast-in-place decks.

Bridge decks expand and contract with temperature change, and overlays placed on them must
do likewise without loss of bond. Where thermd incompatibilities exis between the concrete
and the membrane, shear dresses will be created by temperature change. These dresses are
proportiond to the membrane thickness. Such dresses may exceed the bond drength of the
membrane or the shear drength of the concrete, and the resulting falure will destroy the
membrane's effectiveness. Thus, the coefficient of expanson of any membrane materid is &
important property where substantial temperature changes occur.

7.3 Typesof Overlays

Overlays can be grouped into three categories (Fig. 7.1):

Type| — Thin overlays

Typell — Concrete — based overlays

Type 1l — Combined - sysem overlays

Thin overlays Thin overlays have thickness of %in. or less and therefore add minima deed
load to dructures. Ther primary function may be to increase the skid ressance on dippery
decks or to act as surface membranes to minimize penetration of waer and chloride ions.
They must genadly be goplied to dry concrete surfaces. Thin overlays usudly involve
durable, abrason — resdant aggregates glued together by various binders incduding asphdtic
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emuldons polymer resns and polyme-modified cements Thin overlays are generdly not
recommended for badly spdled or deteriorated decks. Specidized expertise may be needed to
properly apply these systems.

Concrete overlays. The thickness of this type of overlay varies from 1 in. to about 2% in.
These overlays incdude laex-modified concrete, polyester-modified concrete,  low-dump
dense concrete, fast setting concrete, and some variations involving sted fiber or slica fume,
or highrange water-reducing mixtures or cathodic protection. The primary function of these
sysems is to replace deteriorated concrete or agphat wearing surfaces with an economicd,
durable, crackreddat, low-permegbility materid without dgnificantly increesng the dead
load on the dructure. Relative advanteges and disadvantages of the sysems may vary from
one region to another, depending on loca economic, climatic and design factors.

The sdection of an overlay sysem should be a result of congderation of particular structura
and dte conditions. Shrinkage and surface cracking of concrete overlays ae likdy to be
sgnificant factors in cold climates where deicing sdts are used, as compared to a little use of
deicing sdts Shrinkage cracking is dso a dgnificant factor in dry and windy dimates. Hight
dump mixes (higher than 4in. dump) ae not recommended for decks with longituding
grades exceading 2 percet. Cathodic protection sysems should be routindy monitored to
insure continued performance. The use of ded fibers, or admixtures such as dlica fume or
uperpladticizers, is generdly intended to improve crack resstance and impermesbility. Prior
to use, field experience of any particular sysem should be investigated.

Membrane and AC overlays. This overlay type includes a waterproofing membrane covered
with one or two courses of asphdtic concrete. The totd thickness range is usudly from 2 to 4
in. The economics of agphdt makes this a good option, in addition to a good riding and shock
absorbing qudities of the materid.

There ae many types of membranes, induding hot applied, rubberized membranes, shet
membranes and liquid-gpplied, polymer membranes The membranes should be capable of
bonding to concrete, bridging cracks, waterproofing, and bonding to AC overlays without
being affected by possbly a 300 °F hot agpphdt. Some membranes require protection boards
and two passes of agphdtic concrete in order to minimize damage during compaction These
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sysems may not be suiteble for repair of exiding bridges that were not designed for an extra
dead load. Some shest membranes may not bond well to concrete, or may debond a laer
dates if exposed to heat and sunlight, which creste vapor pressure and wesken the bond due to
temperaure. Liquid-gpplied membranes may require a specid expetise. Membranes are not
recommended for a repair of badly ddaminaed decks with corroded reinforcing bars close to
the surface.

Asphaltic concrete overlays Asphdtic concrete overlays are used on bridge decks to provide
a snooth riding surface and hep reduce damaging impacs to deck [7.2]. They ae dso
commonly used as a protective-wearing surface for peneration asphdt, membrane
waterproofing system, or other deck seders. Prior to he use of any overlay or increasng the
thickness of an exiding overlay, the ability of the structure to cary the added load should be
invedigated. As a rule, however, agphdtic concrete overlays are rddively porous and, by
themsdves do not provide an effective sed. This porodty entraps sdt-laden moidure which,
in the adbsence of an effective deck seder, can promote deck deterioration. As precautionary
messure a multiple-course penetration asphdt surface trestment, membrane, or other deck
seder should dways be gpplied prior to an asphdtic concrete overlay. When placing asphdtic
concrete overlays, end dams should be provided a expandon joints to protect the overlay next
to the joint and keep the overlay maerid out of the joint.

Exiging asgphdtic overlays on concrete bridge decks should be ingpected periodicaly for
cracking and debonding from the concrete. A hammer or rod may be used to locate unbonded
aress in the overlay. These areas are more commonly found dong curbs, expandon joints and
a locaions where the overlay has cracked. Once located, the overlay in these loose aress
should be removed and replaced. Attempts should aso be made to determine the condition of
the concrete beneath to overlay. If the concrete deck is deteriorated, dl unsound concrete
should be removed and replaced prior to replacing the asphdtic overlay. Care should be taken
to finish the concrete patch flush with the existing deck. Dormant cracks in the concrete
should be filled and active cracks should be seded with crack-seding materid to prevent

entry of water.
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To insure good adhesion, the concrete deck must be dry and primed with an effective seder
and a bonding agent before the asphdtic overlay is placed. Care should be taken to assure that
the overlay isthoroughly compacted.

Wearing courses are generally asphdltic concretes. The design of such courses is beyond the scope of
the mentioned standard practice. An AC overlay should not be used directly on a portland cement
concrete deck without a waterproofing membrane. All AC mixtures are inherently porous and reedily
conduct water and chlorides to the portland cement concrete deck where they cannot be flushed off.
Such impounded brine greatly accelerates bridge deck deterioration, which is then difficutt to observe

or measure below the asphalt. Also, the permesbility of AC grestly increases with age.

Typel Typell Typelll
Thin Coating Mortar overlay Interlayer Membrane Wearing Course
CONCRETE CONCRETE CONCRETE
COATINGS MORTARS COMBINED SYSTEMS

Fig. 7.1 Severd types of overlays showing wearing courses and/or interlayer membranes

7.4 Positive Protective Systems

Repar cogs for reparing corroson-caused damege are typicdly very high [7.3,7.4]. Many
protective systems have been proposed, some of which have been shown to be effective while
others have faled. It is beyond the scope of this guide to discuss dl posshle sysems
However, the most successful system are listed in the following paragraphs.
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Overlays and patches of very low waer-cement rdio (0.32) udng conventiond low-dump
concrete, latex-modified concrete overlays, concrete containing slica fume, and concrete
containing high-range water reducing admixtures.

“Waterproof” membranes.

Surface protective-barrier  systems produced from sdected dlanes, dloxanes, epoxies,
polyurethanes, and methacrylates.

Cathodic protection.

Polymer impregnetion.

Replacement of the exiging concrete with concrete containing a corrosion inhibitor.

Overlays of Agphdt Concrete with carason inhibitors (Appendix C).

75 StepsRequired in Repair of Bridge Decks

The sysematic approach to the repair of a reinforcedconcrete structure [7.6], damaged by
reinforcement corroson, condsts of a number of separate activities presented by a flow
diagram in FHg. 7.2. The sysdemdic gpproach to the repair of reinforced —concrete structures
condss of a number of sparate activities anamness diagnods, repar design, repar

execution, handing over, monitoring and maintenance.

