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Abstract

Stratlinglte-Hydrogarnet Glass (S-HG) cements, a new type of high alumina cements
developed by Coming Glass Works, was evaluated for highway and bridge-deck patching
applications. Results of the first phase of the project is reported. Five blends of S-HG
cement are tested and two promising blends identified. Data obtained from this
preliminary set of tests strongly suggest that S-HG cements can be developed into an
excellent high early strength highway patching material.
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Executive Summary

A new family of stratlingite-hydrogarnet glass (S-HG) glass cements with high early
strength and low porosity was discovered and patented by the Coming laboratories. A
glass cement sutdy by Coming showed that straflinglte (gehlenite hydrate) could
constitute the principal pahse of a strong, fast-setting cement. Prior hydration studies by
others of CaO-A12 O3-SiO 2 (C-A-S) glasses have concluded that: (1) activators such as
Portland cement clinker, gypsum, or lime were required to produce practical rates of
hydration; and (2) stratlingite was only a transient phase in the hydration of these
glasses. However, Coming scientists formed stable stratlingite cement pastes directly
from glass without the use of activators.

Coming found glasses that hydrated to a mixture of stratlingite and hydrogarnet with
initial sets of one to two hours, final sets of three to four hours, and achieved up to
10,000 psi compressive strength in four hours. These cement pastes also displayed higher
porosities than the slow-curing pure stratlingite cements, but had much lower porosities
than the slow-curing pure stratlingite cements, but had much lower porosities than
Portland or other commercial cements. Figure 1 shows the microstructure topography of
stratlingite cement paste with dense granular interlocking and minimal voids.
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1. Introduction

1.1 Purpose and Scope
About five years ago researchers at Coming Laboratories developed and patented

(Macaoweli. t_9_al a now ty_ of hydmuli__rr_nt. This new familyof cements,8tratlingite
Hydrogamet (S-HG), was found to be fast-setting,developed high early strength and had low

porosity. Coming Market researcherslookingfor an applicationfor S-HG cements identified

highwayand bridgedeck patchingas a possiblearea wherethismatedalmightbe used.

The work presented in this reportwas jointly conductedby Coming Glass Works and

Lehigh University,and supportedby the StrategicHighway Research Program (SHRP). The

purposeofthe projectisto evaluate S-HG cementsas highwaypatchingmaterials. The goalsset

forthis phase of researchwas,

• To identifythe mostpromisingcompositionfrom the family of S-HG cements based
on theirperformance

• To evaluate the potential of this material as a quick-settingpatchingcement and
establishwhether the materialmeritsfurther detailedtesting

1.2 Test Program
Since this goal of this phase of research was limited to comparing the different blends and

to determine viability of the material as a patching material,a few basicpropertieswere identified

as being critical to the proposed patching application. The test program was devised to

investigate these properties. Initiallyfive compositions,shown by studies at Coming to be

promising,were to be studied. Afterthe initialtests,one or two of the better performingblends
were to be studiedin more detail.

The compressivestrength of concreteis often taken as an important index of its quality,

and is frequently determinedas an index toward the estimation of other characteristics. So

compressivestrengthwas identifiedas the most importantcriteria. In the patchingapplicationa

sound bond between the freshly poured concrete and the existing underlying structure is

essential. The bond strength with concrete was taken as the next most important criterion.

Besides this two other propertiessuch as the shrinkageand freeze-thaw characteristicsof the

material is also very importantbecausethesepropertiescorrelatewiththe durabilityof the patch.

These propertieswere also incorporatedintothe testprogram.

The test program was organised under two broad tasks. The first task focused on

evaluating compressive strength of different compositions. Water-to-cement (w/c) ratio and

presence of fine aggregatewere taken as the principalvariables. The developmentof strength

as a functionof time after castingwas studiedunderthis task. The secondtask focusedon the

bond strength of the blendswith Portlandcement concrete. Bondingtests concentratedonly on

3
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mortarsand only w/c ratiowas takenas a variable. Tensilestrengthtestswere also conductedto

put the bond strengthtests in perspective. The final bond strengthsdeveloped were studiedin

this task. Besidesthese tasks othertestssuch as shrinkagetestswere alsodone on promising
blends.

1.3 Technical Background

.1.3.1 S-HG cements

The S-HG cements are a familyof strongand durablecements which lie withina small

polygonalregionin the tripartitediagramof the CalciumAluminoSilicatesystem. Between 12"/o

and 26% by wt. of SiO_ 22-40% of AI203, and 45-55% of CaO. The additionof less than I0

mo_esof "l'iO2, ZrO2 and/or other oxides to the glass batches is also useful in regulatingthe

structureand curingbehaviourof the cements.

The principal crystalline hydrates formed during the curing process are Hydrogamet

(C3AH6)and Gehlenite Hydrate (C2ASHs) (or more correctly Stratlingite). Hydrogamet is the

dominantcrystallinephase in glass cements containingbetween 12-15% by wt. of SiO2, while

Stratlingitepredominatesin hydratedglasses withSiO2 contentsbetween 17-26%.

