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DISCLAIMER 

The information contained herein was developed on Research Study 

2-8-83-341 titled "Consolidation of Concrete Pavement" in a caoperati-ye 

research program with the Texas State Department of llighways and Public 

Transportation and the U.S. Department of Transportation, Federal Highway 

Administration. 

The contents of t:.tUs report reflect the view~ of the authors who are 

responsible for the facts and the accuracy of the data presented herein. The 

contents do not neceg:;arily reflect the official. views cr policies of the Federal. 

Hjghway Administration. This report does not constitute a standard, 

specification, or regulation. 

;; 



The authOiS wiSh to acknowled;ge the conlributiof'lS of the Texas Department of 

, h ····d· fth·!.i\'l::_ m...~1"\~1+<"'~ _... ' -·",L."·~~-d ku -">k De" ""'"~ tal nel ho H:lIJw-ays an··; r~ J.iQA~ ___ UUUi as eaiiU:u:u:::' uj. I .. ue ·~..;men .' peISOR W 

caliabota1:ed"dn this CO€)perative research effort. m pat:ticular, Mr. Richard B. Rogers 

of the ~l1wa~{!JeSign DiVisionj Mr. Fred SCl1indl.er of tlJe M'ateria1s and Tests Division, 

and Mr. John B~ MoUnce, Jr. of the C~on Di~n ~ov.ided direction, data, 

, •. tiq' ,~ ... 'n_"'*' .I... ~1.."", ""h _./:C_-'-_ ... 1.. ... tSl.1hh u .... "" ' d . +0.1.' ,..r: ":1..~~ .... ~ en- . 00, alrui su"'~·u .1U' Lt'I":: resear-.- tl!LL'OL:"':' 14JA' ..... ~ OU", l.u9 ·lWaL-kOl'l VL u.u.o:o 1:"""'-""''"'' .... 

Thartks'·ar~ alSO dUe to Mr. WiJ.:11am v. W'ard, f(t~ Jitay A. Vansi:dle, and Mr. John 

HeronimtB of' the a~ urban District o£fttCt:! fOTr tHeir helJi> and assistance on the 

field prOject: on ~ Hig'hWay 288;. 

of t to ,,1.. ~. M",ni,l"Inie:e V"'1- ~-- lll".."i... - "" C -. M' "--~-'d' Ohio £ cemen· .. ' LUe pr"'~"r;~-- . LULal..UL ~'''''''i:'menL. ·olllpany,CUJl!1L1::U! , ,or 

the chnation c£ two paving vil:ratots, and M't'. R'obert Clouse of Vertex Equipment, 

Bryan, Texas; fat nelf>£til diSc\l3Sions and donatLGnsaf materials and labor to the study. 

Hi 



SUMMARY AND IMPLEMENTATION 

Due to concern for the need to develop better methods of densifying 

continuously reinforced concrete pavements (CRCP), an extensive literature 

review of current consolidation p:-actices and a ,laboratory .investigation to 

determine the, effects of coarse aggregate factor, maximum aggregate size, 

vibrator spacing, the method of vibrator mounting, and the use of super

plasticizers with and without set retarders· on the achieved consalida:ti.on of 

C R C P were performed. Also studied were variations .in consolidation throughout 

the' depth DE C R C P s1aJ:s and acceleration as a method of monitoring the 

consolidation prOCes3. 

The lal:oratory investigation consisted of hatching sidewalk-sized CRCP 

slats, and each test. was given the same vi1:ratory effort. Analysis was made on 

cores ~nfrom the slats for the relation of splitting tensile strength, to give 

reference to the resulting strength of the concrete, vs. void content, to 

determine the degree of consolidation achieved Because consolidation was 

found to vary throu:;rhout the depth of the slabs, the cores were sectioned so 

that a separate analysis could be conducted far roth the top and bottom of the 

slats. 