To take a proper atitude concerning the degradation factors, it is necessay to carry out the
following ativities
A detaled research on dimatic and microdimatic conditions, as wel as of technologica
purposes (functions) of the structure
A detaled research of the initid dae a dructurd dement (properties of the materids,
dimendons) on a representetive pogtion (pot). This is in fact the fird dep, or the

anamnesis of the structure's condition.
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Anamnesis
Visual classification
Testing of material on damage representative positions (spots)

A 4

Diagnosis
Classification (1 - 5 degrees/ stages)
Evaluation of safety & functionality
Expected life-span
Damage certificate

Repair Project (Design)
- Selection of repair methods
- Selection of criteriafor the materials
- Construction details
- Criteriafor the realization procedure and quality control
assurance
- Maintenance plan
- Monitoring plan

v

Realization
Selection of a Specialized Contractor
Quality Control 1st level
Quality Assurance and Quality Control of materials
(Attest / Certificate)
Quality Control 2nd level
Quality Control during repairing
Quality Control 3rd level
Quality Acceptance (from Investor)

Decisions According to Repair Project'sCriteria

Monitoring and Maintenance

Fig. 7.2 Method flow diagram in repair of reinforced-concrete Structures



The next sep is the diagnosis which includes definition of causes and consequences of the
damage identified. On the bads of visud edimates and the results obtained from testing of
dements a representaive podtions in the dructure (including testing performed directly on
the dructure, and of the samples taken from the Structure), the damege is dasdfied into 5
categories (degrees), according to the criteria given in Table 7.2 [7.6,7.7]. Accordingly, the
find dasdfication of the damage into the categories is a visud dassfication supplemented by
criteria of boundary vaues for the parameters tested on the dructure, or on the samples in the
|aboratory.

The decison of a drategy of reinforced concrete structures repair design may be based on
different principles with respect to dther totd prevention or dlowing of aggressive
subgtances to penetrate into concrete. The sdected principle (method) should be conggently
caried out on the bass of a good knowledge of corroson dectrochemica processes on the
reinforcement surface, and chemicd and physca processes in the concrete protective layer.
Besdes the principle (method) sdection, the repar-work desgn shoud dso provide criteria
for repar maerids, execution, qudity control, and the dlowed change of the repared
structure or of the state of a tructural dement within the warranty period Repar-work can be
assgned only to the Contractor with the references for smilar works. Corroson of the
reinforcement depends on the trangt (transport) of the substances from the environment into
the protection layer of the concrete. This means that in repar of reinforced-concrete structure
damaged by reinforcement corrosion, qudity and the thickness of the protective layer hold the

grestest significance.

Qudlity control should be carried out in three Sages:

| stage - qudity assurance and qudity control of materids
Il stage - qudity control during the repair execution

Il sage - acceptance of the qudity by the investor.
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The handing over date of the repared dructure does not meen that the repar project is
successful. It is necessay to continue with monitoring and maintenance consgently as
determined by the repair project.
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Table 7.1 Criteriafor the find classfication of damage

Fina category | Visud edimate Criteriafor boundary vaues
of damage Gas Chemicd andyss Corrosion Pull off
permesbility Measurement  of | I /o5 Rate [7.9]
In?/ potertidls pH ImA/en?/ o
mv/
I air-bubbles on <10% <04 <0.20 <5% of
Surface of the surface, cracks | >10™° >-200 >11 no corrosion design
imperfections | <0.1 mm strength
I Cracks <1mm, 04-1.0 020-1.0 <10% of
Initial Shear stedl vishle 1-5 10*° -200t0 -350 11-10 corrosion for design
depth <Gmm 10— 20 years strength
[l Cracks 1-2mm, >1 1-10 <25% of
Advanced | concrete delamination | 5-10 10 <-350 10-9 corrosion for designed
upto 1 mm, depth <10mm 2—-10years strength
v Concrete delamination >2.0 >10
Adtive up to 30 mm, concrete | < 10™*° <-500 <9 corrosion for -
splitting from depth <30mm <2 years
reinforcement
\Vj Damage t depth of 50
Criticd mm, concrete breaking | - - - -

off from the
reinforcement,
reinforcement scaling

CI isconcentration of Chloride ions

pH is measure of acidity and alkalinity
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8 Summary and Conclusions

Concrete  ddamination (spdling) in bridge decks is a saious problem. Damage in
reinforced concrete dructures is caused by many factors, such as adkai-aggregate reaction,
fauty desgn and condruction, reinforcement corrodon, corrosve action of  chlorides,
geotechnica problems or in gened by mechanicd, chemicd, physcd, biologicd ad
environmental loads, as explained in Chapter 2. To make proper assessment of a dructure's
durability, it is important to define for it adive environmentd loads, resections materid
peformance and corresponding testing methods. Parameters obtained from the results of
performed test can be used in the design to determine the sze of the cross section, qudity and
the dze of renforcement, as wdl a materid properties and parameters for the qudity
assurance and qudlity control.

A new way in the durability desgn of reinforced concrete structures is described in Chepter 3.
A mahematicd modd for the durability desgn of reinforced concrete structures that insures
bearing conditions during the entire sarvice life of a dructure, is presented. Unlike the
exiging methods, the time framework of the cdculaion is extended to the period of
propagation of the reinforcement corroson process in concrete. This contributes condderably
to an extenson of the sarvice life The modd is based on the proposd of supplementing the
exiting desgn procedure, based on the criteria of servicegbility limit dates by a new
criterion that insures the bearing cepaecity of the crosssection under conditions of a
smultaneous action of traditiond and environmenta loads Environmentd loads incorporate
durability factors, which can be expressed dther quditatively or quantitatively, and thus are
induded into the desgn procedures. Environmenta loads influence mosly changes in the
active bearing capecity of the reinforcement crosssection. The result of the proposed design
procedure, according to the corroson limit dae criterion, are the initistion and propagation
periods of corroson process, i.e the dructures sarvice life and its maintenance time schedule

within the entire desgned sarvice life Fndly, dimensoning according to the corroson limit
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date criterion often reduces the amount of reinfacement, in compaison to the amount

necessary according to the conditions of the cracking limit Sate.

A new gpproach in mix desgn of concrete was presented in the Chapter 4: Concrete
production by means of a knowledge supported mix desgn. Mix design of concrete is based
on the aswurance of the conditions of the sructurés design, assurance of the required
workability and concrete srength, and the durability assurance. The research conducted using
this agpproach resulted in a devdopment of the information sysem CAMDOC for the
computer aded mix design. CAMDOC provides ability of smple and quick reaction to dl
vaiable changes in the concrete mix, equipment and concrete production, for the purpose of
the concrete qudity control.