The cubic hydrogametstructureisthe onlycalciumaluminatehydratestableunderambient

conditions. This phase occurs in nature as hydrogrossularand as the final aluminatehydrate

phase in commercialhighaluminacements. When formed as a resultof chemicalconversionof

hydratephasessuchas CAH10andC2AHs, a structuraldensificationaccompaniedbysubstantial
weakening in the concretesmade from these cements may occur. Because this weakening

process may be progressiveover time and may impairthe structuralintegrityof high alumina

concretes, the use of these materials in load-bearingstructuralmembers has been banned

throughoutthe world.(Neville, 1975) The hydrogametcementsdescribedin thispaper, however,

do not degradein thismannerbecause the hydrogametphase forms directlyduring hydrationof

the glasses. Thus, theiruse for structuralpurposesis a real possibility. ,

Perhapsthe most significantresultof the glasscement studyat Comingwas the discovery

that Stratlingite( Gehlenite Hydrate) couldconstitutethe principalphaseof a strong,fast-setting

cement. Locher extensively studied hydration of CaO-AlzO3-SiOz glasses, but concluded
(Locher,1960) that,

• Activators such as Portland Cement clinker, gypsum or lime were required to
producepractical ratesof hydration.

• Stratlingitewas onlya transientphase inthe hydrationofthese glasses.

In the Coming study, describedby MacDowell , stable Stratlingitecement pastes were

formed directlyfrom glass without the use of activators. Furthermore,some ot these pastes

4
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displayed high early strength and an unusually dense structure with low porosity. After

crystallizationof the glass cements, hydrationrates for these same compositionsdecreased

dramatically, along with their compressivestrengthS. Apparently, the dissolutionrate of

crystallineGehlenite in water is not sufficientto producethe practicalhydrationrates foundwith

the amorphouscements.

Although the pure Stratlingite cement pastes were dense, strong, and had very low

porosity, their slow setting times (1 to 3 days) eliminated most practical applications.

Acceleratorswere used, butthey tendedto destroythe desirablydense Stratlingitestructure. On

' the lowerSiO2 end of the hydraulicglasscementcompositionregion,pure Hydrogametformedin
lessthan a minute ! Between these two extremes,however,glasseswere foundthat hydratedto

a mixtureof Stratlingiteand Hydrogametwithinitialsettingtime of 1-2 hours, final settingtime of

3-4 hoursand up to 10,000 psiof compressivestrengthin four hours. Thesecementpastesalso

displayed porositiesof about 10%, higherthan slow-curingpureStratlingitecements(<5%), but

much lower that Portlandorothercommercialcements(>25%).

1.3.2 Patching materials

Evaluatinghighwaypatchingmatedalsis a difficulttask, which defiesprecisequantification.

Many surveys (NTIS, 19"77) (NCHRP, 1977) have been done, especially by the state

transportation agencies, to evaluate the many patching materials available commercially.

Attempts have been made (Spellman, 1972) to formulate a standardized approach towards

evaluating patching matedals. Surveys conductedamong the state transportation agencies

emphasize(Fowler,1983) thatthe mostdesiredqualitiesin a patchingmaterialare,

• rapid settingcapability

• good bondingquality withPortlandCement Concrete

• durability

Adequate strength, qualityperformanceover a wide temperaturerange and ease of usingthe

material were also emphasized. Material cost was considereda less important factorsince it

constitutesbut a smallfractionofthetotal costof a patchingoperation.
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. . 2. Experimental Procedure

2.1 Glass Cement Production

The glass cements were melted at 1600°C for two hours in platinum crucibles and

quenchedbypouringincold tapwater (drigaging).Batchmaterialsused for the maltswere,
1. SILCOSIL 75 Sand fromPennsylvaniaGlassSand Co.

2. Lowsoda A-14 AI203 from Alcoa Corp.

3. CalciumCarbonate(limestone) from theWarner Co.

Drigagedglasswas crushedand then bailmiUedto achievean averageglassparticlediameterof

between8 and 15 microns. Specificsurface area (Blaine)measured on selectedpowders vaded

between 3000 and 4000 cm2/gm.

2.2 Compressive Strength Tests
As per ASTM C109, mixeswere castin2-inch (50 ram) cubes usingbronzegangmoldsof

three cubeseach. The moldswere cleaned,dried,and coatedwithwax beforeusing.

Premeasuredamountsof cement,sand, and tap water were placedintoa 0.125 HP "soil'

mixerand run at a speed of 17 cycles/rainfor 3-4 minutes. After mixingand pouringinto three

layersinto the cube molds (as per ASTM C109), the cubeswere coveredwithplasticbags and

left in ambient air to cure. The cubes were strippedfrom the molds in aboutthree hoursafter

castingand weighed. When the cure exceeded 8 hours,the castmix was cappedwith gypsum

cementbeforetestingto givethe cube faces a smoothfinish.

