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Abstract

Fly ash is a by-product of coal-fired power planhis material can be used as a partial
cement substitute in portland cement concrete. dJflg ash can improve concrete durability as
well as utilize an industrial by-product that woultherwise be discarded in landfills. However,
research on fly ash concrete has shown that in sas®s, concrete with high volumes of fly ash
can have deicer salt scaling problems. Salt-sgadithe flaking of a concrete surface that when
severe enough may result in lower skid resistandesarvice life of the concrete.

In this study, concrete mixtures with six differdht ashes were tested in a laboratory
using the ASTM C 672 standard. Curing compoundag-based coating sprayed on the fresh
concrete surface to reduce evaporation, was useohtpare the effects of curing on salt scaling
of concrete containing high volumes of fly ash.ff@®ent variables measured were the type of
fly ash, curing conditions, and total paste volunwuded in the mix.

Results showed that curing compounds will improhe salt-scaling resistance of
concrete containing a fly ash that only marginakyibits salt scaling. However, the salt-scaling
performance of concrete that contains fly ash feosource that performs poorly in ASTM C 672
is not markedly improved by using a curing compaourdiditionally, results showed that salt-
scaling resistance of concrete containing fly astigpms better when the total paste volume is
not increased by the addition of fly ash to thetomie.

The Kansas Outdoor Concrete Exposure Site (KOCHphatKansas State University
Civil Infrastructure Systems Laboratory (CISL) wamstructed to compare laboratory results to
actual field conditions in the future. The sitesw@eveloped based on experiences from the
University of Texas-Austin outdoor exposure sitel adhne CANMET exposure site in Ottawa,
Canada. Alika silica reaction blocks were madel@gelop the procedure for future concrete
durability testing at KOCE.
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CHAPTER 1 - Introduction

1.1 Resear ch Background

Today, the concrete industry has made sustainahilfriority. Use of concrete
has the ability of incorporating many industrialfpducts that would ordinarily end up
in the landfill. Fly ash, ground granulated bldgtnace slag, and silica fume are
examples of industrial by-products being used gplementary cementitious materials
(SCMs) in concrete. These materials are used part@al replacement for portland
cement, making a very viable and sustainable ptodu@ne major concern for this
concrete, however, is de-icer salt-scaling durgbilvhen high volumes of SCMs are
used.

Salt scaling occurs when concrete flatwork is sttiejg to de-icing chemicals and
freezing and thawing cycles. Salt scaling can keaa reduction in concrete service life
performance. Researchers across the world havetifigeh many of the contributing
factors leading to the reduction of salt-scalingatbility. The mechanism for salt scaling
is still highly debated. There is even debatehengroper method for testing salt-scaling
durability. The American Society for Testing andterials (ASTM) and the Ontario
Ministry of Transportation (MTO) have both offeradsimilar test, but some critics say
the tests are too severe and unnecessarily repacrete mixtures that could otherwise

have good durability as well as decrease the cawbeavironmental impact of concrete.

1.2 Problem Statement
Salt scaling has been a visible issue since theeti@tates passed the Bare Roads
Act requiring roads be cleared of snow and ice mduthe winter. Use of de-icing
chemical has grown to maintain compliance with #ds In turn, the de-icing chemicals
have lead to salt-scaling durability issues. Psadt-scaling durability has been found in
laboratory testing of concrete containing high voés of SCMs, although many of these

mixtures have performed well under field exposuféus, the interactions of SCMs in



concrete need to be studied more fully to determiags to eliminate or minimize effects

of salt scaling.

1.3 Resear ch Objectives

The objectives of this research study are as falow
1. To test the hypothesis that the lower fly askc#m gravity and
consequent higher paste volume, used when thesflyisareplaced on an
equal mass basis for portland cement, decreadescaiing durability;
2. To quantify the benefits of curing compoundssalt-scaling durability;
3. To develop an outdoor exposure site at the Kaitate University
Civil Infrastructure Systems Laboratory (CISL) torelate laboratory
results with actual weathering results; and
4. To quantify the effects of using fly ash verfiosestone sweetening in
concrete on the alika silica reaction (ASR) expamsi

1.4 Scope of Research Program

The scope of this research study is limited tortime fly ashes studied. Six fly
ashes were used for laboratory and field testirglevihree different fly ashes were used
in outdoor testing only. Laboratory testing exaedreffects of paste volume when fly
ash was used with and without a curing compoundugesalt-scaling durability as
measured using ASTM C 672. An outdoor exposuke \8ds developed to investigate
specimen size differences and the accompanyingrdiites in finishing on salt scaling.

For laboratory testing, two concrete mixtures facle fly ash were developed.
One mixture had a 40% substitution of fly ash byssnéor portland cement. A second
mixture was a 40% substitution of fly ash by madsssitution for portland cement, with
the total cementitious materials and water contedticed to give a total paste volume
equal to that of the control. The specimens weadarand cured according to ASTM C
672, with the exception that half of the specimerse treated with a curing compound
after finishing instead of curing with a plasticven. After the first 24 hours of curing, all
salt-scaling specimens were placed in the moishrap23+1.7°C (73.5+3°F) and 100%
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relative humidity. Specimens were ponded on thistiied side with a calcium chloride
solution and were subjected to 50 freeze-thaw syateording to ASTM C 672. Every
five cycles, the specimens were rated, photograpdretiweighed.

While laboratory testing was being performed, thposure site was built. After
establishing the site elevation, two slabs weré¢ tasn each concrete mixture. One set
started to receive a salt application last wintet will continue to have salt applications,
while the other will serve as a control. A weatk&tion was constructed to record the
weather history of the exposure site. The site deageloped to have the capacity for

conducting different types of durability tests le tfuture.



CHAPTER 2 - Salt Scaling Literature Review

2.1 Salt Scaling

Salt scaling is defined as the “superficial damagased by freezing a saline
solution on the surface of a concrete body” (Vateand Scherer 2007). Salt scaling is a
process where small chips of mortar flake off & Hurface leaving aggregates exposed
as seen in Figure 2-1. Salt scaling alone maylestroy a concrete structure; however, it
can accelerate the ingress of chlorides, and retheceover. This chloride ingress can
lead to an accelerated deterioration of reinforaitegl, popouts of coarse aggregates, and
can lessen skid resistance. Salt scaling, alotly ether types of deterioration, can lead
to an aesthetically unappealing rough surface (Pigand Pleau 1995).

Figure 2-1 Severely Salt-Scaled Sidewalk

The microstructure of the concrete surface is tfs¢ defense against salt scaling.
Three layers — different types of skins — have lsscribed in the concrete surface. The
cement skin, 0.1 mm (0.0039 in.) thick, is the tager followed by the mortar skin, 5
4



mm (0.197 in.) thick, and finally the concreterskBO mm thick (1.18 in.), is at the
bottom of the three surface layers. These layave thigher cement paste content and
higher porosity than the interior of the concreféhese differences in porosity and paste
content are a result of gravity, vibration and castn, and bleeding (Kreijer 1984).
The microstructure can be very weak at the surfamber some circumstances, such as
over vibrating, trowelling too early, extensive gtia shrinkage, or excessive bleeding,

leaving the surface susceptible to salt scalingwiak-Niedzwiedzka 2004).

2.2 Fly Ash

Fly ash is the fine residue trapped in chimneysrdafte combustion of pulverized
coal. The ash is gathered by a collector systeoh sti3 mechanical collectors, fabric
filters, electrostatic precipitators, and wet stres. Most commonly, the mechanical
and electrostatic methods are used. The collesystem delivers the ash to a silo. Fly
ash can be interground into cements or added gepaah the ready mixed concrete plant
(Helmuth 1987).

Class F fly ash is produced from the burning aheacite or bituminous coals
and contains a low calcium oxide content (0-20%)ass C ashes are produced from
lignite or sub-bituminous coals and contain higkcican oxide contents (generally 20-
30%). However, fly ash has variable propertiesabise it is not a manufactured product.
It can vary by color, glass content, carbon contpatticle shape and size distribution,

and the presence of other minerals (Neville 1996).
2.3 Hydration Reaction

2.3.1 Hydration of Portland Cement Concrete
As the concrete's top-surface microstructure isegomfactor in determining its
resistance to salt scaling, the cement hydrati@hcamcrete microstructure development
warrant further discussion. Hydration is the cheahchange of concrete from a plastic
stage to a solid one. This process begins asa®porater and cement come into contact.

Several main phases in cement react during hydratithe following are the phases of



cement that contribute to strength gain, along whthnotations used throughout the rest
of this thesis: C=CaO, S=Si0A= Al,O3, F= FeOs, H=H,O, tricalcium silicate, alite, an
impure form of GS; dicalcium silicate, belite, an impure form o0$SC tri-calcium
aluminateor GA; and tetracalcium aluminoferrite,,&8F. Five stages of hydration as
shown in Figure 2-2 are: dissolution, dormancy,deamg, cooling, and densification
(FHWA 2006).

Heat of Hydration

Time

Heat

Initial Se

Dormancy| Hardening Cooling Densification

Mixing

Figure 2-2 Heat of Hydration (after FHWA 2006)

2.3.1.1 Mixing /Dissolution

This stage starts as soon as water is introdudedtie cement and aggregate
mixture. The aluminate can generate significardtend can cause flash set if not
controlled correctly. The classical theory on #ral of dissolution is that gypsum and
aluminates react together to form monosulfoaluneithait coats the cement compounds.
This coating will slow the aluminate reaction, imrt slowing the heat generation (FHWA
2006). Recent evidence has shown, however, tmaémredissolution occurs at surface

dislocations, which create surface pitting of thairgs (Juilland et al. 2008).



2.3.1.2 Dormancy/ Dormant Period

As the aluminate reaction is slowed, reaction efd¢hncrete goes into a dormant
period. The concrete does not produce as muchduesig this stage. The concrete is
usually transported, placed, and finished during geriod. The cement, especially the
alite, and belite, continues to dissolve, and tlagewbecomes saturated with calcium and
hydroxyl ions (FHWA 2006). During the dormant petj the alite dissolution continues
but at a reduced rate because of the high ion otrat®n in the solution. When the
calcium concentration reaches the supersaturationt, | massive precipitation of
hydration products occurs and the calcium conceotralecreases, ending the dormant
period (Juilland et al. 2008).

2.3.1.3 Hardening/Acceleration Period

Alite continues to dissolve at a faster rate beeawd decreased ionic
concentrations forming calcium hydroxide (CH), aata silicate hydrate (C-S-H), and it
releases heat (Juilland et al. 2008). As hydrapiuucts precipitate, the mix begins to
stiffen. Setting occurs when C-S-H forms bridgetaeen solid cement particles to carry
loads (FHWA 2006, Mindess et al. 2002).

2.3.1.4 Cooling/ Deceleration

The rate of reaction begins to slow down. Thiscem is not fully understood,
although there are two principle theories: 1. thaction becomes diffusion controlled;
and 2. space is limited and growth and hydratisiasred (FHWA 2006).

2.3.1.5 Densification/ Steady State

In the final stage of hydration, reactions continoeslow and generate less heat.
Densification of the hydration products continues form a strong concrete mass,
reducing the permeability. The reactions will ¢goné as long as unreacted cement and
water are both available (FHWA 2006).



2.3.2 Effects of Fly Ash on Concrete Hydration

Silica in fly ash reacts with CH in a pozzolaniacgon to form C-S-H gel
XCH+yS+zH— C-S-H (Neville 1996). Use of fly ash in concreteanges some concrete
properties. Water demand of concrete with fly @&sHower than that of mixtures
containing only portland cement, which allows folower water-cementitious material
ratio (w/cm). Setting time may be delayed, esplciyy Class C fly ashes, although the
effect is very dependent on the fly ash usedhdffty ash contains a low amount (~50%)
of reactive silica, setting time may be longer (Nev1996). Fly ash may reduce water
demand by 5 to 15 percent, reduce long-term perifitgabnd reduce the rate of the heat
of hydration (Neville 1996). The total amount adah released from the use of fly ash
can be higher when fly ashes with a high CaO cdrdes used (Schindler and Folliard
2005).

Class C fly ash contains large amounts of calcismme of which may be in the
form of aluminate. This added aluminate can ineeghe rate of reaction and contribute
to large variations in setting time (Roberts angl3a2007). Care should be taken to
ensure that all materials are compatible at allsiipbs concrete curing temperatures
expected (FHWA 2006).

2.4 Contributing Factors
Even though salt scaling is not completely undedid is believed to be affected

by a combination of factors. Some of the more irtgod factors are briefly discussed
here.