The results of the study revealed that a maximum coaxse aggregate factor 

of 0.80, a maximum aggregate size of 1-1/2 .in., and a maximum vi1:rator spacing 

of 24 .in. should be specified when slip-form paving CRCP. Mounting vibrators 

perpendicular to the direction of travel was not found to be as effective as a 

parallel mounting method, and superp1.asticizers were found to have detrimental 

effects on oonsal:idation. The slats were found to be mere dense .in the rottom 

than .in the top, and acceleration measurements were found to be a valuable 

method of monitoring consoli dation as it occurs. 
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A prototYJj)e Vibrator MonitOting System €V KS) has been developed. This 

system can monitor a total of 15 viJratoIS simultaniously and detect if one or 

mere vitrat.GltS are not functioning properly and when l!iquefaction in the fresh 

concrete h-as taken place {Appendb: H}. This ~m .is ready to be ae1.d tested 

by t:ne. Department. A first <Jelleratioo single ~r VMS was tested in a project 

on state Hilgbway 2:88 in Houston. Based on this field test:., strengthening of the 

setlSQIS and wiring as well as Illinor modifications to the alarm S}lStem has been 

inCOt'pot'at;eQ itlto the latest VMS. 

Furthet" research Should be condlilOted to find a method of determining the 

acceleration measarement as a control of consdLidation, to determme :if 

increase the strerr€jth of eRe p while maintai.ni.nq the void content, and to 

adv'ance the Wldet'standing of the atfests of mounting paving vibrators 

perpendi.cu1ar to the diredion of traveL 
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CHAPTER I 

INTRODUCTION TO THE PROBLEM 

Definition of the Problem 

According to the Texas State Department of Hjghways and Public 

Transportation (SOHPT), there :is immediate concern for the inadequacies of 

current construction methods to propedy consaUdate concrete pavements. The 

problem appears to be more prevalent :in continuouSLy reinforced concrete 

pavements (C RCP) where slip-form pavers are used. The slip-form pavers 

require a very low slump concrete, and it :is apparently difficult to achieve 

adequate consaUdation beneath the heavy mats of reinforcing stee1.. 

Preeently, the specification being utilized by the SOHPT in the 

construction of CRCP :is found :in Item 366 "Concrete Pavement (Continuously 

Reinforced)" of the Texas Highway Department's "Standard Specificaticns for 

Coru:truction of Hjghways, Streets and Bridges" (1). 

Objective of This study 

This study was designed to examine the current state-of-the-art in 

vibrating freshly placed C R CP concrete and develop procedures and guidelines 

whereby the optimum consolidation of CRCP can be achieved. 



Scope of This Study 

This study consisted of extensive research mto the theory and principles 

of conailidation by mternal vilration, a determination of the present 

state-of-the-art. regarding the consalidation of CR C P by internal vilration, and 

a laOOratory mvestiqation of certain test parameters to determine their effect 

on the achieved consol idation of C R CP. 

The test. parameters chcsen for study :in the laboratory investigation 

included: (1) coaISe c:ggregate factor: (2) maximum allowable coarse cggregate 

size: (3) spacing of the paving vilratoIs: (4) method of mounting the paving 

vilratoIs: (5) superp1.asticizers with and without set retarders: (6) analysis of 

variations in con,go]jdation through the depth of the CRCP slab: and (7) 

acceleration measurement as a method of monitoring conso1:idation by vil::ration. 

Each of these parameters of study are discussed in detail in the fallowing 

Chapters. 
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CHAPTER n: 

LITERATURE REVIEW 

C onsalidation is defined as a purposeful. action taken to remove the 

-entrapped air from a freshly placed hydrau.l.i.c-cement concrete nrlxture (2). A 

mass of fresh concrete, when initially placed in a form or mald, contains air 

voids, primarily entrapped air, and usually <Des not conform intimately to the 

shape of the form and to the reinforcement. Since strength, durability, bond to 

the reinforcement, deformation, and appea:rance of surfaces are all. c1.a3ely 

related to the denseness of the concrete, It: is both necessary and economical to 

00 wcrk on the concrete mass to remove most of the entrapped air (1). 

Today, most concrete is consolidated by vibration. Vilration subjects the 

fresh concrete to very rapid impulses which temporarily liquify the mixture and 

cause the concrete level to sul::si.de (slump). The entrapped air, being the 

lightest in the mix, rises to the surface where It: eECapes (4). Vilration per se 

00es not improve the properties of concrete~ however, it removes laIge air voids 

. and permits placement of concrete at' a lower. water-cement ratio than is 

pcBSi.b1.e with hand placement. Thus, the improvement of properties attributable 

to vilration reflects the relationship between voids in the concrete and 

water-cement ratio g). 