The compressivestrengthtestswere carriedout on a 60,000 lb.UniversalTesting Machine

(UTM) inthe highestload range. The smallestdivisionon the scale correspondedto 50 Ibs. and

the sensilJvityof the measuring system is 1/1200 . The loading was applied with a strain

controlled hydraulic system, the loading rate was 0.1 inch/rain, and load at failure was

automaticallyrecorded.

2.3 Tensile and Bond Strength Tests
Briquette specimens as per ASTM C190 specificationswere used in the tensile mode

bondingtests to portland cement concrete. Tensile tests were performed accordingto the

specification. Inthe bondingtests, one-halfof the briquettespecimenwas made out of Portland

CementConcrete (See Fig.2-1 ) and the otherhalfwas made out of S-HG cement mortar. The

specimenswere cast in bronzemoldsin gangsof three.

Tensile specimensfrom ordinaryPortlandCement Concrete were initiallyfabricatedand

cured. Then these specimenswere loaded in tensionto failure. These halveswerewetted and

cleanedwith a waterjet, andthen S-HG cementmortarwas castagainstit. The specimenswere
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• curedin ambientair andtested at three days. These testswere performedona 120,000 lb. UTM

at the lowestload rangeof 1200 Ibs.

2.4 Shrinkage Tests

Specimens 11.25" long and 1" square in cross-sectionwere used in this tesL The tests

were performed ac._ordingto ASTM C157. The specimenswere castin bronzemoldsingangsof

four, two S-HG and two Type III fast settingPC companionspecimens,and left in ambient air.

One day after casting, the specimens were stripped from the mold and the lengths were

measured. The shrinkagemeasurementswere based on this one day lengthas the base length.

Then the specimenswere stored in a rack allowingfree air passage. The lengthchange was

monitoreduptofourweeks after casting.

7
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Figure 2-1: Briquette Specimen for Bond Strength Test
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• 3. Test Data and Discussion - Coming Study

3.1 Glass Composition Study

Figure 3-1 shows the region of the CaO-Al203-$iO 2 system in which glass cements were

found that produced neat pastes measuring greater than about 5000 psi compressive strength.

The glass cements which hydrate predominately to hydrogamet (HG) are fast curing (from less

than a minute to 30 minutes), whereas the higher silica stratiingites (S) have curing times ranging

from about 30 minutes to over 24 hours.

The smell, round, crosshatched area near the center of the subject region delineates the

optimum glass composition region for high early strength, initial setting times of these preferred

cement pastes vary from 30 to 90 minutes and final setting occurs between 60 and 180 minutes.

To achieve optimum development of crystallinity and to increase the rate of the final setting

process, small amounts of a "nucleating catalyst* such as 1302 or ZrO 2 are added. Between two

and seven mole percent of these oxides added to the glass batch before metring insures that

initial and final setting times will fall between the practical limits of 30 and 240 minutes. The role

of these minor additives is not well understood, but they seem to retard gel formation (initial set),

while enhancing the crystallization (final set). On one hand they delay initial set, but at the same

time accelerate the final set.

Table 3-1 lists five compositions (No. 1-5) that were selected for evaluation by the Fritz

Engineering Laboratories at Lehigh University. Also listed for comparison are compositions 6 and

7 that hydrate directly to hydrogarnet and to stratlingite, respectively, as sole crystalline phases.

3.2 Microstructure

Figure 3-2 is a scanning electron micrograph (polished section) of a typical hydrogamet

neat cement paste (#6 in Table 1). Note the large amount of open porosity evident.

Figure 3-3 is an S.E.M. of composition #7 (see Table 3-1) showing the relatively tight,

non-porous Structure of a pure stratlingite paste. Figure 3-4 is the same sample after etching in a

mild acid solution, showing a platy, almost micaceous intergranular structure.

Figure 3-5 is a micrograph of composition 1 after polishing and etching the cured paste.

Note the radial spherulitic structure of the stratlingite with evidence of occasional porosity,

perhaps due to interference of the spherulitic growth by hydrogamet. Based upon Figure 3-5, it

can be postulated that the pure stratlingite composition #7 also consists of bladed spherulites that

are intergrown and thus difficult to discern.

9
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• A pattem of fine cracksseems to be evidentin the micrographsof the stratlingitepastes

and probablyresultsfrom the increase in densitybetween the gel (initialcure) and crystalline

(finalcure) structuresas the curingprocessproceeds.

S.E.M.s of glass cements2,3 and 4 also displayedbladedspheruliticstructuressimilarto

Blend#1 (Shownin Figure3-5).

3.3 Porosity

The principaldifferencebetween hydrogametand stratlingitepastes is structurerelated

porosity. Mercuryporosimetryhas revealedthat the curedpasteof composition#6 (hydrogamet)

has over 30% porosity,while pure stratlingite(#'/in Table 3-I) has less than 2% ! Mixed S-HG

highearly strengthpasteshavemeasuredbetween 10% and 15% porosity.