2.4.1 Air-Void System
Air entrainment in concrete is known to protect ttmacrete paste system from
damage. The American Concrete Institute (ACI) $&tsa prescriptive code requirement
for total air content for concrete exposed to cyadé freezing and thawing. The ACI
318-08 (2008) requirements are reproduced in T2ile Exposure Class F1 is concrete
exposed to cycles of freezing and thawing, andhihtalso be occasionally exposed to

moisture before freezing. Class F2 is assignembtwrete exposed to cycles of freezing
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and thawing that is kept moist. Class F3 is assigio concrete that will experience
freezing and thawing and will be in contact withigtore and de-icing chemicals.

Table2-1 Total Air Content for Concrete Exposed to Cycles of Freezing and
Thawing (Reproduced from ACI 318-08)

Nominal maximum Air content, percent
aggregate size, mm (in) Exposure Class F1 Exposure Classes F2 and F3

9.5 (3/8) 6 7.5

12.7 (1/2) 5.5 7

19.05 (3/4) 5 6
25.4 (1) 4.5 6

38.1 (1-1/2) 4.5 5.5
50.8 (2) 4 5
76.2 (3) 3.5 4.5

Spacing of air voids is known as the spacing factdhe spacing factor is an
index of the maximum distance water, at any painthe cement paste, would have to
travel to reach an air void (Neville 1996)he critical spacing factor is the threshold for
which concrete with a higher spacing factor detat&s rapidly when subjected to freeze-
thaw cycles and de-icing chemicals (Pigeon anduP1€85). The critical spacing factor
to prevent salt scaling is between 200-300 (0.00787 — 0.0118 in.) (Powers 1954,
Pigeon and Pleau 1995, Valenza and Scherer 200fas also been shown that the mass
loss is proportional to the spacing factor (Siel#89). Air entrainment, which reduces
the spacing factor, improves salt-scaling resigan€ntraining air in concrete is usually
accomplished by adding a chemical admixture knownaa air-entraining admixture
(AEA). The AEA helps stabilize spherical air bueblin the concrete. The air-bubble
spacing should be smaller than 20® (0.00787 in.), with most bubble sizes ranging
between 1Qum (0.000394 in.) and 10@m (0.00394 in.) to minimize the risk of salt
scaling. However, adequate total air content doatsnecessarily correlate with an
adequate spacing factor (Pigeon and Pleau 199%).se&n in Figure 2-3, both cross
sections have a total air content of 6%; howeves, rhajority of air bubbles in the top
cross section are large, resulting in a bad spafecipr. The bottom cross section has
many small air bubbles spaced out across the @esson, reducing the maximum

distance that a freezing water particle would hevéravel to reach an air void. This
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makes it much more likely that water will not freem the concrete pores, causing

damage.

O |
O O O O Q?;Aerubbles

o)
6% Air with bad spacin

Concrete Cross ot spacng 20C-300pm
actor —

Sections

o o o o .
o o o o o O <«——Air Bubbles
o o o o o g o o e
o 09 94 o© ©° 45 o0 ©

6% Air with good spacing factor

Figure 2-3 Examples of Spacing Factors

To determine the spacing factor of hardened coectefo standardized methods
are described in ASTM C 457-08 (2008), the lineartrse method and the modified
point-count method. The concrete sample is fidished to ensure a flat, even cross
section with minimal damage to the air voids. H®pecimen is then placed under a
stereoscopic microscope in a linear-traverse/poonit method device. For the traverse
method, the sample is moved under the microscogerensummation of the distance of
paste and air voids traversed are quantified. sCimemations are then used in formulas to
determine different air void characteristics. Tgwent-count method consists of moving
the sample under the microscope a predeterminéahdis and recording the composition
at each stop, in counts. These counts are theth taseletermine different air void
characteristics.

Some issues are currently unresolved with the Hdira@erse method.
Discrepancies come from different preparation cécépens, operators, test methods,
types of air voids counted, and magnification. atrsfactory surfaces can lead to higher

spacing factors, and higher magnifications leadrtaller spacing factors, while only
10



measuring the entrained air voids reduces standewéhtion of the spacing factor by
50%. Single-operator repeatability is, howevercedbent when measurements are

repeated along exactly the same lines of trav&emer 1979).

2.4.2 Bleeding

Different densities of concrete constituent mater@n cause some segregation
of these materials. Some of the water in the raix ise to the surface, which is referred
to as bleeding (Neville 1996). Air entrainmentuees the amount of bleeding in fresh
cement paste. Bleeding increases the w/cm ratioeiiop layers of the concrete. Higher
w/cm in the top layers reduces the strength of éhlagers (Pigeon and Pleau 1995,
Neville 1996). This has been evidenced in expaniseonducted by Afrani and Rogers
(1994), in which testing was done on the moldeddnotside of the specimens. In these
experiments, no salt-scaling damage occurred, coedda severe scaling that occurred
on the finished surface. Coarse aggregates aralfdorcement can also trap bleed water
as it tries to rise. This trapped water can creames of weakness. These zones of
weakness can make frost damage more likely to ocBising bleed water can carry a
large amount of finer cement materials to the s@fanaking the surface more porous
and weak (Neville 1996).

2.4.3 Temperature
Minimum temperature and duration at minimum tempeeahave been shown to
affect the amount of scaling. No salt-scaling dgenaccurs when the minimum
temperature is held above -2G (14 °F). The amount of damage is relative to the
temperatures below -IC (14°F), with the longer the duration at minimum tempen,
the higher the amount of damage (Valenza and ScBé€¥). The freezing rate has been

shown to have little to no effect on the salt s@abf concrete (Marchand et al. 1995).

2.4.4 Finishing and Curing
Salt scaling tends to occur more when the congsdirished prematurely, before
bleeding is complete. The finished surface dethiesvater a chance to escape, trapping

it under the hardened surface layer. Trapped wesgts the surface to have a higher
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w/cm than the interior concrete, resulting in highmorosity and lower strength
(Bleszynski et al. 2002).

Curing procedures have been shown to have a signifieffect on salt scaling.
Extended curing can help the concrete by increasiagdegree of hydration of cement
and strength at the surface (Pigeon and Pleau M#&nza and Scherer 2007). A high
curing temperature {>68C (149 °F)} has been shown to have a detrimental effect on
salt-scaling resistance, probably because of iseskgorosity and lower long-term
strength (Pigeon and Pleau 1995).

Curing compounds have shown reduction in the amofistaling measured for
some concrete specimens (Boyd and Hooten 2007jingccompounds seal the surface
layer during curing which reduces evaporation. sTihcreases the degree of hydration of
cement at the surface, which also increases stragagh in the concrete (Siddique et al.
2007).

2.4.5 Pesssmum Concentration
The pessimum concentration is the salt concentrahat causes the maximum
amount of damage to a concrete surface duringdrtemv cycles (Valenza and Scherer
2007). Approximately a 3%-by-weight solute hasrbdéeund to be the pessimum
concentration for concrete (Marchand et al. 1998)e pessimum concentration does not
depend on the type of salt used (Valenza and ScBééb). Scaling did not occur when

salt solution was not applied to the concrete serf¥alenza and Scherer 2006).

2.5 Test Methods

The following test methods are commonly used tcemeine the salt-scaling
resistance of concrete. There has been evidemtestime laboratory tests are much
more severe than actual field conditions. The ésgglifference is the formation of a
porous, top concrete layer in laboratory specimeHRse porous layer is thought to form
because of the premature finishing of specimensrbedileeding is completed (Marchand
and Jolin 2005). A review of concrete salt-scalit@gt methods, including their

advantages and problems is given in this section.
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2.5.1 ASTM C 672: Scaling Resistance of Concrete Surfaces Exposed to De-
icing Chemicals

ASTM C 672 (2003) is used to determine the rest&tdn scaling of a horizontal
concrete surface exposed to freezing and thawirdesyin the presence of de-icing
chemicals. The test is used to evaluate the sffeictifferent variables such as mixture
proportioning, surface treatment, curing, or othariables on salt scaling. Specimens
must have a ponded surface area of at least 0.843Xin?), with a depth of at least 75
mm (3 in.). A 25-mm (1 in.)-wide and 20-mm (0.7#b)thigh dike is placed along the
perimeter of the top surface of the specimen as Be&igure 2-4. The dike can be of
mortar if placed before curing or some other mateéfiplaced after curing.

Unless the curing condition is the variable beiagtéd, specimens are covered
with a plastic sheet after molding. Molds are rgetafter 24 hours. Specimens are
then placed in a moist storage room for 14 days thed stored in air at 23+2C
(73.5+3.5°F) and relative humidity of 45-55 % for 14 daysfteh curing, a 6-mm (0.25
in.) layer of calcium chloride solution is appliéd the specimens. The solution is to
contain 4 grams (0.14 oz.) of anhydrous calciunoriti¢ per 100 ml (3.38 fl. 0z.) of

water.

Dikes

A‘Calcium Chloride Solution

Concrete

Specimen

25.4 mm= 1ir

Figure 2-4 ASTM 672 Specimen (after Valenza and Scherer 2007)
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The specimens are placed in a freezer at -T8-80+5 °F) for 16 to 18 hours.
They are then removed from the freezer for sixightehours and placed in laboratory air
at 23+2°C (73.5+3.5°F) and relative humidity of 45-55 %. Solution éadded between
cycles to maintain the proper depth. After fiveleg, the solution is flushed off and a
visual examination of the specimens is made. Agadf O through 5 is given after the
visual examination as shown in Table 2-2. The tedinished after 50 freezing and

thawing cycles.

Table2-2 ASTM 672 Rating (Reproduced from ASTM 672 2003)

Rating Condition

0 No scaling

1 Very slight scaling {3 mm (1/8 in.)} depth maxo(eoarse aggregate
visible)

2 Slight to moderate scaling

3 Moderate scaling (some coarse aggregate visible)

4 Moderate to severe scaling

5 Severe scaling (coarse aggregate visible ovaeentrface)

Several possible shortcomings of the ASTM C 672hoe have been identified.
The rating scale is very subjective. The Portl@&inent Association (PCA) has given
examples of concrete samples at each of the diffesting levels shown in Figure 2-5.
Although subjective, the rating scale is good forekative comparison of mixtures or
gualifying mixtures to ensure no salt scaling. tiCsi of the test say the curing process of
the laboratory sample does not reflect field cuang exposure conditions. This can be
seen in experiments where cores from the field e brought in and have performed
better than the laboratory samples made from theesancrete batch (Boyd and Hooten
2007). The optional step of measuring the amotimass loss has been suggested to be

a more objective determination of amount of saliag (Valenza and Scherer 2007).
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Figure 2-5 Salt-Scaling Rating (USACE 2010)

2.5.2 MTO LS-412 Scaling Resistance of Concrete Surfaces Exposed to De-icing
Chemicals

The MTO LS-412 (1989) is very similar to ASTM 674&ith a couple of small
modifications. This test method uses specimentat@ at least 300 x 300 x 75 mm
(11.81 x 11.81 x 3 in.) in dimension or have aatefarea of 0.09M(144 in?). This is
twice the area required in ASTM 672. After eaalefcycles, specimens are washed off
into a container, after which the washed-off maleis oven dried. This gives the mass
loss.

Measuring mass loss has taken out some of thedivitje of the MTO LS-412
and the ASTM 672 test methods; however, repeatybilithe test is questionable. Boyd
and Hooton (2007) did a round-robin study at théa@®o Ministry of Transport (MTO)
Laboratory and Lafarge’s Belleville Laboratory test specimens from six different
mixtures. Boyd and Hooton also performed testdvam of the mixes. Differences in
mass loss from each laboratory are summarized lleT&3. As seen in the table, there

was a wide range of results. In the MTO standarthass loss greater than 0.8 kgj/m
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(0.164 Ib/ff) after 50 cycles is considered to have poor sallisg resistance. Concrete
mixtures 2 and 5 that were tested by the MTO pa#issdest, but failed when the tests
were conducted by Lafarge.

Table 2-3 Differencesin Scaling Test Results (Reproduced from Boyd and Hooton
2007)

Average Cumulative Mass Loss (kgJm
Mix MTO Lafarge Boyd and Hooton
1 1.6 2.02 1.44
2 0.5 1.24
3 0.6 0.52
4 1.4 1.55 1.4
5 0.36 1.24
6 0.14 0.13
1 kg/nt = 0.205 Ib/

2.5.3 Capillary Suction of De-icing Chemicals and Freeze-Thaw Tests (CDF)

The CDF test is used to determine the amount dingcaer unit surface area.
Specimen slabs must have a total test area gréeeter0.08r (124 in%) and a height
between 50 mm (1.97 in.) and 150 mm (5.91 in.).e Thncrete is placed into molds.
The molds are removed after 24 hours and then glacéap water at 20+2C (68+3.5
°F) up to the age of seven days. Specimens arestbesd for 21 days at 2C (68°F)
and 65% relative humidity. Evaporation rate in tenate chamber must be 4515
g/m’hr (0.147+0.049 oz. fr) for free water.