Consolidation by vibration is a two stage process. The:initial stage 

comprises the major sul:sidence, or ''slumping'', of the concrete. This sul:si.dence 

is esoentially a vertical settling. During this stage, the mixture becomes 

unstable and the so1.i&, parti.culady the coarse cggregate particles, seek a 

lower position, therefore densifying the mass q,~). Popovics has su;rgested that 
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the shape of the coarse aggregate particles is of decisive importance during thjg 

stage (2). The first stage of consolidation is completed when the overwhelming 

mcUority of the coarse aggregate particles stop moving downward. 

After the initial stage of consolidation, honeycombing is essentially 

eliminated, and the JaIge voids among the coarse aggregate particles are filled 

with mcrtar (1,5J. The mortar still contains numerous entrapped air bubbles as 

large as 1 in. and amounting to several percent by volume of the concrete (l,~). 

In the second stage of consolidation, the mortar assumes the maj:lr role of 

transmitting pree:rure waves mere efficiently (2). This causes the entrapped air 

to rise to the surface and es::ape. Because of their greater buoyancy, larger 

bubbles are more easily removed than smaller ones (ll. Air voids near the 

vilrator are released before those further a way from the vilrator, near the 

fringes of the radius of action. There.is also some indication that vilration 

itse1f creates small bubl::ies, probably by dividing larger ones (1). The removal of 

voids is a continuous process; rapid at first and then diminishing. It. is ,possible, 

however, given the proper vilrator, concrete mixture, and amount of time, to 

remove mcst entrapped and, to a lesser extent, entrained air voids (1). 

Cona:ilidation imparts many benefits upon the properties of the concrete: 

1. It redl:1Ces the un<Esirab1.e air voids (entrapped air). 

2. It allows for a lower water content of the mix (~). 

3. It reduces the permeability of the hardened concrete (1). 

4. It ina:-ea8eS the oonding to and reduces the corrosion of the 

reinforcement (.§,],!). 

5. It reduces drying shrinkage (§.>. 

6. It increases freeze/thaw resistance (even jf some air-entrained voids 

are removed) (2). 

7. It js mandatory at construction joints or where there is a co~est:i.on of 
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reinforcing steel (£). 

Since internal. vibration is the meat popular means of mechanical 

consilidation, an understanding of the internal vibrator is imperative. An 

internal vibrator consists of a head containing an unbalanced weight (eccentric) 

which is driven by a motor and caU'3ed to rotate at very high speeds (:.1,9). The 

forces transmitted to the concrete during vibration act at right angles to the 

head of the vibrator. An internal vibrator must efficiently consolidate the 

concrete mixes used on the jJb. It. should be chosen by its head diameter (based 

on the size of the coarse aggregate, slump, and desired radius of action), 

frequency (which determines the liquefaction of the concrete), and ampl.itllde 

(which determines the radius of action) (~5). Consideration should also be made 

of the centrifugal force and the homepower of the motor (4). 

stat:e-d-the-Art for Internal vitration of CRCP 

In an effort to determine the state-of-the-art in research of C R C P 

consolidation, an extensive literature review was conducted. With the aid of the 

Texas A & M University Lilrary, searches were made using the H:iqhway Research 

Information Service (HRIS), the National Technical Information Service (NTIS), 

the Gecdex System-S, and a review of the card catalogues. These searches 

provided ClVer 200 pa:sible references pert:a:i.ning to the topic of consolidation. 

Of these 200 references, 67 were located and secured. Aoout 20 of these 67 

references provided valuable information that was used in the l.iterature review. 

Information from the other references was either non-at:PI kab1.e to this 

particular subject, or served only to restate or reinforce what was incltrled in 

other sources. 