Modulusof Rupture(MOR) of the neat pastes (1 week cure)range from purehydrogarnet

(#6) at 6000 psi to over 16000 psi for the purestratiingitepaste (#7). The pattemof fine cracks

that appearsduringthe cudngof the stratlingitecements(Figures3-3, 3-4 and 3-5 ) may pointto

the reasonthatthese relativelydensematerialshaveonly moderatestrengths. The authorsfeel

confidentthat ifthe fine crackscouldbereducedor eliminated,MORsand compressivestrengths

would increase substantially. It seems rema_able that a material literally filled with grifflth

(greaterthan criticallength)flawscouldmeasureover16,000 psicompressivestrength!

10
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Blend SlO2 AI203 CaO TIO= ZrO2

1 15.7 33.3 45.8 5.2
0.8 1.0 2.5 0.2

2 17.8 33.5 46.1 2.6
0.9 1.0 2.5 0.1

3 17.5 33.1 45.4 4.0
0.9 1.0 2.5 0.1

• 4 16.2 34.4 45.3 4.1
0.8 1.0 2.4 0.1

5

6 12.9 32.9 54.2
(HG) 0.7 1.0 3.0

7 16.2 34.1 41.5 8.3
(S) 0.8 1.0 2.2 0.2

Table 3-1: Coming Glass Cement ComposlUons
In % wt and Molar Ratio

11
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• _ /ANORTH

Figure 3-1: Region of Statllnglte-Hydgrogarnet Glass (S-HG) Cement/
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' Flguro 3-3: Polished S.E.M of a SUatllngite Cement Paste (#7)
. .

Flgure 3-4: Polished and Etched S.E.M of S
Stratlinglte Cement Paste (#7)
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4. Test Data and Discussion - Lehigh Study

4.1 CompressiveStrengthof NeatCements
Three compositions (#1 to #3) were tested for compressivestrengthof neat pastes. Neat

cement pastes were used with water-to-cement(w/c) ratio varying from 0.4 to 0.6 . All the

compositionsshowedsimilarresponses. The mixconsistencyfor eachw/c ratioswere quitealike

for all the compositionsand there was a substantialexotherrnone to three hoursaftercastingin
all the cases.

All three blendsgained strengthrapidlyas expectedand the neat cement cubesshowed

5500 to 7000 psi compressivestrengthinthe firstthree hoursand6000 to 8000 psi ineighthours

after casting. The data is presentedinTables 4-1 to 4-3 and the strengthgain curvesare shown

in Figures4-1 to 4-3.

Paste #1 appeared to have the loweststrength after a 72 hour cure (7600 psi at 0.4 w/c

ratio). After final set very fine crackswere observed on the face of the 2" cube specimen.

Possiblythe heatfromthe initialreactionwas shuntedaway throughthe metal mold, causingthe

surface hydration reactionto trail the interior, thus setting up tensile stresses at the cubes

surface. These microcrackscould easily have caused the lower strength values. The final

settingtime for#1 was shortestof thethree blends- about2 hours.

Composition#2 was the strongestblendat thisstage,with8700 psi after 3 daysat 0.4 w/c

ratio. These cube faces were apparentlycrack-free. Composition#2 also hadthe longestfinal

settingtime of thethree - about 3 1/2 hours.

Blend#3 was marginallystrongerthan #1 ( about8000 psi at 3 days), but some cracking

was apparentonthe cube faces.

4.2 Compressive Strength of Mortars
Graded sand according to ASTM specificationsC33 and C778 was used inthe ratioof two

partssand to one partcementin allthe mortartests. W/c ratiosof 0.4 and0.5 wereused (0.6 w/c

was eliminated)withthe mortar blends. Mortarsfrom fiveblends(#1 to #5) weretested.

Results of compressiontests on sand mortar specimens of the five Coming cement

compositionsare plottedin Figures4-5 and4-6.

While #1 exhibitsa very rapidstrengthbuild-upto 8000 psi (See Table 4-5 ) in three hours

and 10,000 psi in eighthours, blends#2 and #3 (See Tables 4-6 and 4-7 ) developonly 5500 psi

to 6500 psi in eight hours, but catch up to #1 in about 24 hours. Comp.#5 was comparatively

16
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weaker (See Table 4-9 ) and developed 4800 psi in four hours, 6000 psi in a day and eventually

had a final strength of about 7000 psi in a week. Mortar made with #4 glass cement (See Table

4-8 ) set up even faster than #1, achieving an initial set of 30 minutes and developing a

compressive strength of 7000 psi within 2 hours.

When the w/c ratio of #2 mortar was increased to 0.5, strength markedly decreased and on

occasion the matedal failed to cure. Because of this erratic behaviour at high wlc ratios, #2 was

not considered further as a pavement repair material without extensive testing to elucidate this

sensitivity.

The strength capacity of mortar blends were distinctly higher than that of the neat pastes at

all data points. Table 4-4 compares the final strength of the neat with the mortar cubes at 0.4 and

0.5 w/c ratios. "Final" strength is that averaged between 24 and 72 hours. Composition #1

mortar shows a 40% increase in compressive strength over the neat paste, whereas #2 and #3

show an increase of about 25%.