Next, specimens are sealed on their lateral stsfheéveen two and seven days
before pre-saturation. Specimens are sealed vutmiaum foil with a butyl rubber
adhesive or sealed with a solvent-free epoxy reSithen aluminum foil is used to seal
the specimens, there is to be an overlap of foatdeast 20 mm (0.787 in.). If resin is
used, the bottoms and tops of the specimens mustgieclean of all resin.

Specimens are placed in a stainless steel teshinent As seen in Figure 2-6,
specimens sit on top of racks 10 mm (0.394 in.)valibe bottom of the container. A
sodium-chloride solution, 3% by weight, is then edldo a level of 15 mm (0.591 in.).

The top of the specimen remains dry in the seabedamer. The containers are allowed
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to sit for seven days at 2022 (68+3.5°F) to allow for capillary suction. The container
is set inside a temperature-controlled chest watblant as shown in Figure 2-6. Before
undergoing freeze-thaw cycles, specimens are placad ultrasonic bath to remove any
loosely adhering particles and dirt.

A 12-hour freeze-thaw cycle is applied to the cetespecimens. Starting at 20
°C (68°F), the temperature is lowered in 4 hours t0°Q@-4 °F) with a constant rate of -
10°C /h (50°F/h). For 3 hours the specimens are kept afc204 °F) and then
increased to 26C (68°F) at a constant heating rate of°@h (50°F/h) and kept constant
for 1 hour at +26C (68°F). At cycles 14 and 28, when the specimens aseeah5°C
(59°F), they are placed in an ultrasonic bath for timésutes to remove any loose
particles. The concrete mass loss is then mea¢Begder et al. 1996, Setzer and Auberg
1995).

The following are the steps to the CDF Test:

Dry storage

Sealing of specimen

Presaturation of test liquid by capillary suction

Cleaning of test surface before starting the freabag cycles

Freeze-thaw cycles

o a0k 0w N PE

Determination of surface scaling

The precision of the CDF test allows separatiosedferal phenomena. Scaling
can be separated into two parts — initial scaling kater, continuous scaling. Using the
CDF test, it is possible to distinguish betweennaioal and physical influences (Setzer
1997).
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Figure 2-6 CDF Test Container (after Setzer et al. 1996)

2.5.4 Swedish Standard SS 13 72 44 (Boras method)

The Boras method is similar to ASTM 672 with two difiwations.
Unidirectional freezing is desired, so approximat2d mm (0.787 in.) of insulation is
placed on sides and bottom of the sample as se€igume 2-7. To prevent evaporation
of the solution, a plastic sheet is placed 20 migD in.) above the solution. Samples
are 50-mm (1.96 in) thick with a solution depth3imm (0.118 in.). In the freezing
cycle, the specimen is cooled to -17+%(1.4+4.5°F) over a period of 12 hours and
then held at the minimum temperature for 4 hourbe specimen’s temperature is then
raised to 20+5C (68 *+ 9°F) over a period of 8 hours (SS 1372 44 1992).
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Figure 2-7 Boras Method Test Setup (after Pigeon and Pleau 1995)

Specimens are subject to at least 56 cycles. i8olus removed from the
specimen every seven cycles. The specimen ishfligitushed to remove all loose
materials, which are collected and dried to ob&itotal mass loss. This test has two
advantages over the ASTM C 672 method. Freeziogrpsses vertically from top to
bottom — the same way freezing occurs in the fielthe assessment is also quantitative
instead of qualitative, as with the visual ratinghe ASTM 672 (SS 1372 44 1992).

2.5.5 Laboratory Test Results Versus Field Performance
It is hard to represent true field conditions ilalaoratory test. Natural conditions
are varied, complex, and extremely difficult to n@guce. The deterioration process in
the field may take years, while in the laboratdng tprocess only takes weeks. To
accelerate the process, tests usually amplify theergy of exposure conditions, and
consequently, an amplification of damage (PigeahRleau 1995).
Some tests, such as ASTM C 672, will only passribet durable concretes while

failing the rest. False-negative tests unnecdgsaiminate potentially durable concrete,
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when it possible that the concrete in question c¢da highly functional in other
situations (Pigeon and Pleau 1995).

Another concern about laboratory tests versus peldormance is that placing of
and finishing of small samples in molds do not espnt placement of concrete in the
field. For laboratory tests, the concrete is pth small molds. The surface can easily be
overworked, creating a sample that is not reprasestof field placement. Marchand et
al. (2005) did comparisons of molds and cores feosidewalk from the same concrete
loads. Nine batches of concrete, consisting o€ fdifferent mixes, were used in
construction of a sidewalk. Laboratory specimemsenmade by ASTM 672 standard,
and subjected to the ASTM 672 test. Sixty daysrgftacement, the sidewalk was cored.
The cores were also subjected to the ASTM 672atedtthe results can be seen in Table
2-4. As can be seen in the table, field coresoperéd better than the lab specimens,

even though all specimens were made from the sacbds of concrete.

Table 2-4 De-l cer, Salt-Scaling Test Results (Marchand et al. 2005)

Mix Mass Loss of Lab Mass L oss of Field Cores

Specimens (kg/m?) (kg/m?)
1 0.64 0.03
2 0.45 0.03
3 1.91 0.16
4 1.07 0.03
5 4.28 0.23
6 2.56 0.52
7 1.43 0.32
8 1.68 0.31
9 2.19 0.09

1 kg/nt = 0.205 Ib/ft

Boyd and Hooton (2007) conducted a study in whineytplaced in-ground slabs
along with two different sets of laboratory speansie The first set was tested with the
MTO LS-412 test, following the standard in whichespnens were cured in the
laboratory and testing began at the age of 28 dalye the second set of specimens
were allowed to cure in field conditions for 127%sdand then tested following the MTO

LS-412 standard. The differences can be seen leT&5, where the specimens that
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were allowed to cure in field condition outperfouhtbe specimens that were cured in the

laboratory.

Table 2-5 Differencesin Mass Lossfor Two Curing Conditions (Boyd and Hooton
2007)

Mix AverageMassLoss-Lab | AverageMassLoss- Field

Cured (kg/m?) Cured 127 Days (kg/m?)

1 1.69 0.97

2 0.87 0.195

3 0.56 0.098

4 1.45 0.193

5 1.6 0.198

6 0.135 0.065
1 kg/nt = 0.205 Ib/ft

2.6 Salt Scaling in Concrete Containing Supplementary Cementing
Materials (SCMs)

Use of SCMs has economical and environmental bishefs most SCMs are
waste from industrial processes. Addition of SCbés increase long-term concrete
strength (>28 days) (Valenza and Scherer 2007)MsS@owever, have produced mixed
results in salt-scaling performance as will be ax@d later in this chapter. Chemical
and physical properties of representative SCMshaosvn in Table 2-6.
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Table 2-6 Chemical Analyses of Cement and SCM s (Reproduced from FHWA 2006)

Class Blast
Typel F Fly | ClassC | Furnace
Cement Ash | Fly Ash Slag Silica Fume
Silica
(Si0) % 22 52 35 35 90
Alumina
(Al,03) % 8 23 18 12 0.4
Iron Oxide
(Fe&03) % 3.5 11 6 1 0.4
Calcium Oxide
(Ca0) % 65 5 21 40 1.6
Sulfate (SQ) % 1 0.8 4.1 9 0.4
Sodium Oxide
(NaxO) % 0.2 1 5.8 0.3 0.5
Potassium Oxide
(K20) % 1 2 0.7 0.4 2.2
Specific surface, 150-250 250-600 350-500 15000-20000
kg/n? (Ib/ft?) (31-51) (51-123) (72-102)|  (3072-4096)
3-100 1-100
Particle size, (0.000118- (0.000039- 0.01-0.5
um (in.) 0.00394) 0.00394) (0-0.00002)
2.6.1 Fly Ash

Concrete containing fly ash as a partial cementaogment has a lower strength
gain rate than that of ordinary portland cementcoete; however, between one and two
months, the strength of concrete containing fly asay surpass that of concrete
containing only portland cement (Neville 1996). n&ofly ash can be detrimental to the
development of the air-void system. These fly ashentain unburned carbon that
absorbs air-entraining agents. If carbon contertighly variable, air content may also
be highly variable (Pigeon and Pleau 1995, Ne\i866).

Resistance of concrete to salt scaling appears tofluenced considerably by the
fly ash utilized, quantity used, construction cdiwtis, and curing (Bilodeau et al. 1994).
Several studies have shown that fly ash diminigleststance to scaling in standardized
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laboratory tests. As the mass of fly ash substitutor portland cement increases,
bleeding also increases, which may contribute weaker surface (Valenza and Scherer
2007).

Marchand et al. (1997) concluded in testing thatamount of fly ash substituted
for cement correlated directly with the mass lo$ke findings are summarized in Figure

2-8. Concrete with no fly ash (0% FA) outperfornibdse with 20% and 40% fly ash,

with the 40% sample having the highest mass loss.
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Figure 2-8 Amount of Fly Ash Comparison (Reproduced from Marchand et al.
1997)

Bilodeau et al. (1994) conducted salt-scaling tesis concrete specimens
containing fly ash with different specific gravdidrom different sources around the
United States. The cement was replaced at a fapproximately 58% by mass. The
specimens underwent the ASTM C 672 tests. Resliitsass loss versus specific gravity
at 50 cycles and 100 cycles can be seen in Figi%e Results conclude that the higher
the specific gravity, the higher the salt-scaliagistance.
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Figure 2-9 Salt Scaling by Specific Gravity (Bilodeau et al. 1994)

silicon metal and ferrosilicon alloys.
ranging in size from 0.01 to 0.pbm (0-0.00002 in.) of usually greater than 90%
amorphous silica depending on the alloy. It isagarage, 100 times finer than portland
cement, has 50 times the surface area, and ishdyhigactive pozzolan (Thomas 1996,
Neville 1996). The silica in silica fume reactgtwCalcium Hydroxide (CH) to form C-

S-H gel. The theoretical substitution rate neeedonsume all the CH has been found

Silica fume is a by-product of the metallurgicabgess used in the production of

2.6.2 Silica Fume

to be approximately 10% (Neville 1996).

surface area requires more water to coat all of gaeicles, or a higher dosage of
superplasticizer to compensate for the decreasedret® workability (Neville 1996).
Usually a superplastcizer is used in mixtures damtg silica fume to offset the
decreased workability and disperse the particlesy afensification for shipping. Silica

fume also improves early strength gain by providmgcleation sites for hydration

Workability of concrete containing silica fume wilecrease because the high
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products. Silica fume will create a refined pareicture with smaller radii (Valenza and
Scherer 2007).

Use of silica fume as a SCM has shown mixed resulésilt scaling. Bleszynski
et al. (2002) found the increase in silica fumeuss scaling. Sellevold, et al. (1991),
and Jacobsen (1995) have, however, found thatadilime concrete subjected to
prolonged freeze/thaw cycles resulted in poor sggtierformance. Silica fume acts as a
filler and nucleation site until the pozzolanic cgans occurs (Valenza and Scherer
2007).

2.6.3 Blast Furnace Slag

Blast furnace slag is the non-metallic by-produotrf the production of pig iron
in a blast furnace. It consists essentially ataibs and alumino-silicates of calcium and
other constituents. For every 1,000 kg (2,204fty)ig iron produced, about 300 kg (661
Ib) of slag is produced. Slag is produced frongaitl phase, which upon rapid cooling,
forms pellets of solidified glass. This glassher ground to a fineness similar to that of
cement (Neville 1996). The maximum practical sagstitution to consume all CH has
been determined to be 50%. Higher cement-replagetegels may require an alkali
activator for practical use (Valenza and Scher@720leville 1996). Slag hydration will
produce more C-S-H, which may result in a denserastructure (Neville 1996).