To better underdand how to meke high qudity concrete it is important to condder the
concrete gructure, externd influences and transport properties. Those are in details described
in Chepter 5. Since dl reinforced concrete, many of high importance, are susceptible to
corrogon, corroson monitoring and evauaion of sarvice life is necessry. For this purpose
different dectrochemicd and nondectrochemicd methods are shown in Chapter 6. Findly,
many reinforced concrete dructures end up with a corroson idnduced damage. Repar of
reinforced concrete Sructures damaged by corrosion is described in Chepter 7. To minimize
future damage, many protective sysems have been proposed, some of which have been
shown to be effective while others have faled. It was beyond the scope of this report to
discuss dl the possble sysems However, the most successful systems are liged below, from
which the firgt two are mostly recommended:

Replacement of the exising concrete with concrete containing a corroson inhibitor

(Appendices C and D).

Overlays of Agphdt Concrete with corrasion inhibitors (Appendices C and D).

Overlays and patches of very low waer-cement ratio (0.32) using convertiond low-dump

concrete, latex-modified concrete overlays, concrete containing slica fume, ad concrete

containing high-range water reducing admixtures.
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“Waterproof” membranes.

Surface protective-barrier  systems produced from sdected Slanes Sloxanes, epoxies,
polyurethanes, and methecrylates.

Cathodic protection.

Polymer impregnation.

After an invedigaion (Appendix D: Sudy of the Effectiveness of MCI/VCI Incorporated in
Asphdt Primer Coating), suggested overlaysare presented in Figure 8.1:
Replacement of the exiding concrete with concrete containing a corroson inhibitor
(Appendix C).
Overlays of Agphdt Concrete with corroson inhibitors (Appendix C).

Types of Bridge Deck Overlays
Typel Typell
After some time brushing
Corrosion inhibitor Asphat Concrete Asphdt Concretetcorrosion inhibitors
CONCRETE CONCRETE
+corrosion DECK
inhibitor

Fig. 8.1. Suggested blacktop resurfacing procedures.

Laboratory and dte testing of overlays with corrodon inhibitors in concrete and asphdt
concrete are recommended for further research work. Also, research and progress should be
mede by employing new concepts and models, and latest advances in concrete and Sted
production and protection. Recommended literature is given in Appendix E.
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Appendix A Basic Principles of the Fuzzy Sets Theory

The fuzzy sets theory was introduced by Zadeh [A.1] in 1965, as a result of a lack of classca
mathematicd apparai for dgorithm definition of certain sysems responses to input gimulus
Application of this theory dlows for regulation of the sysem’s contral by a series of rules that
smulate human (experienced) behavior. The fuzzy sets theory reached its pesk in practice in
eighties and its quick devdopment to date has resulted in amazing achievements concerning the
upervison of even the mos complex processes. To explan the procedures goplied in
cdculdion of the renforcement corrosion limit date safety fector, the basc principles of the
fuzzy setstheory are briefly presented.

Member ship Function

We can take a st X to be a certain universa st in a usud sense, the st of dl the bridges in New
Jersey for example We can dso observe st S, which includes dl the fatigued bridges in New
Jersgy. Can dl the dements associated with this set be undoubtedly determined? A certain set X
element cannot be associated with st S with no doubt, but an expert can determine whether the
eement is “more’ or “less’ associated with the st (if it has a grester or lessr degree of
asociation). A redl function ms(x) is atributed to set S that fulfills the condition:

O£ m(x) £ 1, foreachx T X.

The value ny(x) represents the element x grade of membership to the set S. The & Siscdled a
fuzzy s, and the ms(x) function is called the fuzzy st S membership function.

Fuzzy Sets Union and Intersection
By fuzzy sats just like by the dasscd ones basc cdculaion operations (union E and
intersection C) are defined.
If A and B are two fuzzy sts with the respective the membership functions ma(x) and ms(x),
then AEB and ACB are the fuzzy sets with the following respective functions:

M, () =max {m, (x) , M)},

Xl X
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mACB(x) =min{m,(x) , my(x)}.
xI X

Thefuzzy set A issaid to be asubset of thefuzzy st B (A1 B) if:

mA(x) £ rng(x).

Reation and Composition

The fuzzy rdation Z on the set X is defined as the fuzzy set Z for which the Cartesan product of
the st X with itsdf (X X X) is a universd s&t. Accordingly, the fuzzy rdaion membership
function Z is defined by the respective membership function: m,(x_ , X)) £ 1, (%, X2)T XX X.

If X and Y ae two universad sets where the fuzzy sets A and B are defined on, then the fuzzy

relation R between the sets A and B is defined as the fuzzy set R with the respective membership
function m,(x , y), (x,y)T XXY.

If the rdaion Z on the s&t X, and the rdation R between the sats A and B are defined, then ther

compastion Z o Ris defined as afuzzy set with a repective membership function:
M, (X, y) =max { mn{ my(x,v), m(v, }}, (x, )T XXY.
vl X
Although application of the fuzzy theory appears smple a the firgd dght, it is in fact very
complex and the gppropriate computer support is absolutely necessary.
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Appendix B

From http://maww.eng.auburn.edu/center/ncat/rescprog.htm

Review — Research in Progressin USA

The following research projects petaning to hot mix agphdt (HMA) pavements are in

progress.

STATE Horida NCHRP

PROJECT Implementation of SHRP| Teding and Ingpection Leves
Indirect Tendon Teder to| for Hot-Mix Agphdt
Mitigate Cracking in Asphdt| Concrete Overlay (NCHRP
Pavements & Overlays 10-30A)

RESEARCHER(S) Rogue, Univ. of Horida Rus=ll, Universty of

Wiscongn

CosT 330,000 260,000

COMPLETION DATE 1999 1998

OBXECTIVES Provide FDOT with a| Deveop a raiond method for

practicd & effective sysem

to obtan & specify rdevant

aphdt  mixture  properties
needed to desgn cack
resistant pavements &

ovelays

Ogemining the  minimum
levd of both agency and
contractor testing and

ingpection activities




FHWA 97— CD
From C:\FHWA- 97\r esear ch\hpc2contnt.htm

6.1.2 Bridge Deck Overlays

6.1.2.1 Washington Overlays

Twelve concrete bridge decks were rehabilitated and/or protected with latex-modified
concrete (LMC) and low-dump dense concrete overlays in the State of Washington. These
decks were evduated by Babaei and Hawkins [1990] to identify the factors that have affected
the savicedbility of the overlad bridge decks The evdudion induded overlay freezethaw
scding, surface wear and kid resstance, surface cracking, bond with the underlying deck,
chloride and water intruson, and the overlay's aility to retard continued reinforcing sed
corroson. The results of the evaudion indicate thet, regardless of concrete deterioration
caused by renforcing sted corroson, concrete overlad bridge decks will require resurfacing
after about 25 years of service, as a result of traffic action and westhering. Typicd forms of
disress are freeze-thaw scding, extensve wear in whed lines, lack of skid resstance, and the
loss of ovelay bond. Concrete overlays ae resgant but not impermesble to chloride
infiltretion. If the overlay surface is without cracking, it is an indication that corroson of ged
reinforcement in the sdt -contaminated underlying deck is less extensive.