A review of the literature concerning the study of CRCP consolidation 
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reveals a considerable amount of :information on the subject. Recent years have 

seen an influx of numerous studies aimed at finding ways to improve the 

consolidation proces. While the amount of research has been quite extensive, 

ther& s:m remain very serious problems that need im mediate attention. The 

fallowing paragraphs <live a short review of the mcst current agreed-upon facts 

regardipg the consalidation of CR CP. 

Researchers have found that v.i.l:rator spacing on gang-mounted paving 

machines is a fwlotion of the radius of action, ~h:ich is determined by head 

size, frequency, acceleration, type of reinforcement, v.il:ration time, and degree 

of conecl.idation required (l,i,1Q,,11). ViJ:ratots are typically spaced from 14 to 

24 in., resulting in 97 percent consolidation baEed on rodded unit weight 

(A ASH TO T12l) <"6,i,1Q,l!,12). AJr entrainment has not been found to be 

sul:stantially affected by the level of consalldation, and the benefits attained by 

adding air entrainment remain intact (1,,g,13). 

Aggregate size, shape, and uniformity have been found to influence the 

percentage of entrapped air voids for a <liven level of consalidation <1Q,14). No 

research could be found regarding a variation of the coarse aggregate factor 

and frs sub3equent effect on conso1.idati.on. Frequency of the internal vilrators, 

whil,e .in fresh concrete, sho4J.d, be maintained between 8,000 and 12,000 vpm , 

w:ith an optimum level at 10,800 vpm (l,i,ll,11,..Jl,12,l§,1],18). The amplitude in 

air !':ilould be hetd between 0.025 and 0.050 in. <i,12). 

Acceleration .is the cat:Se for the lcs; of internal. friction during 

vilration, but there seems to be no accepted level of acceleration for achieving 

opimwn cona:flidation (13). The ACI Commit.tee 309 reports that for a 

water-cement ratio of 0.40 the compaction effed:. increases linearly when the 

acceleration is increased from 9.8 to 39.2 m/sec2 (1 to 4 glS) (10). Further 

increases in acceleration do not aid con!clidation (10). For more information on 
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acceleration and its role :in the consolidation p:-ocess see the section :in this 

Chapter entitled "Consolidation vs Acceleration". 

Shunp must re maintained:in the range of 1 to 2-1/4 :in. and optimally 

should lie retween 1-1/2 and 2 :in. q,!!,]1,]1,Jd,]&,19). Segregation has reen 

found to reof little concern during even prolonged periods of vilration on stiff 

nrixes, but j£ it should rerome critical., then a lowering of the slump value is 

recommended (20). Continued vilration has reen determined to have very little 

effect on strength, other than directly:in the path of the vilrator <.!!,13). While 

vibration of the reinforcing steel has reen found to aid :in the oonding of the 

concrete to the steel, the net result can re reversed .if the vilration of the 

steel is performed excessively <.120). 

A paving vilrator should optimally have a head diameter of 2 to 3-1/2 :in., 

a 0.2 to 0.7 :in.-lb. eccentric moment, and a variable frequency q,~15). It 

should re noted, however, that the physical y;roperties of the concrete have 

mere :influence on consolidation than the y;roperties of the vi1::rator (16). A 

pav:ing mach:ine should be operated retween 10 to 20 fpm, and optimally 

maintained retween 12 to 14 fpm <12,13,16). ViJ::ratars should re mounted 

horizontally a1x>ve the reinforcement and as close to mid-depth as feas h1.e 

q,!!,13). No research could re found concerning the :influence of the position of 

the vitcatars . within the horizontal J;l1.a11e or wfrh respect. to the direction of 

travel of the paving mach:ine. 

It has reen deterrn:ined that the presence of chenUcal or rn:ineral 

admixtures will affect the rheological y;roperties of a concrete mixture. With 

the advent of superp1astici.zers there is a lack of :information concerning their 

implications in the CRCP :industry. There is a need for an understanding of 

their renefits and limitations. 

While there has reen a tremendous growth of research Concerning 
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cons:iidation of concrete pavements in the past several years, there has been a 

lot of redundant research and contradictory findi.n~. The m~ problems in 

salving the m~ of corisllidation have been in the methods and appmach of 

research. Currently, much.is known about each of the contributing parameterB 

surrounding coMOljdation of CRCP; however, since these parameters are so 

interrelated, it becomes mandatory to study them simultaneously in the most 

practical situations atta.i.nabl..e within laboratory conditions. 