Slag will improve workability of the concrete besawf a better dispersion of the
cementitious particles and the limited amount otewahat slag will absorb during
mixing. Slag often slows hydration time of the cogte because the glass has to be
broken down by hydroxyl ions. When slag concraeteyaung (0-7 days), it has less
strength than ordinary portland cement concreteQQmPRowever, after 28 days, slag
concrete may be stronger than OPC concrete (Nel@l#6). Fine slag will delay and
reduce bleeding of concrete. If the concrete ésraturely finished before the bleeding is
completed, the surface layer may become weakeexhnithit poor salt-scaling resistance.
(Bleszynski et al. 2002)

When carbonation occurs in blast furnace slag @teciit results in a coarser

microstructure, which makes the surface weaker mode susceptible to salt scaling
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(Valenza and Scherer 2007). Concrete containigh fiolumes of slag has been shown
to carbonate at a much higher rate than ordinarjigmal cement concrete because of
formation of two polymorphs of calcium carbonateagonite and vaterite. As the slag
concrete carbonates, it will decalcify the C-S-egJing a coarser microstructure (Ngala
and Page 1997). Unlike ordinary portland cementuste, carbonation in slag concrete

reduces salt-scaling resistance (Litvan and Me986)L

2.6.4 Ternary Blends
Ternary blends are a combination of portland cenwth two SCMs (most

commonly fly ash, silica fume, or slag). Oftenicsll fume is used in low percentages
with another SCM at a higher cement replacemerdagins This helps to overcome some
of the side effects of the use of higher volumedlyfish or slag such as lower early-
strength gain or permeability. Ternary blends aommihg silica fume, fly ash, and blast
furnace slag produce less permeable concrete thraerate containing only silica fume
(Mindness et al. 2002).

2.7 Possible M echanisms
Althoughthe exact mechanism of salt scaling is not knowuaesal theories have
been proposed by different researchers. The fatigwgection reviews a few of these

possible mechanisms.

2.7.1 Glue Spall
Glue spalling is a technique used to decorate glasslecorative glass, an epoxy
with inclusions is spread across a sandblasted glagace. The epoxy is allowed to cure
and the temperature of the glass is cooled. Ducmgling, stress from the thermal
expansion mismatches that of the epoxy and inahgscause the epoxy to crack. High
tensile stresses then develop in the glass sudagsing, the crack to propagate in the
glass. Subsequently, when cracks in the glassexbna thin piece of glass is removed.
Some researchers believe that a similar procespehapat the surface of concrete
causing salt scaling (Valenza and Scherer 2006).
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Cracks in a concrete surface can be formed by tiffereint processes: 1.
propagation of pre-existing surface flaws, or Zigieation of the crack from the ice layer
into the surface. Concrete can be exposed toidraffind, rain, and other surface-
deteriorating processes leaving flaws on its serfathe second type of cracking is the
basis for the glue spall theory. Three situaticas occur when ice cracks on the
concrete surface: 1. The crack can arrest at teefaice; 2. The crack can bifurcate along
the interface; or 3. It can penetrate the concrétier the crack reaches a critical depth,
it then runs parallel to the surface. Cracks mto each other leaving a small piece of
cement paste detached from the surface (Valenz&elnerer 2006). The demonstration

can be seen in Figure 2-10.
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Figure 2-10 Glue Spalling (after Valenza and Scherer 2006)

The glue spall theory can explain the pessimunteotration effect discussed in
section 2.4.5. When the saline solution startfdeze, none of the salt enters the ice
crystal lattice. Ice will nucleate and at firstrifo only pure ice, while the salt is
concentrated into small brine pockets inside thee icThese pockets weaken the ice.
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Cracks then form and propagate across the surfadieoconcrete. If the saline
concentration is too high, there will be a largenber of brine pockets, which will cause
the ice to be very weak, reducing the fracture gynehat is applied to the concrete
surface. This limits the damage that occurs toctirerete when exposed to solutions of
high salt concentrations. When the concentrasoiod low, very few weak pockets are
created in the ice, reducing cracking and spallififne pessimum salt concentration in
the solution that the concrete is exposed to is iBégpendent of the salt type (Valenza
and Scherer 2006).

2.7.2 Differencesin Pressures

Powers and Helmuth (1953) suggest that the presainde-icer salts increases
the difference between the vapor pressure ovesupercooled water in capillary pores
and that over the ice formed on all external faufethe paste. This can lead to osmotic
pressures in various degrees of ice formation fiermdint concrete layers. Ice formation
can block the flow of water due to osmosis, whielm create high stresses in the top
concrete layers (Pigeon and Pleau 1995).

Browne and Cady (1975) suggest that variation ih sancentration, which
produces gradient hydraulic pressures, causesseaaliing. Salt concentration on the
surface is too high for ice to form; however, i@ dorm under the surface generating
large hydraulic pressures that are strong enoughetak flakes from the surface.

2.7.3 Layer Mechanism

Harnick and Rosli (1980) suggest a layer-by-layeeZing phenomenon leading
to surface scaling. Three gradients work togeitmescaling. The first is the gradient of
water content. The outer layer of concrete, whesgewill form, has more water content
then the inner layer. The second gradient is saticentration. The outer layer of
concrete will only contain a small amount of derisalt, making ice formation possible
at temperatures close to the freezing point. H@wneawn the layer underneath the surface,
ice does not generally form because the salt caratem is too high. The third gradient

is the thermal gradient. It takes a large amodnteat to melt the ice. This heat is
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extracted from the concrete surface. Thus, thereba cools rapidly, in turn causing a
large thermal gradient. Ice formation on the stefareates stresses due to the varying

expansion of the two layers and leads to scaling.
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CHAPTER 3- Durability Test Sites

Laboratory tests allow researchers to test matquality and test hypotheses
under controlled conditions. They can isolate emnental and other exposures
affecting concrete performance. Laboratory testaat always, however, represent what
happens in the field because the natural cyclingpsure time, rate, and severity can be
different. Application of salt will vary betweehd field and the laboratory. The field
can have a varied application in just one slab,levttie laboratory employs a more
uniform application, usually harsher than the tgpiield application. As shown by
Nokken et al. (2004), the curing temperature of@373.5°F) in the laboratory does not
represent the average temperatures that concréétexperience in the field. They also
found that the length of freezing cycles variednfrd1-206 hours, compared to most
ASTM test having freezing periods of 2-16 hourgve&al durability test sites have been
set up across the world to observe concrete indnwronmental situations for different
types of concrete distress. These can range facksrin the ocean to a small lot covered
in concrete blocks and slabs. In this chaptereva 6f these durability test sites and

associated research will be discussed.

3.1 Treat Idland Marine Exposure Station, Maine

Treat Island is located on the Bay of Fundy neastjitat, Maine. The location
was established in 1936 by the United States Arogp€ of Engineers. The facility has
a series of racks that can hold specimens at m@llgvel, which are immersed twice
daily by the rising of the tide. The tide can riseas much as 6.7 meters (22 ft). The
average ambient temperature during the coldestgfatte winter is around -18C (14
°F). Depending on the severity of the winter, esgbcimen is subjected to between 100
to 160 freeze-thaw cycles per year. A series bEmotoncrete specimens have been
placed on a nearby beach to look at different catecmixtures and the effects of ocean
spray.

Approximately 22 active research projects are ongyat Treat Island. Projects

investigate a wide variety of properties of coneretCurrent ongoing projects include
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specimens on racks to monitor mass loss and vottraege of mixtures. Durability of
bonding new concrete to existing concrete has bessarched at Treat Island. Master
Builders (now the construction chemicals divisioh BASF) has sponsored scaling,
corrosion-inhibitor, and concrete freeze-thaw tasise projects.

Each of the current projects at Treat Island examiifferent variables; however,
most are focused on a specific material parametdrhow it relates to salt water and
freeze-thaw. A map of the specimens from the ptejat Treat Island is provided in
Figure 3-1, and a map of the specimens on the heattown in Figure 3-2.
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Figure 3-1 Map of Specimenson Racksat Treat Island (USACE 2010)
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Figure 3-2 Map of Specimenson the Beach at Treat Island (USACE 2010)

3.2 CANMET, Ottawa, Canada

The Canada Centre for Mineral and Energy Techno{GANMET) is located in
Ottawa, Canada. The site was established in 1@@harily for validating accelerated
ASR test methods and evaluating the effectivenéssaimous measures for preventing
damage due to ASR. CANMET’s mission is to devedopengineering database on the
effectiveness of SCMs in controlling ASR. The ’sitebjectives include comparing
effectiveness of SCMs to reduce ASR expansion aadkimg due to long-term field
exposure, determining effects of exposure conditisunch as the use of de-icing salt on
ASR, and developing petrographic procedures to uteand quantify ASR damage. As
of 1996, the site had samples of more than 125 retmanixtures with 14 reactive
aggregates from across the world. Specimens rrageslabs 0.4 x 0.4 x 0.7 m (15 x

15x 28 in.) to 0.7 x 0.7 x 0.15 m (28 x 28 x 6 ipr)sms. The prism specimens are
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arranged at different elevations. Some are setitljron the ground, while others sit on
blocks off of the ground. The blocks have measufoints placed in them during
batching. Periodically, expansion is measured I(fieu 1996). A picture of the
CANMET is shown in Figure 3-3. CANMET has workedwthe University of Texas-

Austin in comparing results from the same mixtures.

Figure 3-3 CANMET Exposure Site (Benoit Fournier, personal communication,
Nov. 24, 2009)

3.3 Concrete Durability Center, University of Texas-Austin

The University of Texas-Austin has developed a itergh exposure site,
constructed in 2001 for comparison of ASR resuith WANMET. The site is a 15.24 x
30.48 m (50 x 100 ft) section of land at the Jidkle Research Campus of the University
of Texas at Austin. The site is equipped with atlver station containing a data logger
to monitor the weather along with temperature daeden blocks cast with temperature
Sensors.

Funding for the site was provided by the Texas Depent of Transportation
(TxDOT), the Federal Highway Administration (FHWAhe International Center for
Aggregate Research (ICAR), and the Electric Poweselarch Institute (EPRI). The site
allows for long-term monitoring of progression oSR and delayed ettringite formation
(DEF) in concrete exposure blocks as shown in [Ei@44. Concrete on this site contains
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more than 35 aggregates from across North Amendavarious preventative measures
(supplementary cementing materials and chemicabddres) to mitigate ASR.

In 2005, the site was expanded (with TxDOT supporgvaluate external sulfate
attack (concrete specimens exposed to soils camgasalcium sulfate, sodium sulfate,
and magnesium sulfate). The sulfate exposureaiiedbe seen in Figure 3-4.

The main goal of this outdoor exposure site tesiintp ensure that accelerated
laboratory testing most accurately predicts fieksifprmance. Data generated from this
outdoor exposure site have already been instrumentievelopment of improved test
methods and specifications at state, federal, atetnational levels (Thano Drimalas,

personal communication, July 29, 2009).

Figure 3-4 UT Austin Exposure Site

3.4 BRE, United Kingdom
The Building Research Establishment (BRE) in théééhKingdom was built to
monitor large concrete blocks stored on an outdmqgiosure site. The BRE made
concrete blocks ranging between the sizes of 350(d#78 in.) to 900 mm (35.43 in.),
and then stored them directly on the ground or pdrtiem in water or solutions as can
be seen in Figure 3-5. The BRE has conducted ndséato ASR and other concrete
durability using these blocks. DEMEC-type strafiuges and embedded reference points

have been used to measure concrete expansion (Sheirah 2006).
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Figure 3-5 BRE Exposure Site Blocks (Thomas et al. 2006)

3.5 Research Lotsand Roads

Many researchers have taken advantage of new constigtich as parking lots,
sidewalks, roadways, and Jersey barriers to rdsesalt scaling. New construction
allows different mixes to be used in the same itigiand be subjected to the same types
of weathering. Researchers are able to observe domwrete reacts to normal use in
natural weathering conditions. These field expesites allow for comparing laboratory
test results versus natural exposure. The follgwgiection gives a few examples of what
has been completed.

Marchand et al. (2005) of Laval University usedstouction of a new sidewalk
in the city of Quebec, Canada, to test five différeoncrete mixes that incorporated
SCMs. Some of the results from that study wereudised in Chapter 2. As of 2005, the
concrete has been observed for 10 years with extelbehavior versus laboratory
specimens that had a high failure rate. Both laooy and field concrete specimens
were made from the same concrete batches.

Bleszynski, et al. (2002) used replacement ofvarsty damaged service roadway
at a cement plant in Picton, Ontario, Canada, a@ekeven different concrete mixtures
and observe how the mixes performed versus labgrajmecimens. As of 2002, the
roadway had been observed for four years with el ¢concrete mixtures performing
approximately the same.
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CHAPTER 4 - Material Properties

This chapter discusses properties and testing gifeggtes and materials used in
concrete to place salt-scaling specimens and ASRbditly blocks placed at the Kansas
Outdoor Concrete Exposure site (KOCE).