6.1.2.2 Virginia Overlays

An dternate to LMC often used by the departments of transportation is a dense concrete
containing dlica fume In Virginia a twolane, four-span bridge deck was overlad by such a
concrete with addition of dlica fume a 7% or 10% by weght of cement. Test results
[Ozyildirim 1993] indicate thet the concrete bonds wel to the base concrete and has a very
low pemedbility, high drength, and satidectory freezethaw resigtance. Over a Syear
evauaion period in the fidd, there was evidence of cracking and increese in hdf-cdl
potentidls and chloride content, indicating a tendency to corroson. However, the same
evidence was obsarved with LMC overlays. Thus dlica fume concrete can be used effectively
as an dtanate to LMC. Jugt like LMC, plagtic shrinkage is recognized as a potentid problem
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with dlica fume concrete. Therefore, immediste and proper curing after placement is
essential.

6.1.2.3 Oregon Overlays

A dgmilar sudy was oconducted in Oregon usng a microslicamodified concrete [Miller
1991]. Seven concrete bridge decks were covered with microsilica concrete in 1989. After one
year in savice, cracking and ddaminaion were obsarved in the overlays However, the
cracks and ddaminations were not extensve (the worst deck had only 25% of its surface
ddlaminated) and comparable to what had dso been obsaved in LMC overlays. More serious
crackings and dedamingtions were obsarved near condruction and expanson joints The only
maintenance performed was the seding of cracks on one deck with methacrylate and sand a a
cogt of $4,000. The sedant was effective. The overlay met two of ther three design objectives
after one year in savice They were adding strength to the deck and providing a smooth and
durable wearing surface. However, because of crackings, they could no longer sed the
underlying deck from the intruson of cHorides.

6.1.2.4 Polymer Concrete Overlays

Sorinkd [1993] reviewed the datus of polymer concrete overlays for concrete bridge decks,
and provided information on the properties of the concretes used, proper application methods,
and the performance record of the overlays. He pointed out that polymer overlays condructed
with epoxy, mehecrylate, and polyeter dSyrene bindes and graded dlica and basdt
agoregates can provide skid ressance and protection againg chloride intruson for 1 to 20
years. They are an economicd technique for extending the sarvice life of reinforced concrete
decks, especidly when the overlays must be condructed during off-pesk traffic periods to

minimize incorvenience to the traveling public.
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FHWA April 1, 1996
From http://Mmww.hend.com/6005/des gnated/tbo/status/tboframe.htm

Thin Bonded Overlay and surface Laminations

The purpose of the Thin Bonded Overlay (TBO) and Surface Lamindion project is to
demondrate technologies for surface rehabilitation usng improved maerids. The ultimae
god isto reduce life-cycle cods of pavements and bridge decks by extending their useful life.

Section 6005 (@ (€ (7) of the Intermodd Surface Trangportation Efficdency Act of 1991

designated $25 million for TBO for each fiscd year through 1997. Thirty-three projects have

been approved in seventeen dates through FY96. Seven TBO pavement projects and fifteen

bridge deck projects have been constructed through 1995,

For fiscd year 1996, three pavement projects and eght-bridge deck projects are under

congruction. For fiscd year 1997, three pavement projects and five-bridge deck projects were

planned for congruction.

TBO projects were fird solicited in February 1993 and again in July 1994. Project sdection

priorities were graded by:

- Promisng technologies,

- Compdibility with Nationd Technology priorities and the Strategic Highway Research
Program

- Spedfic Pavement Studies experiment on bonded concrete pavement overlays (SPS7),
and Willingness and enthusiasm of State DOT's to participate.

Technologies A large number of technologies for overlays and surface laminates are being
invesigated both individudly and in combinations under this program. The techndogies
indude Slica fume fly ash, corrodon inhibitors, both sed and polymer reinforcng fibers
and polymer additives.
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Project Solicitations

First Solicitation. The fird round of thin bonded ovelay and surface lamingtion (TBO)
projects was solicted in February 1993. Nine highway pavements and 14 bridge deck projects
were origindly sdected. The gatus of these projects will be given in this report.

Second Solicitation. The solicitation for the second round of projects was didributed in July
194. Saes were invited to submit proposds for fiscd year (FY) 199597 funding. The
following technol ogies/'systems were given priority for funding:

Bridge Deck Overlays. Ceramic concrete, dso known as Z concrete; concrete mixes (concrete
and oorogon inhibitors concrete and dlica fume concrete, dlica fume, and corrosion
inhibitors concrete with high-volume fly ash; and concrete with dag); and the sdviadm

process, aso known as resn-modified concrete or APCCC.
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Bridge Deck Projectsby Type of Overlay (All Current Projects) FY 1996 — 1997

Type Sate
13 mm (0.5in) fiber concrete IL
Concretew/dlicafume WY
Concretew/slicafume WY
Dense Concrete X
Dense Concrete TX
L atex-modified Concrete ID
Hexdlith OR
GranCem Sag Cement KS
Micralite WV
Microslicaconcrete w/MCl OR
Microslicaw/sted fibers, Latex, Sag, HSC DE
SlicaFume OK
SlicaFume LA
SlicaFume LA
Latex-modified concrete NC
Silicafume concrete w/polypropylene ID
Silicafume concrete w/polypropylene ID
Slica Fume w/polypropylene fibers KS
Silica Fume w/gted fibers KS
15% Slica Fume 20 mm (3/4in), dag, fly ah, corroson| VA
inhibitor  (Cl)--cdcium nitrite,  Cl--Rheocrete, Cl--Armatec,
slicafume (control)

Say/SlicaFume AR
Say/SlicaFume AR
Thoropatch HCR WV
Specrete (Microlite) OH
Specrete (Microlite) OH
Thorotop HCR, Hexdlith, Mehyl Mehacrylae (surface| MT
laminates) Silicafume( 50 mm overlay)

Type 1P Cement KS
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From http://www.fhwa.dot.gov/engineering/hngd0/spproj htm# STEA of 1991, Section
6005(e)7,

Thin Bonded Overlay and Surface Lamination (Pavements and Bridges)

Thin Bonded Overlays or Surface Laminates of Bridge Decks - There was maor interest in
congructing bridge deck overlays as a pat of this program. This reflects the corroson
problem on many exising bridge decks and the importance of usng thin overlays to reduce
dead loads on the bridges Under this program, about 28 projects have been condructed or
have been gpproved in the States of DE, ID(3), IL, KS(), LA(2), MT, NC, NY, OH(2), OK,
OR(3), TX(2), VA2, WV(2), and WY(3). A wide variety of products induding dag, slica
fume, fibers and corroson inhibitors were tested. Vey few condruction and evaduation

reports have been recelived for these projects & thistime.
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Fram C:\FHWA- 98\Best_of\dructre\summry\concrt.htm

Bridgeand Structures Related Resear ch — Summary

CONCRETE BRIDGE RESEARCH

The focus aress in concrete research are High Performance Concrete, and Corroson
Protection of Concrete Structures. High Performance Concrete (HPC) is a mgor FHWA
Sructures  Technology Program inititive. The Program is led by the HPC Bridge-
Technology Ddivery Team (TDT), which was formdly edtablished in May 1997. A god
of the HPC Bridge TDT is to implement this proven technology through having a lesst
one HPC Bridge project in every Staie by the Year 2002. The HPC Bridge TDT consds
of FHWA daf from Ressarch and Devedopment, Office of Technology Applications,
Office of Engineering, FHWA fidd offices, plus academia and the private sector. The
HPC Bridge TDT works with the AASHTO HPC Lead States Team and the concrete
indugry's Nationd Concrete Bridge Council to implement HPC aound the Nation. The
second focus area 'Corrosion Protection of Concrete Structures is amed a developing
improved corroson protection systems for bridge seds used in reinforced, pretensioned,

and postensioned concrete structures.
Area l: High Performance Concrete - Bridges

1 The FHWA has initiated of number of high performance concrete (HPC) bridge
projects. A number of paticipaing Sates have sdected one or more bridges as
demondration HPC dtes where improvements in concrete durability and/or srength can
be made Each project incdudes some degrees of research, design, insrumentation,
construction, and technology trandfer. The FHWA shares funding for the HPC bridge with
the individuad State where the project is located. Some projects have dso been patidly
funded by a group of 10 dates which combined their research funds into a ‘pooled-fund”
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effort. Current projects are liged beow; others are under negotition. More information
on the HPC Program can be found on the web at http://hpc.fhwadot.gov/.