Review of the Test p·ara,meteIs 

A review of ava:j1able 1\terature concerning each of the. test parameters 

included in the laboratory investigation revealed some very valuable information 

necessary in developing and analyzing the laboratory study. For c1ari.ty and 

convenience, each of the test. parameters has been disc1.ESed separately. 

Consolidation VB. D§!th.in Pavement: It has .long been the concern of 

those .interested in the consolidation of C R C P that the concrete in the bottom 

of the CRCP slam was not receiving adequate consolidation wren compared to 

the concrete in the top of the slab. This cOncern .is based on the fact that a 

C R C P slab contains a heavy mat of reinforcing steel at mid-depth which only 

allows the Paving vilrators to be submerged to a position above this plane. For 

this reason, the vilrators are located in the top half of the C R C P sla1::s. Many 

researchers also believe that the reinforcement tends to dampen the effect of 

the vilrations as they are transmitted to the bottom portion of the slab. 

The SDHPT appea!S to be interested in knowing jf the concrete below the 

reinforcing steel is being adequately consolidated Some research in the area 

tends to reinforce this concern. A study released by the United stat..:;s 

Department of Transportation's Federal Iliqhway Administration .in March of 
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1977 stated that the top of the CRCP pavements was conscilidated better than 

the bottom (18). However, als::> included in the 1977 study was that the lEe of a 

mesh depres30r was found to contribute to the consolidation process. Since the 

mesh deprea:;or puShes the steel down through the top of the CRCP slab to 

rnid-depth, this llifluence would be more prevalently detected in the top portion 

of the concrete slab. The degree of the mesh depressor's contribution was not 

presented, therefore, the concllBion that the top of the slab was conscilidated 

better than the bottom due te better vilration could be subject to question. 

while concerns for the effectivenee; of consalidation in the bottom of 

C R C P slats arevaJid, there are als::> reasons to believe that, in fact, the 

concrete in the lower portion of the slab is subject to better consa1idation than 

that in the top. It is generally accepted that concrete in the lower portion of a 

structure, such as that of a column, results in higher strength than the concrete 

above it. This is due to the loading produced by the overburden which aids in 

the conctil:idation of the concrete under it. The upper concrete's weight helps to 
\ 

force the solid material. down and either move the air up or compress it into 

smaller vo:id:;. This same effect can be applied to what ha];peIlS during the 

conscilidation of a concrete pavement. 

Another factor to consider, during the consolidation of CRCP, is that the 

Vibrators move horizontally through the concrete. As they pass o~er an ar~, all' 

of the solid material. begins to seek a lower position, and the air tend; to move 

upward As the air moves up to the surface, the vilratoIs move out of the area 

and the internal friction of the mix is restored When the mix becomes solid 

again, some of the air that was moving up through the slab is trawed in the 

upper portion of the slab. It would only stand to reason that, if the bottom was 

subj:ct. to adequate vilration while the vil:ratoIs were present, then it wculd 

have a lower void content than the concrete above it. 
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A look at the information contained :in Fjgure 1 presents yet another 

interesting phenomenon. 

Figure 1. Force pattern surrounding a paving vllratar. 

As can be seen from this F.:kjure, a paving vibrator produces forces at right 

angles to its head. Understanding that the vibrator is submerged in the top 

seCtion of the C R C P leads to the concltBion that the forces acting on the 

concrete above the vibrator are acting upward. This will tend to force the 

concrete above the vibrator upward and counteract the forces of gravity that 

normally aid the consolidation pr0ces3. Once again, it can be concluded that 

this effect would :inhibit cona:ilidation and tend to produce a greater 

concentration of voi&; in the concrete above the vibrator. 

Also of importance is the fact that the vibrators are dragged through the 

upper portion of the concrete. They create a void channel in the upper portion 

of the concrete that has to be removed. While this problem .is probably very 

slight and .is extremely dependent on the paving speed, it could help :in 

determining why the void. content varies wll:h the depth of the C R C P slab. 