4.1 Coarse Aggregate
The coarse aggregate, seen in Figure 4-1, usdbahthe salt-scaling mixes, was
a crushed limestone from a local Manhattan qudroyve in Figure 4-1. Siliceous river
pea gravel from the Kansas River, shown in Figu was used in the ASR blocks.
Specific gravity and absorption were determined floree representative samples,
according to ASTM C 127 (2007). The average ofttiree samples for each aggregate
test is shown in Table 4-1 and Table 4-2 for tHesaling aggregate and ASR blocks,

respectively.

Figure 4-1 Salt-Scaling Coar se Aggr egate
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Figure4-2 ASR Coar se Aggregate

Table 4-1 Salt-Scaling, Coar se-Aggregate Properties

Saturated-Surface Dry (SSD) Specific 2.624
Gravity

Oven-Dry Specific Gravity 2.554
Absorption (%) 2.8

Table4-2 ASR Coarse-Aggregate Properties

Saturated-Surface Dry (SSD) Specific 2.57
Gravity

Oven Dry Specific Gravity 2.488
Absorption (%) 3.3

The coarse-aggregate gradation was determined dwecgoto ASTM C 136
(2006). For a representative gradation, threeKkiy€11.02 Ib) samples were sieved. The
aggregates’ particle-size distribution was deteedirfrom the average of the three
samples shown in Figures 4-3 and 4-4, respectivillyminal maximum size for the salt-
scaling coarse aggregate was 19 mm (0.75 in), ariglrim (0.5 in.) for the ASR coarse

aggregate.
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4.2 Fine Aggregate
The fine aggregate used for the salt-scaling tes woncrete sand, a siliceous
natural sand, from a local ready-mix plant as shawnFigure 4-5. The Kansas
Department of Transportation (KDOT) identified #cgious natural ASR reactive sand,

shown in Figure 4-6, obtained in Junction City, Kas

ASTM C 128 (2007) was used to determine the spegifavity and absorption of
three representative samples. Averages of the samples for each fine-aggregate test
are shown Table 4-3 and Table 4-4.

Figure 4-5 Salt-Scaling Fine Aggregate

FERERRERY LR PR AR AR AR R RN

Figure 4-6 ASR Fine Aggregate
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Table 4-3 Salt-Scaling, Fine-Aggregate Properties

Saturated-Surface Dry (SSD) Specific 2.623
Gravity

Oven-Dry Specific Gravity 2.605
Absorption (%) 0.7

Table 4-4 ASR Fine-Aggregate Properties

Saturated-Surface Dry (SSD) Specific 2.57
Gravity

Oven-Dry Specific Gravity 2.488
Absorption (%) 0.5

Gradation was determined in the same fashion asthfercoarse aggregate,
following ASTM C 136 (2006). Average results oketkthree samples can be seen in
Figure 4-7 and Figure 4-8. The fineness moduldg)(was determined by adding the
cumulative percentages retained on sieves of 4.75(No. 4), 2.36 mm (No. 8), 1.18
mm (No. 16), 0.6 mm (No. 30), 0.3 mm (No. 50.), &hdl5 mm (No. 100) and then
divided by 100. FM for the salt-scaling fine aggate was 3.38. FM for the ASR fine
aggregate was 3.63.
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4.3 Fly Ash

The fly ash used in this study was obtained from tlifferent material suppliers.
Nine different fly ashes were procured from acribesUnited States: three Class F ashes
and six Class C ashes. The fly ashes’ chemicapositions were analyzed using x-ray
fluorescence (XRF), with the results shown in Table. Samples of each fly ash were

taken for future tests if needed.

Table 4-5 Fly Ash Properties

Fly Ash
ID 1 2 3 4 5 6 7 8 9
Class F F F C C C C C C

Specific
Gravity 2.35| 2.19| 2.52| 2.84| 2.75| 2.64| 2.78| 2.6| 2.54
Si0,(%) |55.57|58.56| 36.8| 31.07| 34.27| 53.47| 3.88| 37.63| 37.55
Al,O3 (%) | 23.98| 25.74| 20.45| 20.39| 17.69| 25.54| 17.83| 19.41| 18.87
Feos (%) | 4.18| 5.49| 541| 8.24| 599| 4.33| 554| 7.05| 5091
Si+Al+Fe
(%) 83.73| 89.79| 62.66| 59.7| 57.95| 83.34| 27.25| 64.09| 62.33
CaO (%) 8.06| 4.53|24.94| 26.03| 26.87| 9.29| 27.98| 23.32| 23.74
MgO (%) | 2.06| 1.27| 453| 5.8| 6.73| 19| 7.65| 4.89| 4381
SO; (%) 0.5| 0.39] 1.35| 1.54| 2.12| 0.63| 2.86| 1.47| 2.37
Na;,O (%) | 0.66| 0.64| 1.58| 1.95| 2.06| 0.39| 2.15| 1.59| 1.59
K>0 (%) 1.11| 1.02| 0.48| 0.35| 0.41| 1.11| 0.34| 0.55| 0.46

4.4 Cement
The cement was a Type | from The Monarch Cememhg2my. The cement
oxide composition was measured by XRF with ressliswn in Table 4-6. Bogue
calculations (ASTM C 150 2007) were used with tHePXresults to compare theoretical
values of C3S, C2S, C3A, and C4AF to the valuesidousing the Rietveld method
(Rietveld 1969).
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Table 4-6 Cement Properties

SiO, (%) 21.34
Al,05 (%) 4.74
Fe,0; (%) 3.29
Si+Al+Fe (%) 29.37
CaO (%) 62.94
MgO (%) 1.69
SG; (%) 2.68
Na,O (%) 0.14
K20 (%) 0.53
C3S (%) (B) 49.8%
C2S (%) (B) 23.57
C4AF (%) (B) 10.01
C3A (%) (B) 6.994
C3S (%) (R) 66.96
C2S (%) (R) 16.49
C4AF (%) (R) 9.29
C3A (%) (R) 2.92
Lime (%) (R) 0.12
Gypsum (%) (R) 2.31]
Bassanite (%) (R) 1.68
Arcanite (K2S04) (%) (R)| 0.23
(B) - Bogue Calculation
( R)- Rietveld Analysis

4.5 Admixtures

The two admixtures used were a mid-range watercesdand an air entrainer.
The mid-range water reducer was the Daracem 58upeal by W.R. Grace. The air

entrainer was the Daravair 1000 produced by W.Rc&r
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CHAPTER 5 - Concrete Material Proportioning and Batching

Procedure

This chapter discusses the procedure used for edthardened concrete testing
and final concrete mixture proportioning. In aduit the process for full batching for

each type of specimen cast is given.

5.1 Absolute-Volume M ethod

For the mix designs, the absolute-volume method wsasl. Aggregate specific
gravity and relative density were used to calculaéeweight of each material required to
produce 0.76 (1l yd®) of concrete. ASTM C 672 (2003) standard calls datarget
volume of 6% air, which was used in the designliof@crete mixtures. The volume of
chemical admixtures was not included in the mixtdesign due to the small amounts

required.

52Trial Mixes
Trial mixtures for each batch were made to findaheunt of air entrainer and
mid-range water reducer needed to meet the reqairemntent of 6£1% and slump of
7515 mm (3£0.5 in). The trial mixes were mixedaismall Lancaster Counter Current

Batch Mixer seen in Figure 5-1.
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Figure5-1 Lancaster Counter Current Batch Mixer

The procedure followed for laboratory batchingsdallows:

1.

Oven dry the sand. (Moisture variability was a c@n because of the
aggregate storage conditions available. The saasl oven dried before
batching to reduce variability from moisture cortten

Batch the sand and rock the day before mixing,sdack it in sealed buckets

in the temperature-controlled mixing room until imig.

3. Measure moisture conditions of the rock.

4. Adjust the weights for moisture condition.

5. Weigh out the correct amount of materials for betgh(rock, sand, cement,

© © N o

fly ash, water, admixtures).

Wet the mixer pan and wipe with a towel to remexeess water.
Add the sand and rock into the pan and mix for ronmaute.

Add 1/4 to 1/3 of water into the pan.

Mix for 30 seconds.

10. Add the total amount of cement.
11.Add the total amount of fly ash.
12.Mix for 30 seconds.
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13. Add the chemical admixtures.

14.Add the remaining water to pan.

15. Mix for 3 minutes.

16. Turn off the mixer for 2 minutes.

17.Mix for 2 minutes.

18.Check the concrete against slump and air requiresnen

5.3 Finalized-Mix Design

After test batch results were complied, final mesdns were determined. Final

mixture proportions are shown in Table 5-1.

Table5-1 Theoretical Mixture Design

kg/m3 mL/m°
Mid-

Air Range

Mix Cement| Fly Ash| Water Rock Sand| Entrainer| Water
Control | 335.12 0.00 134.0§ 1099.23 736.27 43.6D 1962.06
F1IM 201.07 | 134.05| 134.08 107546 721.93 218.01 926|53
F1V 189.65| 126.43| 126.43 1099.23 736.27 257.03 1028.13
F2M 201.07 | 134.05| 134.08 1069.52 717.11 327.01 872|03
F2Vv 186.60 | 124.40f 124.4Q 1099.23 736.27 303.48 85986
F3M 201.07 | 134.05| 134.08 1084.37 723.26 272.51 654{02
F3V 19255 | 128.37| 128.3] 1099.23 736.27 313.16 782|191
FAM 201.07 | 134.05| 134.08 1093.29 730.05 283.41 763]02
FAV 197.27 | 131.51| 131.51 1099.23 736.27 278.95 855|53
F5M 201.07 [ 134.05| 134.08 1090.31 728.97 283.41 763]02
F5V 196.03 | 130.69] 130.69 1099.23 730.33 286.94 797(04
F6M 201.07 | 134.05| 134.08 1087.34 726.62 272.51 654{02
F6V 194.43 | 129.62| 129.64 1099.23 736.27 316.21 737,83

1 kg/nt = 1.69 Iblyd®

1 mL/n? = 0.026 oz/yd
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5.4 Hardened-Concrete Testing

Hardened-concrete testing was conducted to find the strerigiie concrete.
After batching, three 100 x 200 mm (4 x 8 in.) cylinders of eachwepe made to check
compressive strength at 28 days according to ASTM C 39 (2005). geveraximum
stress of the three cylinders was taken as the compressive strengthldatdh

For the ASR blocks, three 150 x 300 mm (6 x 12 in.) cylinders weyevasle to
measure the splitting-tensile strength according to ASTM C 4964}20 Average
maximum stress of three cylinders was used to calculate the spigtisde strength.
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CHAPTER 6 - ASTM 672 Laboratory Testing

This chapter discusses specimen preparation, formwork, batchitiggcasring,

and testing procedures used to perform the ASTM 672 salt-scaling testing.

6.1 Specimen L abeling

Six different fly ashes (F1-F6) were used in the laborat@yngg Two batches
were cast for each fly ash. The first batch had a 40% sulmstittdte of fly ash for
cement by mass. The designation used for these mixturegsheally ash number
followed by M, such as FIM. The second batch was a substitutio®%ymass of
cement, but the total volume of paste was held constant to the volupastefin the
control. Therefore, the total mass of cement, fly ash, and water lawered in order to
keep the volume of paste constant. These mixtures were dedidnatine fly ash
number followed by a V, such as F1V. For the test, nine specimeradh batch were
made. Three were cured according to the standard procedure ohgovigh plastic for
24 hours. These were designated as “Air". Caution was takemstoe that the plastic
did not touch the specimens’ surfaces. Six specimens were cadteda curing
compound, which was designated with “CC.” Three were used in labotesting and

three were placed at the exposure site, as explained in Chapter 7.

6.2 Form Preparation

Standard five-gallon plastic buckets were cut into plastic ringghamvere used
both for the concrete specimen side forms and later for the dalls. wMinimum
diameter to meet the 0.045 surface area was 23.93 ¢cm (9.42 in.). The buckets tapered
slightly, with a minimum diameter of 25.4 cm (10 in.) in the butiadtom. Each bucket
was cut into 88.9-mm (3.5 in.) sections using a wooden jig. Bottome tiuttkets were
cut out and sanded smooth. Each form was cut on the side and duct tdptxhbtner
to allow for easy removal after casting.