Alabama- The Alabama Highway 199 Bridge over Uphagpee Cresk in Macon County,
GA is currently under congdruction. It will have HPC in the deck, Bulb-Tee girders and

substructure.

Colorado- The Interstate 25 Bridge over the Yde River in Denver,Co has been

condructed. It contans HPC box beams, as wdl as an HPC deck and substructure. A
Showcase for FHWA Region 8 sates was held in February, 1998.

Georgia- The Georgia HPC bridge on State Route 920, Jonesboro Road, in Henry
County, GA has been designed. Congruction of the bridge is scheduled to begin in 1999.

Nebraskar The 120th Street and Giles Road Bridge was completed in 1996 in Sapy
County,NE. This bridge incorporates HPC in the deck and girders. A Showcase was held
for FHWA Region 7 ates in November, 1996.

New Hampshire- The Route 104 Bridge crossng the Newfound River a Brisol, NH
was completed in 1996. This bridge dso incorporates HPC into the deck and girders A
Showcase for FHWA Region 1 daes was hdd in Segptember 22-23, 1997. A sscond HPC
bridge, the Route 3A Bridge over the Newfound River a Brigol, NH is under
congruction.

New Mexico- Up to two bridges on Intersate 10 will be desgned and constructed
with HPC. The bridges are currently in the design phase.

North Carodlina- The U.S. 401 Bridge over the Neuse River in Wake County, NC is
currently under design.

Ohio- The State Route 22 Bridge a Mile Pog 657 in Guenssy County, Ohio is
currently under condruction. Structurd  experimentation on HPC box beams was
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conducted during 1997 and 1998. A showcase for surrounding states will be hdd February
23-24 1990,

South Dakota HPC is beng usad in new bridge decks on two bridges in Soux Fals,
one bridge with sed girders and one bridge with prestressed concrete girders. HPC

girders and decks will dso be used in a par of bridges on 29 over a ralroad near Soux
Fdls

Tennessee- A new bridge is under condruction which utilizes HPC in the deck and

girders.

Texas- The Louetta Road Overpass ner Houston, TX and the Sen Angdo Bridge in
San Angdo, TX ae both HPC bridges. Both incorporate HPC in the deck, girders and
subgructure. A Showcase was hdd in Houston, TX during March 1996 to trander this
technology to a regiond and nationd audience. Congtruction was completed on the San
Angdo Bridge in 1997 and on the Loueta Road Overpass in 1998. Live load teds were
conducted for both hridges to document peformance and creste a basdine for future
measurements. Publications are being prepared by TX DOT and the Universty of Texas
researchers on the bridge projects. The Louetta Road Overpass won a design award in
1998 from the Precast/Prestressed Concrete Indtitute.

Virginia- The Virginia DOT plans to build 14 bridges utilizing HPC in the deck
and/or the superstructure. A number of these bridges have been completed. The Richlands
Bridge near Brigol, VA will be the fird one in Virginia to utilize the 0.6in diameter
presressng drands in the HPC girdes. A Showcase to trandfer this technology for
FHWA Region 3 states was hdd in June 24-26, 1997.

Washington- The Eagtbound State Route 18 Bridge over Staie Route 516 in King
County, WA has been condructed. A Showcase for FHWA Region 10 dates was hed in
August 18-20, 1997.
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Areall: Corrosion Protection of Concrete Structures

1 Corrosion Protection Systemsfor Bridgesin Corrosive Environment

- Columbus Technologies. The objectives are to define the concentration of species
and environmenta conditions corrosve to reinforcing and prestressng ded. This research
focuses on two main isues (1) to define the desred physcad and chemica properties that
must be possessed by concrete for patching and overlays (rehabilitation), and (2) to define
the desired physcd and chemicd properties required by concrete in new condruction if it
is to avoid the corrosorrinduced concrete deterioration in the presence of wdl defined
corrodve conditions. The research is divided into three mgor tasks Task A - Corrosve
environments dudies Tak B - Concrete chemicd and physcd propeties and Task C -
Longterm corroson performance. An interim report containing results of Tasks A and B

isavaladle

2. Corrosion Resistant Reinforcement for Concrete Components

‘Wiss, Janey, Elsner Associates, Inc. The objective is to develop a codt-effective new
breed of bridge codings (eg., organic, inorganic, ceramics, metdlic) and metdlic dloys
(as reinforcement) which ae dgnificantly more corrosonressant than the fuson-
bonded, epoxy-coated reinforcement presently used for reinforced concrete (R/C) bridge
gopliction in adverse environments. Three interim reports liged bdow were published
ater completion of the screening tests. Based on the screening tests on 57 different
organic, inorganic, ceramic, metdlic-clad and dloyed rebars 11 rebar types were tested
inconcrete for a period of 96 weeks. Sgnificant results after 96 weeks of in-concrete

tegting are asfollow:

Previous research, fidd data and ressarch under progress dl indicaie better
performance when both reinforcing mats are of the same materid over black rebar in the
bottom mét.
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The use of sed surface chemicd pretreatments did not appear to incresse the
corrosion performance for epoxy-coated rebars (ECR) when bottom mat was black sted.

Sanless ged 316 showed excdlent performance in concrete after 96 weeks of
ponding (C+ concentrate a stedl level of about 20 Ibslyd®). Stainless 304 showed some
corroson in the rebar and a messurable macro cedl current. Hence, 316 danless ded

gopears to perform much better than 304 dainless sed.

In generd, copper-clad rebars have shown good performance and are comparable or
better than ECR.

Not surprisngly, defects and holidays diminish the ECR performance.

In generd, bent bars (both ECR and medlic-coated) showed inferior performance

over draight bars.

Short term cathodic disbondment, hot water immerson, and sdt spray screening tedts
fa ECR did not corrdae wel when tested in fabricated reinforced concrete specimens
under longer duraion. In summary, this five-year research study supports the continued
use of epoxy-coated reinforced bars as a cos-effective corroson protection systenms for
bridge decks

Verification of Effectiveness of Epoxy-Coated Rebars

- ConCorr Inc. The objective of this regiond pooled fund dudy is to investigae the
fidd peformance of epoxy-coaed reinforcing sted in bridge decks in the States of
Pennsylvania and New York. To accomplish the daed objective, 240 cores were
extracted from 80 sdected bridge decks. The 80 bridges were visudly surveyed. The
extracted cores were tested in the laboraiory for permesbility of concrete, chloride
content & rebar level, and detailed evaluation of extracted ECR segments with regard
to holidays, coaing thickness, adheson loss, and observed corroson on bare arees and
under coatings. Based on the datidicd andyss of laboraory and fidd visud survey
data; ECR appears to be an effective corrosion protection system for bridge decks.
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Improvement in Graphite Reference Cdls for Reinforced Concrete-SBIR Phase
[

- ConCorr Inc. The primary objectives of this sudy was to further develop the modified
grephite eectrode, tes its long term peformance, and identify the best graphite and the
modification process tha can provide the reproducibility desred for low-cost man
production. Findl report on this study has been completed.