The problems of minute cracks in the cube faces and assymetric, brittle specimen failure

frequently encountered with the neat pastes, were virtually absent with the mortars. Presumably,

the presence of sand within the mix allowed better packing and redistribution of internal stresses

so that large areal stresses could-be accomodated locally (around sand,grains) at the subcritical

stage.

The mass density of the mortar cubes were also considerably higher than for the neat

paste specimens. The neat cubes weighed an average of 245.5 gm (0.4 w/c), while the average

for mortar specimens was 290.4 gm (0.4 w/c). Thus, the distribution of particles of the sand

enabled the mix to achieve better packing, and consequently lower porosity and higher strength.

4.3 Effect of w/c ratio on Compressive strength

The effect of w/c ratio on compressive strength was very similar for the three S-HG

hydrated glass cements, as previously seen in the Figures 4-1 to 4-3. The data points are

combined and plotted in Figure 4-4 as a percentage of strength at the 0.4 w/c ratio. From Fig. 4-4

it can be seen that there is a drop of about 25% of strength as the w/c ratio increases from 0.4 to

0.5. However fTOm0.5 to 0.6 strength appears to level off.

The sand mortar specimens were tested only at 0.4 and 0.5 w/c ratios. So a similar curve

cannot be drawn for the mortar specimens. However the results at these two w/c ratios suggest

that the behaviour of sand mortars follow that of the neat cement tests for compositions #1, #2

and #4. Composition #3 on the other hand appear to be comparatively insensitive to w/c ratio

changes in this range. And composition #5 actually shows some increase with increased w/c in

this region, in all likelihood the increase is nothing but a data fluctuation, but it does indicate the
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insensitivity for this composition as well.This is illustrated by the data presented in Table 4-10.

, - Note that the percentage difference between strengths at two w/c ratios is only 2.5% for #3, and

-15.9% for #5 mortar specimens, compared to 20-30% for the other blends.

4.4 Bonding to Portland Cement Concrete
A sound bond between the freshly-poured patching mix and the existing Portland concrete

substrate is essential for good perfon'nance of the repair. Thus, the study of the bond

characteristics between Stratlingite-Hydrogamet cements and Portland cement concrete was an

integral part of this study. The test data is presented in Tables 4-11 to 4-14.

An improvised bond test based upon ASTM C190 (see Sec. 2.3) was used to measure the

bond s_ength that will develop in actual field patches. Casting mortar against a fractured surface

and allowing it to cure in open air simulates the field conditions. Due to the nature of the test

itself, a scatter of 20 to 25% of the measured value (Table 4-15) is expected, compared to about

5% for compressive strength tests and 5-10% for tensile strength tests. To achieve statistically

valid results, a much larger number of measurements will obviously be required.

In Table 4-15, three-day bond strength results are presented and compared against Type

III Portland Cement using mortars of two parts sand and one part cement and w/c ratios of 0.4

and 0.5 for four blends ( Blend #2 was omitted ). Bond strength test results for Blend #5 was

discarded because adequate bonding could not develop in this series of tests because Portland

Cement fractured surface was dust coated and unacceptable. Tensile strength tests results are

also presented to validate the bond strength results. Type III Portland cement mortar with a

cement-to-sand ratio of 1:2 and a w/c ratio of 0.4 was used as the basis for comparison.

The tensile tests confirm that S-HG cements are substantially stronger in tension than the

bonding interface, and all failures were bond failures. Although S-HG mortars develop 20% to

50% less bonding strength in tension than Type III PC mortar at 0.4 w/c ratio, they are quite

comparable (or better) at 0.5 w/c ratio (Table 5). The difference in bond strengths iS principally

because of flowability of the mixes. Thus, using adaptive formulations, S-HG cement mortars

should develop bonding strengths comparable to Type III PC mortar.

4.5 Shrinkage Behaviour

Shrinkage tests were performed on Blends #1 and #3 according to ASTM C157 ( See

section 2.4 ). Two specimens from S-HG cement mortar and two companion specimens from

Portland Cement Mortar were fabricated, for each set of tests. They were stripped from their

molds at one day and their length change was monitored for about a month. The data from these

tests is presented in Tables 4-16 and 4-17.

The averaged cumulative shrinkage, taking 1 day lengths as base, is presented in Fig. 4-7
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• and Fig. 4-8. From the curves it can be easily seen that, S-HG cements show approximately 30%

to 50% more shrinkage than fast,settingType III Portland Cement Mortar. Shrinkage appears to

be higher for blend #1 than blend #3. This is expected since blend #1 sets faster.

There is an anomaly in the PC specimen readings around the age of 25 days. This is in all

probability due to experimental error introduced by instrument inaccuracy or unaccounted change

storage conditions. This, however, does not affect the preliminary shrinkage evaluations of the

blends.

Ultimate shrinkage for S-HG cement blend mortars appear to be around 1300-1700 x 10"s.