There .is also documented information contained in a study released by the 

Texas Hjghway Department:in 1969 that shows that the bottom of a CRCP had 

]ower bulk densities and higher splitting tensile strengths than the top (]). Whil.e 

this was not a concl.u:D.on of the report, the information presented :in the study 

oocuments this finding. 

10 

l 
l 
[ 

[ 

r 

L 
( 

L 
( 

L. 

I. 
I. 

L, 

I' 
: i 

j l 



u 
o 
o 
o 
o 
[J 

o 
[J 

\ ___ .i 

r ~. 

Consolidation vs. Vibrator Spacing: Numerous research studies have 

determined that vibrator spacing on gang-mounted paving machines has a 

pronounced effect on the degree of consolidation attained in CRCP <l,.!t!.!,!1-

20>. The radius of action of a vibrator is defined as the distance away from a 

vibrator that the cohcrete can be adequately conEclldated during the time 

period the vibrator remains in a particular pcsi.tion. 

When investigating the spacing requirements of paving machine vibratoIs 

it is not enough to simply study the radius of action of a single vibrator 

submerged in fresh concrete. This method of study makes it impa=aihle to 

determine the OITerlapping effect of the vibratory patterns experienced when 

two vitrators are mounted at various spacings. For tlrls reason, a practical 

laboratory investigation designed to depict actual field conditions must 

incorporate the same vibratory patterns emitted by gang-mounted paving 

vibratoIs~ thus, two or more vibratoIs must be studied simultaneously at various 

spacings. Another factor of importance is to inslre that the v:ibrators used be 

of the same design and produce practically .identical vibrations in the fresh 

concrete. This will. aid in the coordination of the vibratory patterns as they 

overlap in the center of the space between the two vibratoIs. 

Research has shown that consolidation and st:r~ decreases with an 

increase in the distance away from a single vibrator (l,!.!,13). For tlrls reason, 

it can be assumed that the wast p<:S3i h1e condition for concolidation effort will 

be located at the centerline between the spacing of two vibrators. Therefore, 

when studying the effects of various spacing requirements, data should be 

gathered at the center of the space between the vibrators, and an analysis 

made to determine if the reduction of void content is great enough to require a 

smaller spacing. 
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COO§gUdation va. Meth<xi of MallOW Pav,IDg VjJ:)ratoI's: The SDHPT 

currently specifies a vilrator spacing of no more than 24 in. on CRCP slip-form 

paving machines. It should be noted that the 24 in. mcudmum spacing 

re::xuirement :is intenc;]ed to be a.ppli.ed to the spacing of paving vitrators when 

mounted so that they are parallel to the direction of travel, see Figure 2a. 

Paving 
Train 

Ca) -> Direction (b) 

Presently, many C R C P paving contractors mount their vilrators 

perpendicular to the direction of travel. (see Figure 2b) rather than the 

conventional way already mentioned (see Figure 2a). For this reason, it .is clear 

that some research .is necessary in order to determine the effect of this 

mounting procedure, and j£ the SDHPT's specifications should include a ~parate 

entry for the two methods of moonting. 

There are several factors that should be considered when studying the 

effects of mounting the vibrators perpendicular to the direction of travel. 

Figure 1 (p. 10) reveals. that the forces generated by a paving vilrator act at 

right angles to the head This.is of importance in that no vibr'ational forces are 

produced beyo.nd the head of the paving vilrator. Also depicted in this Figure .is 

the effect of where the ecx:::entrlc weight .is located wfrhin the head of the 

vibrator. It:is this eccentric weight that produces the forces of vibration. S.ince 
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the eccentric is located in the front half of the vilrator, the mcUority of the 

forces it {X'oduces are emitted from this part of the vilrator. The back half of 

the vilrator's head does transmit some of the vilrational forces, but they are of 

a smaller magnitude than th03e emitted from the front half of the vilrator's 

head. Therefore, paving vilrators mounted perpendicular to the direction of 

travel should be mounted at a maximum spacing equal to the length of their 

head. Ideally, vilrators mounted in this fashion should be mounted so that they 

overlap half of the length of the vilrator's head. 

Another factor due consideration invalves the effect. of the speed of the. 

paving train when vilrators are mounted perpendicular rather than parallel to 

the direction of travel (see Figure 3). 