Rehabilitation of Prestressed Concrete Bridge Components by Non-eectrical
(conventional) M ethods

- Condruction Technology Laboratories. This study focused on conventiond technology
and developed methods for the rehabilitating sdt contaminated prestressed concrete
(PSC) bridge members without usng cahodic protection. The dudy identified suitable
materids and evauated them to reduce corroson of exiging prestressng sed in PS/IC
bridge members. Based on 3-years of laboraory testing, indications are that conventiond
repairs are temporary messures, and do not appear to ensure long-term protection of the
presressng sed and associaed conventiond  reinforcement. The find  report will  be
available in January 1999.

Magnetic-Based System for NDE of Prestressing Stedl in Pre-Tensioned and Post-

Tensioned Concrete Bridges

- The objective of this dudy is to design, fabricate and demondrae a nondestructive
evdudion (NDE) sysem based upon principles of magnetic fidd variaion for detecting
and locating imperfections such as corroson and fractue of sted dements in reinforced,
pretensoned, and pod-tensoned concrete bridge members. Interim  design  report
indudes a brief summary of the technicad devdopments in the area of magnetic flux
leskege and the proposed refinements for fabricating an automated NDE sysems
congding of (8 basc sendng unit; (b) Beam-Rider unit; (¢) Push Cagt unit for horizonta
aurfaces, and (d) Pier Inspection sysem. A fabricated system was recently tested in the
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Milwaukee aea on sdected pretendoned, presressed AASHTO beams  This
demondtration was very successful as the system performed as designed.

Development of an Embeddable Micro ingrumentsfor Reinforced Concrete

- Virginia Trangportation Research Council and Universty of Virginia The objective of
this dudy is to devdop an inexpendve micro-ingrument that will sarve as an integrated,
intelligent system for performing dectrochemicd messurements such as rate of corroson
of embedded ded, chloride a sted levd, and pH of concrete a& ded interface This
micro-ingrument circuit board has been fabricated and has been successfully tested for
rate of corroson of black sed in smulated concrete pore waer solution contaminated
with chloride ions. The results were presented a the Nationd Association of Corroson
Engineers (NACE) annud mesting, Corroson/97. The paper presented a the meeting is
avalable. Another paper has been accepted for presentation in the ICCRRCS, 1998 a
Orlando, Horida

Investigation of Some Issues Related to Electrochemical Chloride Extraction
(ECE) from Reinforced Concrete

- Virginia Trangportation Research Council and Universty of Virginia The objectives of
this invedtigation are (1) to devdop a st of definite procedures for estimating, before an
ECE treatment is gplied to a concrete dructure, the optimum trestment time for the
dructure and (2) to formulate a modd with which the expected beneficid life of the

trestment for a concrete structure can be estimated.

Fidd Evaluation of Corrosion Inhibitorsfor Concrete

- Virginia Trangportaion Research Council. The objective of this nationd pooled fund
sudy is to evduate the effectiveness of available corroson inhibitors for rehabilitation
and repar of <dt-contaminated reinforced concrete bridge members. Specificdly, the

Sudy isnow evauating various corroson inhibitors for:

Ability to mitigate corrosion in short-term and long-term repairs,
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Effect on behavior of anodic regions around repairs, and

Compatibility with portland cement-based repair mortar and cancrete mixtures.

Both laboratory and field studies will be performed to evaduate the above parameters.

Corrosion Inhibitorsin Concrete

- Florida Depatment of Trangportation and Universty of South Horida The objective of

this sudy is to evduae the use of corroson inhibitors mainly for new condruction with
limited effort on rehabilitation. The study has the following objectives:

Egablish the use of corroson inhibitors for new condruction corroson prevention and
evduate the ability of the corrosion inhibitor to be physcaly present a the rebar surface
after long periods (3050 years) following congtruction;

Edimate the effectiveness of the corroson inhibitor after 30-50 years of aging in

concrete;

Determine the extent of possble negaive Sde effects of the corroson inhibitor

presence;

Quantitatively assess the extenson of corroson initiaion and propagaion periods as a
function of amount of corrosion inhibitor introduced; and

Egablish the sauitability of the corrodon inhibitor for rehabilitation of corroding

Sructures.

Prediction of Chloride Penetration in Concrete

- Universty of Toronto (Dr. S. Hooton and Dr.Thomas). The broad objective of this
research is to develop a new method or methods for predicting chloride ion penetration
into portland cement concrete contained in bridges and pavements, and to corrdate the
results from this new test or tests with a long-term ponding test. The new method(s)

will be utilized for predicting resstance of concrete to chloride ion penetretion for use
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in evduding new mixes acocepting or rgecting new concrete  according  to
specifications, and evduating in-place concrete. This study began in September, 1997.
(FHWA Contacts: Susan N. Lane & Marcia Simon).
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From http://hpc.fhwadot.gov/presentations/Nebraska/aitcinHPC.htm

The Use of High-performance Concretein Bridge Construction

WHAT ISHPC?

HPC can be broadly defined as low water/cement (W/C) or low water/binder (W/B) ratio
concrete. The term binder being used to qudify any mixture of portland cement and fly ash,
dag, dlica fume limestone or dlica filler, rice-husk ash, ground pumice, diatomaceous earth,
or ay two or three of these findy divided materids The water/cement or water/binder retio
of the mogt widdy used HPC fdls between 0.30 and 0.35 (1, 2, 3, 4, 5), but some HPCs with
W/C or W/B rdios lower than 0.30 have been used (6, 7). Usud concretes, aso cdled
normal-strength concretes (NSC), usudly have water/cement ratios in excess of 0.45.
ADVANTAGES OF USING HPC

HPC provides a number of technicd advantages over usud concrete in many gpplications
HPC is dronger, differ and more durdble. It offers higher resstance to abrason, deicing sdts
scding, and chemicds Despite its higher unit codt, on the order of 50% when compared to 30
to 40 MPa (4500 to 6000 pd) concrete, the initid cost of a gructure can be decreased when
HPC is usd, as it was shown during the condruction of Highway 50 bridge near Mirabe
Airport (2). In some cases, the socid benefits meke HPC much more atractive than usud
concrete by shortening sgnificantly the condruction or repar time (5). While it may be raher
difficult to give ay generd rule on the economicd advantages of HPC, it mugt be
remembered that the unit cost of any concrete represents only a fraction of the price that has
to be paid to get a certain leve of srength in aparticular structurd element.