The day before batching, the forms were secured with silicone péastic-

covered table shown in Figure 6-1. The silicone was used to stopdeatkivater out
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from the concrete during curing. The table accommodated 36 forms, alloared for
the casting of four batches on the same day. Before placedneoncrete, Crete-Lease
880 — VOC Release Agent was applied to the forms.

Figure 6-1 Forms Secured to Table

6.3 Full-Batching Procedurefor Laboratory Salt-Scaling Tests

The control mixture was batched by itself and was used to atieidtatching
procedure, shown in Figure 6-2. On the second batch day, the F1M specienersst.
On the third day F2M, F3M, F4M, and F5M were cast; followed by F&W, F2V, and
F3V on the fourth day; and on the fifth batch day F4V, F5V, and F6V were cast.

The slump (ASTM C 143 2008) and fresh air content (ASTM C 231 200&) we
measured for each concrete batch. Three 100 x 200 mm (4 x 8 indecglwere made
from each batch for compressive strength testing to be conducted at 28 days.
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Figure 6-2 Adding Material to Lancaster Mixer

The concrete was then placed in the forms on the table in onEdifh specimen
was rodded 36 times with a 15.875-mm (5/8 in.)-diameter steel rodrodiveas used to
strike off the top of the specimen leaving a smooth surface. cbherete was then
allowed to bleed. After bleeding, the water absorbed back into theetenciThe

concrete by that point was firm to the touch and was finishedhrgée' sawing-motion

passes of a wood strike-off board” (ASTM 672 2003). Then a 609.6-mm (24 i

medium stiff brush, shown in Figure 6-3, was dragged across thest®m@s specified,
leaving a brushed surface as shown in Figure 6-4. One hundred se\saitesaling
specimens were cast in total.

Figure 6-3 Medium-Stiff Brush
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Figure 6-4 Brushed-Concrete Surface

6.4 Curing

6.4.1 Plastic-Covered Curing
Immediately after the concrete was brushed, designated cospsstienens were
covered with a polyethylene sheet as shown in Figure 6-5. Thécpdhset was not
allowed to touch the surface of the concrete. Three concretengpecfor each mixture

were cured for the first 24 hours using the polyethylene sheetgd9 specimens cured
under plastic.
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Figure 6-5 Plastic Covered Specimens

6.4.2 Curing Compound
A W.R. Meadows Sealtight 1610, a water-based concrete curing comp@snd w
applied to six concrete specimens for each batch. A handespvag used to apply one
coat of curing compound on each specimen. Great care was takenand ensure
uniform coverage. Where there was overlap by the nozzle, howeverpiicecte
received an extra amount of curing compound resulting in some istyeidlat can be

seen in Figure 6-6. Curing compound was applied to 78 specimens in total.

Figure 6-6 Curing Compound Applied to Concrete Specimens

52



6.4.3 Moist Room
The forms were removed twenty-four hours after placing. Fonmdsspecimens
were labeled with fly ash type, type of curing, and specimen nufobdghe mixture.
Specimens were then placed in a moist room conforming, to ASTM C2B08)( until

the age of 14 days.

6.4.4 Environmental Chamber
At the age of 14 days, the concrete specimens were transfésrethe
environmental chamber, which had a temperature of 28+73.5+3.5°F) and relative
humidity between 45% and 55%. The specimens were kept in the chamb#reuage
of 28 days.

6.5 Freeze-Thaw Cycles
Specimen-top diameters were measured at three differentologatiThree days
before the specimens were to begin testing, the forms werd tmuk together and
placed on the corresponding specimens. The forms were raisedhta fiike above the
finished surface of the concrete specimen and secured witbngilto form a watertight

seal. Each specimen was subjected to 50 freeze-thaw cycles.

6.5.1 Calcium Chloride Solution
Excel 50 Calcium Chloride 94-97% Pellets from Scotwood Industries,wece,
used for this test. Distilled water was mixed with the ag# rate of 4 grams (0.14 0z.)
of calcium chloride per 100 ml (3.38 fl. 0z.) of water. At the ag28oflays, the solution
was added to the top of the specimens to a depth of 6 mm (0.25 in).

6.5.2 Freezers
Two 0.42-n1 (15 f£) and one 0.71-f(25 ff) chest freezers were used as freezing
chambers for this test. Ranco Electric Temperature Controfibosvn in Figure 6-7,
were used to retrofit the freezers for digital temperatargrol. The controllers were set
to -18 C (-0.4F) with a range of + £C (1.8°F). This range was within the standard of
-1843 °C (-0.4%5.4°F). The top of each freezer was insulated with Styrofoam to
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conserve energy in the cooling of the freezers. Racks wereftwitach freezer to
provide shelving to hold the specimens. Shelving allowed for appradyre®@ mm (2
in.) of clearance for each level. Thermocouples were used torrooafi uniform
temperature throughout the freezer. Two smaller freezerslhedgecimens each, while
the larger freezer held 50 specimens. Frozen specimens can be seen in Figure 6-8.

The salt solutions were topped off to 6 mm (0.25 in.) above the concréteesur
and then placed into the freezers. Specimen placement in theréreeas random to
eliminate the variation of freezing time. Specimens weréenfteezers for 16 to 18
hours, and were left in the freezer if an interruption in théntgsiccurred as specified by
ASTM C 672 (2003).

Styrofoam Insulation

Freezer

Freezer Controller

Figure 6-7 Freezer Control
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Figure 6-8 Specimensin Freezers

6.5.3 Environmental Chamber

After 16 to 18 hours in the freezer, specimens were removed frofnetdeers
and carted into the environmental chamber. They were placetetves for 6 to 8
hours. A dehumidifier was placed in the environmental chamber toa¢dedumidity
of the room to 50+5%. The cold specimens would sweat as they waimeagusing
humidity in the room to increase. The environmental chamber temperasis held at
23+2°C. The environmental chamber temperature and relative humidieymemitored
using a temperature and relative humidity probe. Specimens wwecked for leaks in
the dikes. If a leak was found, the specimen was dried off and gweaohthe specimen
was recorded. Silicone was added and/or removed to stop the leaknastevas taken
again and the difference recorded. After 6 to 8 hours in theoamvental chamber,
specimens were topped back off to a 6-mm depth of solution and put badkento

freezers. Specimens sitting in the environmental chamber can be seen in Figure 6-9.
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Figure 6-9 Specimensin Environmental Chamber

6.5.4Measuring

After each five freeze-thaw cycles, the solution was ddasred the specimens
were rinsed off with tap water to remove any loose matefiattle ear tags were made
for each specimen as shown in Figure 6-10. The tag would indieafé/ tash (F1-F6)
and type of substitution rate (M-mass or V-Volume), date cpstimen number, and
curing procedure (Air-plastic covered or CC-curing compound). Ydidms were made
for the specimens cured with plastic and white tags were neadkeef curing compound
specimens. Tags were placed on corresponding specimens and a\paguiaken of
each. Each specimen was rated according to the ASTM 672 staalilrdshown in
Table 2-2. Specimens were weighed on a scale with a capacity of 29.94 kg (66 Ib) and a
accuracy of 0.907 g (0.002 Ib). Weighing of specimens comes froM Tk standard.

Weights were taken as a more objective measurement.
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Figure 6-10 Tags on Specimens
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CHAPTER 7 - Exposure Site

7.1 Motivation for an Exposure Site

While laboratory testing gives some idea as to the changes thatioconcrete,
as stated in Chapters 2 and 3, it may not be representative dietcbexposure. An
exposure site allows concrete to undergo natural weathering sunlgrasummer heat
and cold winter nights. The geography of Manhattan, Kansas is stichishexposed to
large changes in weather throughout the year, with many figeezid thawing cycles.
Manhattan, on average, reaches a summer high % 331°F) in July and a winter low
of -6 °C (21°F) in January. Average annual precipitation for Manhattan is rateat
97.14 cm (38.25 in.) (MSN Weather 2009). Precipitation comes in all feutls as
rain, sleet, freezing rain, and snow. The wide variation of weather in Manhattees ina

well suited for locating a concrete exposure site.

7.2 Equipment and Processes

A portion of underutilized land at Civil Infrastructure System Latmyga(CISL)
was selected for the Kansas Outdoor Concrete Exposure (KO€EE)XSL sits on a lot
approximately 95 x 53 m (312 x 175 ft). An area of 21 x 53 m (69 x )7dds
designated as the new exposure site. After the area was eirvewas found to be
approximately 0.6 m (2 ft) lower than the level of the redheflot. The proposed site
design is shown in Figure 7-1, and the building and outdoor load frame is show
Figure 7-2.
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Figure7-1 CISL Layout

Figure 7-2 CISL Building and L oad Frame
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7.2.1 Site Construction

The first step was to clear the KOCE site. To fill in tbeer part of the site,
shown in Figure 7-3, a local contractor was contacted, who agreeg@ly sxcess fill
from a local redevelopment near CISL. The contractor donatedlthed haul to CISL.
The fill was stockpiled as shown in Figure 7-4. A skid steex wgeed to level the fill. A
water level was built to assist leveling the ground. The wewet, shown in Figure 7-5,
could be operated by one person and was very accurate. Thsraow enough fill
donated, however, to level the entire KOCE site. Fill leftovemfiCISL accelerated
pavement testing research projects has been used to continueglefethe area. To
date, approximately three-fourths of the area has been leveled.

Figure 7-3 Picture of KOCE Site Before Construction, Showing Original Elevation
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Figure 7-4 Local Contractor Delivering Fill

7.2.2 Slabs

As part of the salt-scaling testing, slabs were desigoedditdoor exposure
testing. The slabs were designed to be 1.8288 x 0.9144 x 0.1524 m (6 x 3 x 0.5 ft
Three sources of fly ash were secured for this test. Centnigtures for the salt-scaling
slabs were as described later in section 7.2.2.2. Two setsrticial slabs were placed;
one will receive salt treatment for years to come, while gbeond set will be left
unsalted. A total of six fly ash slabs and one standard comonetigre slab were placed
per set.

7.2.2.1 Form Preparation

Two sets of slabs were placed at approximately 2.4 m (&4t &0 decrease the
chance of salt being inadvertently applied to the second contabtees. The bottom of
the base layer was set approximately 22.86 cm (8 in.) belovophsotl-level elevation.
Approximately 5.08 cm (2 in.) of AB3 was placed on the slab beds bedtiregsthe

forms. The water level was used to check for uniform elevation.
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Figure 7-5 Using Water Level to Check Elevation

For the forms, nominal size boards of 50.8 x 152.4 mm (2 x 6 in.) were used
These boards had an actual depth of 13.97 cm (5.5 in.). The tops of tie Wwees set
to the elevations level with the top of the soil; crushed stone gajgreAB3, was added
and a plate vibrator, shown in Figure 7-6, was used to compact the base. Evergbther sl
was formed up to size as shown in Figure 7-7. Before each staplaged, wood forms
were coated with Duogard Citrus Concrete Form Release Agenter édiring, the
surrounding slabs acted as forms for two sides of the newer @atemPlacement of
each batch and date of placement can be seen in Figure 7-8.
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Alternating Slabs
Placed on the Same

Day

Figure 7-7 Individual Slabs Formed Up

Control | F8M |F7M FOM F7v F8V FoVv
8/4/2009 8/5/2009| 8/4/2009 8/5/2009  8/4/2009 8/5/2009 8/5/2009

+— N

Figure 7-8 Slab Diagram
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7.2.2.2 Full-Batching Procedure for CISL Salt-Scaling Slabs
After test batching, final mixture designs were determined. The theret

mixture design can be seen in Table 7-1.

Table7-1 Theoretical Mixture Design for CISL Slabs

kg/m® mL/m®

Mid-
Air Range
Water
Mix Cement | Fly Ash | Water Rock Sand |Entrainer| Reducer
Outside

Control [ 256.36 0.00 102.55 840.9]1 563.118 33.35 150Q.97
F7M 153.82 | 102.55] 102.59 834.0p  558.¢4 58.37 58371
F7Vv 150.28 [ 100.19] 100.1§ 8409l  563.18 65.17 570}28
F8M 153.82 | 102.55| 102.59 831.8p  554.09 50.03 542102
F8V 148.27 98.85 98.85 840.91  563.18 64.30 562)65
FOM 153.82 | 102.55| 102.59 829.5p  554.09 41.69 58371
FOV 147.55 98.36 98.36 840.91  563.18 63.99 559)91

1 kg/n? = 1.69 Ib/yd® 1 mL/n? = 0.026 oz/ydl

Rock and sand were placed into barrels from the stockpiles thebefaye
batching. The materials were weighed using a crane sctieawgapacity of 907 kg
(2,000Ib) and an accuracy of 0.09 kg (0.2 Ib). Three representative sangske taken
of both the sand and rock. These were oven dried to obtain the momttgatof each
material. The cement was weighed in a barrel in the dasi@on. A pressurized air
tank was filled with the water. After weighing out the watar, air compressor was
connected to the tank and pressurized to 207 kPa (30 psi). The avdtas shown in
Figure 7-9.