In comparison, shrinkage for Type III fast-setting Portland Cement Mortars ( 1000 - 1200 x10 "s )

and normal Portland Cement Concrete ( 800 xl0 "_ ) is somewhat lower. Since cement mortar

typically exhibits more shrinkage than concrete, it is anticipated that the shrinkage characteristic

of the patching compound using S-HG cement will be comparable to that of Portland Cement

products. More refined tests will be needed to ascertain this comparison.

4.6 Comparison to leading Commercial Patching Materials
S-HG cement patching materials seem to compare more than favorably to two well-known

commercial patching products. FS-16 PRECRETE is commonly used in patching concrete floors,

pavements and higl_ways, and is also used for anci_oring rods, dowells, machine bases etc.

Manufacturers literature claims that compressive strength in accordance with ASTM C109-64 is

2,200 psi in 3 hours, 3100 psi in 24 hours, and 4600 psi in one week. S-HG #1 mortar, in

comparison, develops 8275 psi in 3 hours, 10,100 in 24, and 11,200 psi in 3 days. Thus S-HG

has at least two to four times the early strength of FS-16 PRECRETE mortar.

PYRAMENT, a new product of Lone Star Industries, is being touted as a revolutionary high

early strength cement with a variety of potential uses, including highway and architectural.

PYRAMENT concrete develops 2.000 psi in two hours, 3000 psi in 4 hours, 3400 psi in 8 hours

and about 12 hours. Extrapolations from mortar to concrete could lead us to speculate that S-HG

could have at least twice the early strength of PYRAMENT.

19



ATLSS-88-1.6

q

wit Weight Time Failure Compr.
ratio gins hrs Load Ibs Str. psi

0.4 0 0 0

0.4 246 3 30400 7600

0.4 245 4 26000 6500

0.4 246 5 30200 7550

0.4 246 8 29800 7450

0.4 245 24 33800 8450

0.4 72- 30400 7600

0.5 0 0 0

0.5 3 28500 7125

0.5 4 30900 7725

0.5 5 31800 7950

0.5 228 8 28100 7025

0.5 226 24 23400 5850

0.5 227 72 25200 6300

0.6 0 0 0

0.6 216 8 22800 5700

0.6 214 24 23000 5750

0.6 215 72 27100 6775

Table 4-1: Compressive Strength of Neat Cement Paste#1
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t

wlc Weight Time FaUum Compr.
ratio gins hrs Load Ibs Str. psi

0.4 0 0 0

0.4 244 3 23500 5875

0.4 244 4 22800 5700

0.4 244 5 31300 7825

0.4 8 29700 7425

0.4 246 24 34100 8525

0.4 245 72 33500 8375

0.5 0 0 0

0.5 3 35800 8950

0.5 4 21000 5250

0.5 5 34100 8525

0.5 233 8 28800 7200

0.5 232 24 29500 7375

0.5 230 72 25200 6300

0.6 0 0 0

0.6 _ 8 21600 5400

0.6 220 24 21800 5450

0.6 221 72 28800 7200

Table 4-2: Compressive Strength of Neat Cement Paste #2
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t

wlo Weight Time Failure Compr.
ratio gins hrl Load Ibs Str. psi

0.4 0 0 0

0.4 247 3 24800 6200

0.4 245 4 26800 6700

0.4 246 5 22300 5575

' 0.4 8 31300 7825

0.4 249 24 30200 7550

0.4 247 72 33200 8300

O.5 0 0 0

0.5 3 26400 6600

0.5 4 23700 5925

0.5 5 301O0 7525

0.5 231 8 26000 6500

0.5 230 24 24000 6000

0.5 230 72 25500 6375

0.6 0 0 0

0.6 220 8 22500 5625

0.6 219 24 24800 6200

0.6 220 72 29300 7325

Table 4-3: Compressive Strength of Neat Cement Paste#3
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Q

Blend Wit Neat Cement Mortar Percentage
No. Ratio Strength Strength Gain

psi psi

1 0.4 8040 11200 39,3%

2 0.4 8730 10800 23,7%

3 0.4 8130 10050 23.6%

4 0.4 8425

5 O.4 725O

1 0.5 5930 7725 30,3%

2 0.5 6700 8600 28,4%

3 0.5 6150 9800 59,4%

4 0.5 6525

5 0.5 8400

Table 4-4: Comparison of Neat Cement & Sand Mortar Strengths
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t