DURABILITY OF HPC

The durability of any concrete is dosdy linked to its permesbility. Permesbility and ease of
ingress of aggressive extend agents are directly proportiond. Therefore, making concrete
durable means meking it impermesble, that is with a lov W/C or W/B ratio. Impermesbility
mugt be followed by proper curing to prevent dhrinkage cracking. Appropricie waer curing

can help prevent producing an impervious concrete in between two cracks.
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USE OF HPC IN BRIDGE CONSTRUCTION IN CANADA

Use of High Peformance Concrete (HPC) for bridge congtruction is quite recent in Canada. It
dated in 1991 and is deveoping repidly. The experience gained from the condruction of
thexe firda HPC bridges showed that there is no problem to make and place condgently a 60
MPa (9000 pd) ar-entrained concrete complying to very tight specifications if the ready mix

producer iswell prepared, no maiter what is the ambient temperature.

All these bridges were built usng:

ar-entrained HPC having dmogt dl the time a desgn srength of 60 MPa (9000 ps), but

in fact the average strength measured from fidd specimens was comprised dl the time

between 70 and 85 MPa (10 000 and 12 500 ps);

different brands of a blended slicafume cement containing 7.5t0 85 % slicafume;

an average Ste dump of 180 mm (7 in.);

a HPC having a maximum ddivery temperature of 200°C (700°F) in summer conditions

and 250°C (80C°F) in fdl conditions necesstating the use of crushed ice in summer and

hot water in latefall;

most of HPCs were placed using buckets in order to keep the spacing factor (-L)

beow 230 Jm (0.08 in.) vaue except for the P.EI. and Willow Creek bridges where pumps
were used. At the beginning, the use of HPC was sdected to improve the durability of the
bridges but, the condruction of the Montée S-Rémi viaduct proved that the use of HPC
resulted in a 5 percent reduction of the initid cogt of the Sructure as shown in Figure 1. In
fact, this viaduct was one of three viaducts having respectively 31, 41 and 52 m (200, 135 and
170 ft) soans that, were built by the same contractor on the same project. The shorter and
longer viaducts were designed and built with a 35 MPa (5000 ps) concrete while the 41 m
(170 ft) one was built with HPC. When these 3 viaducts were completed the find unit cost of
1 nf (1 s, yd) of bridge deck was compared in each case. Assuming a factor equal to 1.00 to
the shorter span, it was found that the cost of 1 i (»1 s yd) of HPC bridge deck was only



098 ingead of the 1.03 it should have cogt if it had been built with a 35 MPa (5000 ps)
concrete.

The savings resulted from a sgnificant reduction of the columns of concrete used to build the
footings, the abutments and the bridge deck as well as a dgnificant reduction of the amount of
sted reinforcement. The 35 MPa concrete was priced a $100 CDN/nT ($40 USlcu. yd) while
the 60 MPa (9000 ps) was priced a $130 CDN/nT ($55 US/cu. yd) induding the cost of the
crushed ice used to cool the HPC ($ 9.50/nT).

DURABILITY OF HPC

Nobody contes that HPCs are more durable than NSCs for bridge condruction due to their
very compact microgructure as clearly shown by ASTM C1202 test, dso known as a rgpid
chloride ion permesbility test. But freeze-thaw durability is gill a matter of controversy.
Thereis not agenerd consensus on the three following questions

1° Isentrained-air necessary to ensure freeze-thaw durability of HPC?

2° If entraned-air is necessary, what is the critical spacing factor (C) that makes a HPC
freeze-thaw durable?

3 Is ASTM C666 Procedure A a far tesing method to decide, if a HPC is freeze-thaw
durable ?



From http://mww.aashtoware.org/products/darwin/overview.htm

The Evaluation of Pavement Design

DARWIN 3.0

Overlay Design Module

Seven different overlay types can be desgned in the Overlay Design Module AC overlay of
AC pavement, AC overlay of fractured PCC pavement, AC overlay of PCC pavement, AC
ovelay of AC/PCC pavement, bonded PCC overlay, unbonded PCC overlay, and PCC
overlay of AC pavement. Each overlay can be designed usng up to three different methods—
component andysis, nondedructive tesing, and remaning life The Overlay Desgn Module
dso contains andytical routines to peform backcdculation and cdculae deflection load
transfer using fdling weight deflectometer (FWD) data.

Flexible Structural Design Module
Rigid Structural Design Module
Life Cycle Cost Module
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Appendix C Corrogon Inhibitors

- Europeen Committee for Standardizetion (CEN) offers the find draft (pr ENV 1504-9) as
gened principles for the use of products and sysems in repar works [C.1]. The same
Srategy could be used for the protection of new structures.

- The Itdian Standard UNI 9747, “Corroson of renforcing sed in concrete in aggressve
conditions — Intervention and prevention methods’, among others tekes dso the use of
corragon inhibitors into account

- ACI 222 R-89 has dso mentioned the gpplication of corrogon inhibitor.

Definition of corrosion inhibitor

- A corroson inhibitor for metd in concrete is a chemicd substance tha reduces the
corroson of the metal without reducing the concentration of the corrosve agent [C.3].
- A corrosorrinhibiting admixture is a chemicd compounds which, when added in smdl

concentrations to concrete or mortar, effectively checks or retards corrosion [C.4].

Typesof Corrosion Inhibitors

According to Fischer [C5)]:

1. Inteface inhibitors, which decrease the veocity of physcd, dectrochemicd and
for chemicd processes of eectrode reactions teking place immediady a the
meta/ eectrolyte interface.

2. Hlectrolyte — Layer inhibitors, which may decreese the veocity of physcd and
chemica processes of the dectrode reactions, is caused by substances dispersed or
dissolved in the dectrolyte layer.

According to Fischer, but depending upon the origin of the protective species[C.5]:
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1. Primay inhibitors, which are subgtances tha are present a priori in the bulk of the
dectrolyte layer without chemical change in their composition.

2. Secondary inhibitors, which are the substances that are not a priori present in the
bulk of the eectrolyte. They must be generated a the interface or in the eectrolyte
layer by a chemica or eectrochemica process.

According to AClI 222 R-89, coroson inhibiting admixtures can be dther organic or
inorganic. With respect to the effect of the corrosion inhibitor on the corrosion process, the
inhibitors can be divided in the following three groups, and thisis the most widely used classification:

1. Anodic

2. Chaodic

3. Mixed.

Anodic inhibitors prevent the metd corroson by anodic passiveion, by teking an active role
in the anodic process, that is they oxidize indeed of the base metd. The mogt widdy usd
anodic inhibitors are cadciunvsodium nitrite and sodium chromaie. A number of reports have
dedt with the use of nitrite based inhibitors dated with Andrade and others [C.6-C.23].
Mortars prepared with ZnO are adso used to inhibit corroson during exposure to sea water
[C4] .If the anodic inhibitor is not present in sufficient quantity on the entire metd surface
(which can be conddeed as posshle a a defective andlor insufficient concrete
homogenizetion), s0 cdled "pitting corrodon' can occur that can be even more dangerous
than not gpplying the inhibitor a& dl. PBitting corroson is locdized corroson and the atack
could be Sgnificant, causng severe pitting.

According to Ramachandran [C4], sodium nitrite when used in cracked concrete exposed to
seawater atack has shown tha corroson actudly increases. Sodium nitrite is dso reported to
be ddeterious to drength devdopment, to cause efflorescence and dso the expanson due to
dkdi-aggregete reection. Berk [C.3] and other literature indicates that cacium nitrite raises
the chloride threshold vaue a which corroson initiates.