A portable 0.95-rh (1.25 yd) drum concrete mixer was used. Rock, sand, and
cement were added to the hopper by lifting the barrels avitirklift and dumping them
into the drum, as shown in Figure 7-10. Aggregates were addeddilsiyed by the
cementitious materials. The drum was pulled forward away frenhopper after being

charged. The water valve was opened on the tank and pressurizedvasttischarged
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into the drum while it was mixing. After 75% of the water had baéded, the air
entrainer and mid-range water reducer were added. The remauaiter was used to

rinse out the admixture containers and then added to the mixer.

Figure 7-9 Water Tank

——
= & ST sps e —

Figure 7-10 Hopper and Mixer Setup for Mixing

Each concrete mixture was made in 0.71¢@6 ff) batches. This allowed for
0.51 n? (18 f) for the slabs, 0.06 1(2 f£’) for three laboratory-size specimens, 0.03
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m? (1 f) for testing slump and air content, 0.08 (@ ft}) for compression cylinders, and
0.06 n (2 ft) of extra concrete if needed. After adding the mixing wétermixer was
allowed to mix for 3 minutes, followed by 2 minutes of rest and §mnaliminutes of
mixing. The concrete was tested for slump and fresh air comtentding to ASTM C

143 (2008) and ASTM C 231 (2008), respectively. Four 100 x 200-mm (4 x 8 in.)
cylinders were made for each concrete batch.

A skid steer was used to transport the concrete from the noixée forms. A
vibrator was used to consolidate the concrete in the forms. Adsboeed was used to
level the concrete. The screed board was used for sevesakgassmooth the concrete
surface. Three laboratory-size specimens were made out &fathe batch. These
specimens were made in the same fashion as the specimensluniadethe laboratory
salt-scaling test. These small specimens will be usedviestigate the effect of salt
scaling due to the high amount of energy put into a small surfatee@mall specimens
during finishing operations, compared to the larger slabs. The slab alicspatimens

after placement can be seen in Figure 7-11.

Figure 7-11 Slabs and Small Specimens

After bleeding had ceased in the slabs and small specimenspribeete was
brushed with the same broom used in the laboratory salt-scadingAesheet of plastic

was placed over half of each slab. A single coat of cuimgpound was applied to half
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of each slab not covered by the plastic, as can be seen ie Figw. Curing compound
was applied to the three small specimens as well. The plaascremoved after 24
hours. An iButton was placed in the center slab, FOM, 76.2 mm (3 im)the concrete
surface. The temperature recorded by the iButton will be tesetbnitor the number of

freezing and thawing cycles that the concrete actuallyreqmees, not just the number of

cycles estimated by the weather data.

Figure 7-12 Plastic-Covered Curing and Curing Compound Applied

Outside forms were removed 24 hours after the last slab was tas small
specimens were set on the east side of the slabs designated for saltiapplithe same
top elevation as the slabs. Pea gravel rock was placed arcusth#ll specimens in
attempt to mange weeds in the future. Field-exposure specimeahs aoang the
laboratory salt-scaling testing were placed on the westositlee slab designated for salt

application. A picture of the slabs and specimens can be seen in Figure 7-13.
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Figure 7-13 Exposur e Site Slabs and Specimens

The F7M slab concrete mix did not turn out as expected. It segregated during the
mixing, giving a very poor and non-uniform slab. It is also expected to perform badly in

salt scaling due to its poor quality concrete surface.

7.2.2.3 Application of Salt
The same calcium chloride salt used in the laboratory saltigdesting was and

will continue to be applied for the next several years, by haralrate of approximately
0.91 kg (2 Ib) per application. The salt is being applied when the Umy®rground
crews would normally apply deicer salt to sidewalks on campuangbes are snow
and/or ice covering the slabs. Each application is recorded as shown in Table 7-2.

Table 7-2 Salt Application Table

Performed
# Date ~ Amount by
1 11/16/2009 21lb Bortz
2 | 121772009 | 31b Testa 1kg=221b
3 12/8/2009 3lb Testa
4 12/11/2009 21b Bortz
5 12/14/2009 21lb Bortz
6 12/28/2009 2lb Bortz
7 12/30/2009 21b Bortz
8 1/4/2010 21b Testa
9 2/5/2010 21b Bortz
10 2/8/2010 2lb Bortz
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7.2.3 ASR Blocks
As stated in Chapter 3, UT-Austin and CANMET have been monitoring etencr
durability blocks for expansion caused by alkali-silica reactivitfrour concrete
durability blocks were made at KSU to develop the procedure andtmitture to begin
to collect data for comparison with these two sites.

7.2.3.1 Durability Block Form Preparation

Pictures and measurement of forms used at UT-Austin and CANMEE
obtained to ensure the concrete blocks were made to obtain compesaiite Plywood
was cut to form a 0.4 x 0.4 x 0.7 m (15 x 15 x 28 in.) box. Two piecal-thiread rod
were placed on each end of the box to hold both form sides together placegient of
concrete. The all-thread rods were loosened and removed during teshthva forms.
Two complete forms were constructed. After completed construatitve forms, three
coats of polyurethane were applied to each form to protect themgdplacement.
Figure 7-14 shows the forms after construction.

UT-Austin and CANMET uses 508-mm (20 in.) and 152.4-mm (6 in.) DEMEC
gauges to measure the changes in length. They place 9.5 x 76.2 mm (@B3A9 x
stainless steel bolts with a center hole cast into the conmetecate the measuring
points. In this study, a Whittemore gauge was used to medsuphange in length of
the blocks. This Whittemore gauge is only 203 mm (8 in.) in lengthe @locks,
however, are 0.7 m (28 in.) in length, so multiple points had to be imbeddbeé in
blocks. Strips of metal were drilled with holes every 101.6 mmm.j4 iStainless steel
inserts, shown in Figure 7-15, were bolted using M3 x 0.05 x 12.7 mm (4-40ix.)0.5
flat-head cap screws to attach the strips of steel as shokigure 7-16. Duct tape was
placed over the screw heads to keep concrete from covering theds oEthe inserts
were covered with silicone to ensure cleanliness of the threaithg damoval of screws.
Strips of steel were bolted to the side of the forms as showigimeF7-17. Strips of
woods were cut to hold the strips of steel at the top.
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Figure 7-15 Stainless Steel Insert
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Silicone
Steel Strip

Stainless Steel Insert

Bolt Hole

Figure 7-17 Steel Strips Bolted to the Forms

7.2.3.2 Full-Batching Procedure for CISL ASR Blocks
Four mixes were optimized during test batching using the samedpirecas

described in Chapter 5: 1.) a control mixture using the siliceous pe@ gravel, 2.) a
mix of 30% replacement of pea gravel with the limestone aggregse in the salt
scaling study, 3.) a mix of 25% cement replacement by mass &@l&8s F fly ash and
20% Class C fly ash, and 4.) a mix of 25% cement replacemenasy of 10% Class F
fly ash and 15% Class C fly ash. The Class F fly ash usediyvash 3, while the Class
C was fly ash 8. The complete mixture design has been tabulated in Table 7-3.
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Table 7-3 ASR Block Theoretical Mixture Design

ASR 30%
Mix Control [Limestone| 5F-20C | 10F-15C
Cement | 299.09 299.09 224.23 224.3

NJ

ClassF
FlyAsh | 0.00 0.00 1495 29.91
ClassC
. | FiyAsh | 0.00 0.00 59.82 | 44.86
KIM™ Water | 110.64 | 11964| 10464 104.68
Pea

Gravel | 772.73| 540.91| 79544  794.0¢

Limestond 0.00 231.82 0.00 0.00

Sand | 497.27| 501.36| 500.0d 500.0p
mL/m? Al

Entrainer| 127.32| 127.32| 292.84 331.04

1 kg/m? = 1.69 Ib/yd® 1 mL/ni= 0.026 oz/yd

Before placement of concrete in the forms, the wood was sprayedDuogard
Citrus Concrete Form Release Agent. Form release was@dpplihe steel strips using a
rag saturated in product. Care was taken to avoid applying release agent to the
inserts used for measurement. Steel strips were then bolted form. Silicone was
placed around the edges of the steel strips to make it easier to remove theariafier

A Gilson Brothers Company 0.2530 ft%) concrete mixer was used to mix the
concrete for the ASR Blocks. The procedure for mixing was the sanstated in section
5.2.

After mixing, slump and air content were measured. The conceselaced in
the forms in two lifts. After each lift, a vibrator was dge consolidate the concrete.
The top of the block was screeded off with a board. Wood strips hdltengteel strips
on the top surface were attached to the form 203 mm (8 in.) apsegm@sn Figure 7-18.
A wood float was then used to finish the top surface. Four 100 x 2004mn8(in.)
cylinders and three 150 x 300-mm (6 x 12 in.) cylinders were madeeasimbatch. A
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thermocouple was placed in the 5F-20C block to monitor the temperattive iterior
of the block as the block undergoes ASR expansion.

Wood Strips Holding Top

——  Inserts

il

Figure 7-18 Concrete-Filled ASR Block Form

The blocks were allowed to bleed and after bleeding was completb)aities
were covered with wet burlap. The burlap was soaked daily fonstyes. The blocks
were then removed from the forms. The steel strips wereufitsblted from the wood
forms. The all threads were loosened and the wood forms were @mdklie duct tape
was removed from the top of the steel strips revealing the loédlas screws holding the
steel to the inserts. The screws were removed and the tsieelvgere gently removed
from the concrete. The inserts were embedded in the concrete as shown in-E@gure 7
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Figure 7-19 Inserts Embedded in the Concrete

7.2.3.3 Procedure for Reading Whittemore Points

After the forms were removed, the distance between the pointsneasured
using the Whitmore gauge shown in Figure 7-20. Initial readings va&en at room
temperature of 22.2C (72°F). All subsequent readings have to be taken at a temperature
as close as possible to that to reduce temperature-induced. sfrainsduce the effect of
direct sunlight on the expansion of the concrete durability block,mgadihould also be
taken on cloudy days or in low-light conditions (Figurski 2001). A woodkbleas used
to ensure proper angle of the gauge. The holes were numberéd fagfht and the
measurements were taken in the same direction each time. Errors can be intfdteced i
readings are taken with the gauge flipped in the opposite direcliba layout of points

can be seen in Figure 7-21.
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Figure 7-20 Whittemor e Gauge

Top Side East and West Sides  north and South
? -14 Sides
‘ \A . ﬂ\\l
e o o o o o o * A/
CRRRDS 1 7
1-7 1-7

Figure 7-21 ASR Block-Point L ayout
Each block was easily identified by yellow cattle tags embxtethe block, as

shown in Figure 7-22. Side A is the west wide; Side B is the east side; Side C abd Side
are the north and south sides, respectively. The tags are fixed so they will teot rota
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Figure 7-22 Tag on Block

7.2.4 Weather Station

A Campbell Scientific weather station was installed at tkposure site to
monitor the KOCE microclimate. All instruments are attacteed Campbell Scientific
CR 800 datalogger, as shown in Figure 7-23. The data logger records &endge
temperature, wind speed and direction, solar energy, relative hunmadidyamount of
perception. The temperature of the 5F-20C block measured biyettmedicouple is also
recorded by the datalogger. A laptop is employed periodicallgtteeve weather data
recorded hourly on the data logger.

Solar Radiation Eye
Wind Sensor

: olar Panel
Temperature/Relative
Humidity Probe
Datalogger
Rain Bucket

Figure 7-23 Weather Station
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CHAPTER 8 - Results

This chapter reports results from fresh and hardened concrete t@®gesting, salt-
scaling experiments, and early results from the ASR block expan$lump, air content, and
compressive strength are given for each mix. For the sdittgdaboratory test, weight loss and
ratings of the specimens are reported. For the ASR block tesgliging-tensile strength and

Whittemore point-expansion readings are also reported.

8.1 Salt Scaling

The following section reports results from the salt-scalingearments. The designation
of “Air” stands for cured under plastic with an air gap betweenplastic and the concrete

surface, while “CC” stands for applied curing compound as discussed in section 6.1.