wlc Weight Time Failure Compr.
ratio gins hrs Load Ibs Str. psi

0.4 0 0 0

0.4 289 3 33100 8275

0.4 289 4 35000 8750

0.4 290 5 36100 9025

0.4 290 8 40000 10000

0.4 290 24 40400 10100

0.4 290 72 44800 11200

O.5 0 0 0

0.5 282 3 29100 7275

0.5 281 4 28200 7050

0.5 283 5 29600 7400

0.5 281 8 31300 7825

0.5 282 24 32200 8050

0.5 282 72 30900 7725

Table 4-5: Compressive Strength of Sand Mortar #1

24



ATLSS-88-1.6

w/c Weight Time Failure Compr.
ratio grns hrs Load Ibs Str. psi

0.4 0 0 0

0.4 292 8 21700 5350

0.4 292 24 42200 10550

0.4 292 72 43200 10800

0.5 0 0 0

0.5 280 8 _ 900 225

0.5 280 24 24500 6125

0.5 280 72 34400 8600

Table 4.6: Compressive Strength of Sand Mortar #2

w/c Weight Time Failure Compr.
ratio gms hrs Load Ibs Str. psi

O.4 0 0 0

0.4 290 8 27000 6750

0.4 289 24 40400 101O0

0.4 289 72 40200 10050

0.5 0 0 0

0.5 284 8 2800O 7O00

0.5 283 24 36200 9050

0.5 284 72 39200 9800

Table 4-7: Compressive Strength of Sand Mortar #3
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wit Weight Time Failure Compr.
ratio gins hrs Load Ibs Str. psi

0.4 289 3 30700 7625

0.4 289 4 33600 8400

0.4 288 5 31400 7850

0.4 289 8 34500 8625

0.4 269 24 31200 7800

0.4 290 72 84300 21075

0.4 286 2 20500 5125

0.4 285 24 32600 8150

0.4 286 24 31400 7850

0.4 286 48 32400 8100

0.4 285 72 33700 8425

0.4 286 168 26300 6575

0.5 283 3 25900 6475

0.5 283 4 25700 6425

0.5 283 5 27900 6975

0.5 287 8 28200 7050

0.5 287 24 25600 6400

0.5 285 72 49600 12400

0.5 286 24 25500 6375

0.5 285 48 32400 6525

0.5 286 168 26300 6500

Table 4-8: Compressive Strength of Sand Mortar #4
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wit Weight Time Failure Compr.
ratio gins hrs Load Ibs Str. psi

0.4 0 0 0

0.4 290 4 19400 4850

0.4 291 6 26400 6600

0.4 290 8 27300 6825

' 0.4 289 24 23300 5825

0.4 289 72 16900 4225

0.4 289 168 29000 7250

0.5 0 0 0

0.5 288 4 10000 2500

0.5 288 6 24500 6125

0.5 288 8 20700 5175

0.5 290 24 23100 5775

0.5 289 72 24000 6000

0.5 289 168 33600 8400

Table 4-9: Compressive Strength of Sand Mortar #5
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Blend Type of Strength at Strength at Percentage
No. Mix OA w/c 0.5 w/c Olfference

psi psi

1 Neat 8040 5930 26_/o

2 Neat 8730 6700 23,3%

3 Neat 8130 6150 24,4%

1 Mortar 11200 7725 31.0%

2 Mortar 10800 8600 20.4%

3 Mortar 10050 9800 2.5%

4 Mortar 8425 6525 • 22.6%

5 Mortar 7250 8400 -15.9%

Table 4-10: Comparison of Effect of w/c ratio on Compr. Strength

Specimen W/c Bond Tensile
No. ratio Strength Strength

psi psi

4 0.4 115 515

5 0.4 78 605

6 0.4 65 552

1 0.5 185 455

2 0.5 236 395

3 0.5 260 408

Table 4-11: Tensile and Bond Strength of Blend #1
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Specimen W/c Bond Tensile
No. ratio Strength Strength

psi psi

16 0.4 150 507

17 0.4 124 495

18 0.4 157 429

7 0.5 160 480

8 0.5 325 419

9 0.5 260 428

Table 4-12: Tenslle and Bond Strength of Blend #3

Specimen W/c Bond Tensile
No. raUo Strength Strength

psi psi

10 0.4 105 538

11 0.4 129 477

12 0.4 118 475

13 0.5 245 465

14 0.5 184 440

15 0.5 145 ' 506

Table 4-13: Tensile and Bond Strength of Blend #4
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Specimen Wit Bond Tensile
No. ratio Strength Strength

psi psi

19 0.4 533

20 0.4 520

21 0.4 480

22 0.5 422

23 0.5 425

24 0.5 480

Table 4-14: Tensile and Bond Strength of Blend#5

Blend W/c Tensile Bond Standard
No, Ratio Strength Strength Deviation

psi psi % Bond St,
i

1 0.4 557 86 24.6%

3 0.4 477 144 9.9%

4 0.4 497 117 8.4%

5 0.4 511

1 0.5 419 227 13.8%

3 0.5 442 248 27.3%

4 0.5 470 191 21.5%

5 0.5 442

PC III 0.4 533 172 21.5%

Table 4-15: Comparison of Tensile and
Bond Strength Results
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Time After Specimen Specimen PC Spec PC Speo
Casting No. I No. 2 No. 1 No. 2

days

1 0 0 0 0

2 489 720 382 329

3 658 1502 604 533

4 729 1671 702 604

• 7 836 1778 791 818

11 1031 1929 1049 969

16 1058 2036 1360 1253

22 1067 2053 996 924

26 1209 2178 1111 1031

33 1244 2204 1129 1013

Table 4-16: Shrinkage of Blend #1 and Companion PC Mortar ( x 10-6)
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e •