—————— INHIBITORS I

* effective

ANODIC ; Calcium nitrate ]
Natrium nitrate * defect: possibility of
pitting corrosion

* toxic

CATHODIC {—» compounds of: * more favorable

arsenic or antimony

MIXED > MCI
(CATHODIC and ANODIC)

Fig. C.1. Inhibitor types.

F_______j________________

Cathodic inhibitors ether dows the cathodic reection itsdf, or they sdectivdy precipitate on
cathodic areas to increase circuit resstance and redrict diffuson of reducible species to
cathodes. Some cahodic inhibitors meke the discharge of hydrogen gas more difficult and
they increase the hydrogen overvoltage. Compounds of arsenic and antimony are examples of
this type of inhibitor, which are often used in adids or in sysems where oxygen is excluded.
Other cathodic inhibitors utilize the increese in dkdinity a cathodic Stes to precipitate
inoluble compounds on the med suface The cathodic reection, hydrogen ion and/or
oxygen reduction causes the environment immediady adjacent to the cahodes to become
dkdine therefore, ions such as cdcium zinc, or magnesum, may be precipitated as oxides to
form a protective layer on the metd. The adsorption of cathodic inhibitor on the metd surface
depends on the type of the inhibitor, that is, on the dectrodatic forces of attraction between
metd and the inhibitor. The insufficdent quantity of the cathodic inhibitors is not a cause of
pitting corroson and thisis their basic advantage over the anodic inhibitors.
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Mixed (cathodic and anodic) inhibitors are ds0 adsorbed on the meta surface, cregting a
barrier of molecular dimensons. They influence the dectrodes reection velocity a both the
cahode and anode. A mixed inhibitor is usudly more desrable because its effect is dl
encompassing, covering corroson resulting from chloride atack as wdl as that due to
microcdl on the metd surface Mixed inhibitors contain molecules in which decron densty
digribution causes the inhibitor to be atracted to both anodic and chatodic Stes There are
vaious compounds accepted as mixed inhibitor tetramethyl phosphonium nitrite,  tetraethyl
phosphonium  nitrite, sodium  benzoate efc. These mixed corraion inhibitors widdy used in
machinery industry and in technology processes are basicdly known as VCI inhibitors In the
dructure engineering these inhibitors are dso known as Migraing Corroson Inhibitors
(MCls).

How Cortec” VCis work.

Fig. C.2. Operdtion of VCI inhibitors.

VCI inhibitors are secondary dectrolyte layer inhibitors. Thee layer may be a pat of the
double layer, the Nerngt diffuson layer. Substances dispersed or dissolved in the dectrolyte-
layer cause dectrolyte-layer inhibition. VClI dso possess gopreciable saturaied  vapor
pressures under atmospheric conditions, thus dlowing sgnificant vegpor phese trangport of the

inhibitive substance [C.5]. MCls are chemically similar to VCI. The protection mechanism
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is identical [C.24]. The inhibition of cathodic process is achieved by incorporation of one or

more oxidizing anionsin an organic (amine) molecule of MCl.

Inhibitor molecules are hydrolyzed when adsorbed on the metd surface. The nitrogen of the
amine group is cgpable of entering into a coordingte bond with meds, thus enhancing the
adsorption process. Adsorption of cations increeses the overpotentid of meta ionization and
dows down the corroson. The mixed monomolecular film serves as a buffer to hold the pH at
the interface in the optimum range for corroson ressance. The inhibitor adsorption isn't a
momentary process and requires much time for compleion, resulting in chemisorbed layer on
the metal surface. The MCI - migrating corroson inhibitors of reinforcements corroson are
the agents, which can be added to the concrete as the concrete admixtures during concrete
mixing, or topicdly goplied to the concrete surface. The compound will have an gpprecidble
vapor pressure & ambient temperaiures as wel as the cgpability of forming a stable bond with
the metd surface MCI migrating inhibitors creste a protective layer on the entire
reinforcement surface on the bass of mixed corroson inhibitor effect. 1t means that the
corroson cannot gppear on the potentid anodic places of the reinforcement, and they will not
enable oxygen from the concrete to have access to the reinforcement on the potentia cathodic
places. The migraion of migraing corroson inhibitors through concrete can be cdculated as
dated in the reference [C.25]. All other teding results, according to migrating corrasion
inhibitor effectiveness, could be find in the references [C.26-C.40].

Corrosion inhibitor testing

ASTM  Committee C09.0384, Committee on Coroson Inhibitors is devdoping a

specification for admixtures that are proposed to be use as a corroson inhibitor. The draft of

this specification requires the admixture to meet the following three requirements when tested

in accordance with ASTM G-109:

- the measured average macrocdl current must be less than 10 microampere & any time
during the period of the test,



the average current must be less than 2 microampere at the test completion,
average visble corroson measured as percentege of corroded area must be less than 15%

of average corroded area in the control specimen.
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Appendix D CORTEC Laboratories Review [26]

CORTEC LABORATORIES

4119 White Bear Parkway, S Paul, MN 55110 USA
Phone (612) 429-1100, Fax (612) 429-1122

Tall Free(800) 4 CORTEC, E-mail info@cortecvai.com
Internet http:/Avww.cortecvai.com

Study of the Effectiveness of MCI/VCI Incorporated in Asphalt Primer Coating

Background:
Asohdt primer codings do not contain migraing corroson inhibitors to  protect the

reinforcing sed in concrete.

Purpose: Investigate the ability of MCI/NVCl added to an asphdt primer coding to

protect the reinforcing stedl in concrete.

Methods: Compatibility Test
ASTM B-117 (Sdt spray chamber)
F12 Cydic Corrosgon Test (modified)

Materials.  CSS-1H, provided by Koch
MCI-2020

VCl-644

Pands (carbon stedl SAE 1010)

Methanol

Procedure:

1. Thefollowing solutions were prepared:
a. CSS1H+4% MCI-2020
b. CSS1H+2% VCI-644
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2. The compatibility test was performed for the above solutions a 50°C for 24 hr.,

3. Pands were washed with methanol, ar-dried and coated with the above solutions by
dipping. The pands were then placed in the cabinet after 96 hr. of drying. The samples were
ingpected for Sgns of corrosion on aregular bass.

4. Two pands (one bare, he other coated as in sep 3) were atached to the lid of one-gdlon
jars containing 100cnT tap water a bottom. The samples were subjected to testing of 8 hr. a
room temperature and 16 hr. a 50°C for 4 cycdes. The bare pands were inspected for any

presence of corroson.

Results:
Compatibility Test
Material Results
Solution A Compatible
Solution B Competible

Protection Ability

Time Before Corrosion (Days) | Presence of Corrosion
Material ASTM B-117 F-12 Test
Solution A 2 (Corrosion sarted) No visble sgn of corroson
Solution B >2 No visble sign of corroson
CSS1H <1 Corroson
Conclusions:

1. CSS1H is compaible with MCI-2020 and VCI -644.

2. Adding MCI-2020 & a concentration levd of 4% by weight of VCI-644 a a concentration
levd by 2% weght to the agphdt primer CSS1H rasad its ability to protect sed and dso to
provide vapor phase protection in the presence of chlorides,
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