8.1.1 Fresh-Concrete Properties
Before placement of each mix, slump was measured as sganif&STM C 143. The
targeted range was 75+15 mm (3£0.5 in.). The test batches weral an ensuring that the full
batches met the slump requirement. Table 8-1 shows the slump dndifresntent for all of
the salt-scaling batches. Air content was measured atthe sme as the slump. The air was

measured following the process discussed in ASTM C 231. The required air was.5%-7%
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Table 8-1 Salt-Scaling Fresh Concrete Results

Slump (mm)) Air (%)
Control 64 6.75
FiM 86 5
F1Vv 64 5.75
F2Mm 86 7
F2Vv 70 5.75
F3M 89 55
"%Z(:gf‘gy F3V 64 5.75
FAM 76 6.5
FaVv 86 5.25
F5M 83 6.75
F5V 70 6
F6M 70 5.25
FeV 83 6.25
Outside
Control 64 5
F7M 70 5.25
CISL F7Vv 83 5.75
Slabs F8M 64 55
F8V 64 5.75
Fom 70 6.5
FoVv 86 6.75
254 mm=1In.

8.1.2 Hardened-Concrete Properties
Compressive strength was determined at 28 dayswmlf the test, as specified in
section 5.4.1, and was reported as the averagegtiref three cylinders. The mixtures were
designed on a percent replacement of cement bgsfly so no design consideration for strength
was taken into account. Both F3 mixtures had lompgressive strength, as seen in Figure 8-1,
and the F7M mixture had a low compressive streraglseen in Figure 8-2. This was expected,

however, due to the poor quality of concrete predugs stated in section 7.2.2.2.
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Figure 8-2 28-Day Compressive Strength of CISL Slabs
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8.1.3 Weight Loss of Specimens and Ratings
Laboratory specimens were weighed and rated ewesyclcles as discussed in section
5.4.2. Results of the individual mixtures can leersin Appendix A. Rating comparisons

between type of fly ash substitution and curinghods can be seen in Figures 8-3 through 8-6.

Mass CC

Cycle

== Control =i=F1M == F2M =>é=F3M =¥=F4aMm ~&—F5M =+=F6M

Figure 8-3 Mass Substitution with Curing Compound

Mass Air

0 5 10 15 20 25 30 35 40 45 50
Cycle

=& Control ~#-F1iM =h=F2M =>=F3M =¥=F4aM ——F5M =+=F6M

Figure 8-4 Mass Substitution with Air Curing
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Volume CC

6
: : X
0 5 10 15 20 25 30 35 40 45 50
Cycle
== Control —==F1v =2V =>é=F3V == F4V —0—F5V —t=F6V
Figure 8-5 Volume Substitution with Curing Compound
VolumeAir
6
= & & = =
30 35 40 45 50
Cycle
=&=—Control bl SAY =2V =>&=F3V =¥=F4v -—F5V —t=F6V

Figure 8-6 Volume Substitution with Air Curing
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During the first freeze cycle for the F1V specimeaaselectrical wire fell into the ponded
salt water of the F1V CC #1 specimen. The wiredetiurquoise-colored mark on the surface of
the specimen. The CC #1 specimen outperformedeiteof its companion specimens as shown
in Figures 8-7 and 8-8. These specimens have $ed to undergo more testing. The extent
of shocking or any exact mechanisms involved isnomkn. Future work should examine the
potential of alternative curing methods with fljhas

Cycle O Cycle 25

Cycle 50
Figure 8-7 F1V CC #1 Shocked Specimen
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Cycle O

Cycle 50
Figure 8-8 F1V CC #2 Companion Specimen

As of early February 2010, salt has been appligda@aoncrete at the KOCE site on 10
separate occasions. No visual scaling has occorreéke slabs or small specimens.

8.2 Early Results ASR Blocks

This section reports the hardened concrete teséarig Whittemore reading results. The
blocks were left in the forms for seven days befig®rming and taking initial length readings.

8.2.1 Fresh Concrete Properties
Like the salt-scaling test, the slump and air conhtd the batch were measured at the
time of placement. The targeted slump was 75+15 (@#80.5 in.). The slump was taken
following the procedure discussed in ASTM C 143un$ and air content results are shown in
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Table 8-2. All batches were within slump rangeheTair content for the ASR Blocks was
determined following the process discussed in AST31 (2008). The target value was 5% to

7%. All batches were within range for air content.

Table 8-2 ASR Block Fresh Concrete Results

Air
Block Slump | Content
Number | TagID | (mm) (%)
1 CTL1 88.9 5.75

2 30Lime| 76.2 5.25

3 5F20C| 85.72% 5.5

4 10F15d 76.2 5.75
254 mm=1in.
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8.2.2 Compressive Strength
Compressive strength of the ASR block mixes waerdehed at 28 days following the
test as specified in section 5.4.1. Results avevshin Figure 8-9.
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w

]
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1
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ASR Control 30% 5F20C 10F15C
Limestone

Batch

Figure 8-9 28-Day Compressive Strength of ASR Blocks

8.2.3 Split Tensile
Splitting-tensile strength was measured at 28 dalyewing the procedure described in
section 5.4.2. The test was completed for lateearch to compare the expansion to the tensile
strength. Results are shown in Figure 8-10.
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Figure 8-10 28-Day, Split-Tensile Strength ASR Blocks

8.2.4 Whittemore Readings

The length between the Whittemore points embeddettie concrete durability blocks
are being measured using the procedure discusseskation 7.3.2.2, and will ideally be
measured monthly. Currently, the Whittemore poimse been read only twice: the initial
reading and on October 1, 2009. No readings haea llaken since October 1 because the air
temperature has been below the required 22.2(72 °F) to measure the length between
Whittemore points. Figures 8-11 through 8-14 sliosvchange of length between the two dates.
Since there are only two data points for each nreasent, length change is small and variable.
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Figure8-11 ASR Block Length Change (Control Mixture)
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Figure 8-12 ASR Block Length Change (30% Limestone)
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Figure 8-14 ASR Block Length Change (10F 15C)
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8.3 Weather Data

Data charts for the weather station can be sedppendix B. The weather station has
received a total of 246.8 mm (9.71 in.) of precpdn, with an average temperature of %4(
41.72°F), an average relative humidity of 75.96%, ancheerage wind speed of 1.94 m/s (4.34
mph). The weather station has recorded the averiagemperature, average relative humidity,
average ASR block temperature, and total solaatidi every hour since installation. Data can
be seen in Figures 8-15 through 8-19. The iBufitaced in the slab records the temperature

every hour as seen in Figure 8-20.
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Figure 8-15 KOCE Air Temperature
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The ambient air, ASR block, and slab undergo dfieramounts of freeze-thaw cycles.
These differences are due to thermal mass of therete, salt concentration on top of the slab,
sunlight warming the surfaces of the concrete, elhhe ASTM C 672 standard calls for a
freezing cycle of -18 + 3 oC (0 +%). The air temperature only reached °C5(5 °F) on 12
separate days. The number of freeze-thaw cyclesdoh depends on what temperatures are
considered to be a complete freeze-and-thaw cybieTable 8-3, a review of the number of
complete freeze-thaw cycles, depending on the teatyres equated with a complete cycle. A
4% calcium chloride solution will have a freezingimt of approximately -2C (28.4°F) (The

Engineering Toolbox 2010).
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Table 8-3 Freeze-Thaw Cycles Depending on Temperatures

Cycles

Freeze (°C)[Thaw (°C)  Air Block Slab
<0 >0 61 50 60
-1 2 37 32 40
-2 2 30 25 33
-3 2 27 17 25
-4 2 21 13 16
-5 2 19 11 13
-10 2 7 2 2
-15 2 3 1 0
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CHAPTER 9 - Discussion, Conclusions, and Recommendations

Results from Chapter 8, conclusions, and recommniemdafor future research and

considerations will be discussed in this chapter.
9.1 Salt-Scaling L aboratory Discussion

9.1.1 Fresh and Hardened Concrete Testing Discussion

Test batches were crucial in order to meet ASTM R 6tandard specifications of a
slump of 75+15 mm (3z0.5 in.) with the required amtrainment by adjusting the mid-range
water-reducer dosage. Fly ash seemed to helptietivorkability and decreased the amount of
mid-range water reducer needed to achieve thefmmeslump. All batches were within this
range. These mixtures seem to be very dry for mabroncrete that would be placed in a
sidewalk or road. For the most part, the “M” (ditbhion by straight mass) mixes had a higher
slump.

Air content for each batch fell in the specifiechga of 6£1%. The amount of AEA
needed to achieve the required air content vadeddch fly ash, possibly because of differences
in the nature of the carbon present in each.

Compressive strength for each type of fly ash wadar, independent of the substitution
method. F3 mixtures and the F7M batch had low gesgive strength. The F7M batch was
known to have batching problems and segregationchwbould have affected the concrete

strength.

9.1.2 ASTM C 672 Testing Discussion

The rating chart shown in Figure 2-5 was used tp baide the rating. Whole-number
ratings were given for each rating. As seen irufég 8-18 and 8-19, ratings for all fly ashes
with substitution by volume of paste did not penfoas well as the control, regardless of the
curing method. Substitution by mass had more velofrpaste, while substitution by volume of
paste had the same volume of paste as the confir@. paste could have been weaker than the
control paste and thus could not withstand thessé® occurred during scaling. The best sets of
specimens overall were those that had fly ash sutlsh by mass with curing compound
applied. F2 and F6 fly ashes performed unsatisfégin salt scaling no matter the substitution
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or curing method. The increase in paste contesteased salt-scaling resistance. The curing
compound also increased the salt-scaling resistance

Mass change measurements of the specimens shomedsagain early during the first
few cycles, after which the concrete specimen rbagsn to decrease. This mass increase was
from water absorption. Curing compound specimenlte show they did not lose as much mass
as the air-cured specimens, which correspondduktoisual ratings. Certain fly ash can be seen
to perform poorly in salt scaling, as evidencedh®s mass loss results of F6. All F6 specimens
lost a greater amount of mass, even though themspes absorbed water.

Compressive strength does not directly correlaté tiie salt-scaling durability. F6 had
high compressive strength in both substitution m@s$th however, it performed very poorly in the

salt scaling.

9.1.3 KOCE Site Concrete Discussion
Concrete at the KOCE had a longer curing periodupfto 160 days for the small
specimens, while the slabs had 103 days of cureigrée the first salt was applied. It has not
shown any salt scaling to date. The scaling mkg y@ars to show if at all, because conditions
are not as harsh as in ASTM C 672. Others havedi@imilar results, as discussed in section
2.4.5.

9.2 ASR Block Discussion

A procedure has been developed using Whittemoratgdbd measure expansion of
concrete durability blocks under field exposureis recommended that steel forms be made for
the concrete durability blocks when the curreninieork set wears out. Steel forms will directly
hold the inserts for the Whittemore points, elintimg problems with removing steel strips. The
bottom of steel forms should hold the inserts far top of the blocks. The blocks could then be
flipped after curing in the forms. Continued monig of the concrete blocks will show effects

of limestone sweetening and fly ash use on con&8gte.

9.3 Conclusions

Experimental results found in this study can leathe following conclusions:
1. The specific gravity of the fly ash and the fthgent change in volume of paste was not
necessarily a predictor of salt-scaling durability.
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2. Curing compound increases resistance to sdihgca

3. Performance of concrete containing fly ash svilg dependent on the type and source of fly
ash used.

4. High compressive strength does not necessamihglate with salt-scaling durability.

5. Concrete durability testing at the new KOCE ait€ISL will yield valuable data for years to

come regarding durability of concrete mixtures atrdctures.

9.4 Recommendations

1. Differences in fly ash properties need to bedistl more in depth to understand which
properties affect salt-scaling durability. Any pitde change in the concrete microstructure
at the surface of the concrete caused by high veduon fly ash should also be studied.

2. Performance of the shocked specimen needsitovestigated further as a possible mitigation
method.

3. Monitoring of the concrete slabs and durabititycks at KOCE should be continued for the
next several years.

4. KSU should investigate opportunities to worknMEANMET or UT-Austin to investigate
ASR.
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Appendix A - Salt-Scaling Resultsby Mixture

Figures in this appendix show average weight los$ matings of the three identical
specimens. The first figure for each mixture repres the amount of mass loss in Kg/rithe
conversion factor from kg/frto Ib/fé is 0.205. A negative mass loss represents aigairass.
The mass gain is attributed to the specimens aiogpvimter. The second figure for each batch

visual rating is based on the ASTM 672 standard lies are the average of three specimens.
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