Time After Specimen Specimen PC Spec PC Spec
Casting No. 1 No. 2 No. 1 No. 2

days

1 0 0 0 0

2 329 364 187 293

3 596 560 471 489

4 622 622 551 640

7 889 862 738 711

11 1138 1084 836 844

16 1138 1120 916 880

22 1191 1182 889 889

26 1262 1298 960 942

33 1316 1316 987 1013

Table 4-17: Shrinkage of Blend #3 and Companion PC Mortar ( x 10_ )
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Figure 4-1: Strength Gain Curve Neat Cement Paste : 0.4 w/c ratio
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Figure 4-2: Strength Gain Curve Neat Cement Paste : 0.5 w/c ratio
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Figure 4-3: Strength Gain Curve Neat Cement Paste : 0.6 w/c ratio
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Figure 4-4: W/¢ Ratio Vs. Strength Behaviour for Neat Cement Pastes
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Figure 4-5: Strength Gain Curve Sand Mortar : 0.4 w/c ratio
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Figure 4-6: Strength Gain Curve Sand Mortar : 0.5 w/¢ ratio
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Figure 4-7: Shrinkage of Blend #1 Mortar

39



' A TLSS-88-1.6

1400

Blend #3 Mortar \
1200

' _'1000
I

"__800
__ Portland Cement Mortar
=-600

aTkm I . .

40O
1 day

200 /

0
0 5 10 15 20 25 30 35

Days after casting.

Figure 4-8: Shrinkage of Blend #3 Mortar

4O



fl . •

A TLSS-88-1.6

5. Conclusion and Recommendations

5.1 Conclusion

The data obtained from this initial research, strongly indicate that Stratlingite-Hydrogarnet

based cements can be developed into an excellent high-early-strength patching material.

• There is a substantial variation in compressive strength ( 5500 to 11000 psi mortar
strength at 0.4 w/c ratio ) between different compositions of S-HG cement. However
almost all of the blends appear to have adequate compressive strength for highway
and bridge deck patching use. So the choice of the optimum composition is
governed more by the other qualities than strength alone.

• S-HG cement sand mortar specimens have higher compressive strength and higher
specific weigh than neat cement specimens. This is due to better packing. This
indicates that careful concrete mix design maximizing the density of the material may
enhance the strength characteristics even more.

• In general S-HG cement blend compressive strengths are sensitive to w/c ratio
changes and typically the strength drops 25% from 0.4 to 0.5 w/c ratio. But mortar
compressive strength of some of the blencls (Notably compositions #3 and #5 ) are
not significantly affected by w/c ratio changes in this range.

• Bond strength of S-HG cement mortar to Portland Cement Concrete is comparable
to that of Type III fast-setting Porttand Cement Mortar. Bond strength is lower for
lower w/c ratio (0.4) mixes than for higher (0.5) w/c ratio mixes, possibly because of
their reduced fiowability.

• Tensile strength of the material is about 7-10% of its compressive strength. It is
higher than the bonding strength to Portland Cement Concrete.

• S-HG cement mortars show 30-50% more shrinkage than Type !11fast-setting
Portland Cement (PC) mortars in the first month. The difference between the
ultimate shrinkages is possibly somewhat lesser, because PC mortars continue to
shrink beyond the first month.

5.2 Recommendations for future work

A substantial amount of research is still necessary to develop this material into a usable

product stage. Detailed shrinkage behaviour, properies of these cements in concrete, freeze-thaw

behaviour, workability vs. strength with and without water reducers are of critical importance for

many applications. Perhaps more importantly studies to determine cc)ncrete strength as a

function of time and temperature must be conducted. Studies to develop optimised cudng

procedures and application techniques are also required.

Other properties of interest are thermal expansion behaviour, rebar corrosion studies using

controlled chloride contamination and durability of S-HG cement concretes in chemical solutions

such as suffates,acid, and bases.

S-HG cements are a versatile family of materials which need not be limited to highway

patching uses. Other applications of the material may range from tunneling to high performance

structural members. Glass fiber reinforcing of S-HG cement concrete may also prove to be
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• interesting. Different blinds of S-HG cement present substantiallydifferent properties.

Eventuallydifferentcompositionsof this materialmay possiblybe individuallytaJioredto suit the

particularneedsof a given application. Different applicationof this material represent another

possiblearea of investigation.

5.3 Summary
Stratlingite-HydrogamatGlass cementsare a promisingnew familyof "hydroceramics"that

may have great utilityas highwaypatchingmaterials. Their inherentlyhigher cost (due to the

glass_meltingstep in their rnan_acture), however, will narrow the field of applicationto those

demanding higher early strengthand lower porositythan currentlyavailable products. Other

advantages (or disadvantages) of these materials may emerge only through extensive

applicationstesting.
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