Figure 3. Force patterns for different vitratar DlOIlllting metl'lo&. 

vtma«.~ 
; ) ,,--...... --

(a) 

j 
Direction 
of Travel 

(VitrataB} 

(b) 

Figure 3b shows that the speed of the paving train ~ a function of the 

J.ength of the effective part of the vilrator (the eccentric). Research haS shown 

that for this method of mounting the optimum paving speed :is between 12 to 14 

fpm (12,]],16). By turning the vilrators perpendicular to the direction of trav~ 

the pavin~ speed :is a function of twice the effective raditB of action (diameter 

of action) of a single vilrator submerged in fresh concrete (see Figure 3a). 

Since this diameter of action :is probably different than the length of the 

effective part of the vilrator (the e~entric), it could be expected that the 
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paving speed would need to be reduced when the vilratoIS are turned 

perpendicular to the direct:i..on of travel in order to achieve the same level of 

conEDlidation. If the paving train speed was kept the same, it waild be assumed 

that the concrete consolidated by the vilrat.ol:s mounted perpendicular would be 

of lower quality than that vilrated by the conventional method. The diameter of 

aet:i.on of a single v.i:lrator moved through fresh concrete must be determined in 

orrler to recommend a speed for a paving train with vibratom moonted 

perpendicular. 

Another difference in the effect of the two mounting methods can also be 

SUJgest:ed. When the vilrators are mounted parallel to the direction of travel 

the concrete will. receive varying degrees of vilration acr0S3 the width of the 

pavement, depending on where it is between two viJ:rators. The concrete 

directly under a vil::rator will receive the greatest amount of vilrational force, 

and this amount will. decrease wfrh an increase in the distance away from the 

vibrator. 1t. would then be expected that the concrete woold be consolidated in 

varying degrees acro.ss the width of the pavement. 

W hen the vftrat.ols are turned perpendicular to the direction of travel., 

this effect :is not seen. If the vibrators are sufficiently ovedapped and the 

paving speed J;l."opetiy set, then all of the concrete across the pavement 

receives'the maximum vibrational forces that can be emitted In effect, this 

mamting procedure attempts to produce an eccentric weight the width of the 

pavement that is troken into small sections, each producing a vibrational force 

on the concrete. What remains to be determined is, how the concrete behaves 

when the vilrators move through it perpendicular to the direction of traveL 

Many questions will have to be answered to entirely understand these two very 

different metheds of attempting to achieve the same result. 
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Consolidation vs. Coarse Aggregate Factor: The coarse aggreg-ate factor 

is one way of descri hj ng the composition of a concrete mix. It.is defined as the 

ratio at the l:xil.k volume of coarse aggregate to the total volume of concrete, 

and it depends on the maximum size of the aggreg-ate and on the grading of the 

fine aggregate (~). The shape of the coarse aggregate particles does not 

directly enter the relation since, for mstance, a crushed aggreg-ate has a 

greater l:xil.k volume for the same weight tie. lower bulk density) than a 

well-rounded aggregate. ThuS, the shape factor .is automatically taken mto 

account m the determmation of the bulk density (~). 

When designing a concrete mix, the optimum ratio of the l:xil.k volume of 

coarse aggregate to the total volume of concrete (coarse aggreg-ate factor) is 

chosen based on the maximum size of the aggregate and the grading of the fine 

aggregate (fineness modullB). However, when the degree of consolidation, or the 

desired void content of the hardened concrete, is critical to the mix designer, 

then this property must also be considered It is understood that the volume of 

coarse aggregate contaiIled m a given concrete volume w.ill infI..uence the 

subsequent void content of that mix. This can be described by examining the 

properties of a fine and coarse grained mixture (see F:igure 4) (21). 

Figure 4. 

(a) (b) (e) 
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F.iqure 4 (p. 15) represents three possible combinations of a fine and 

coarse grained mixture. A mixture that contains little or no fines (F.iq. 4a, p. 

15) has stability due to the grain-to-grain contact of the coaise materials (21). 

HoweIler, this mixture inherently contains voids between the coarse grains due 

to a lack of fines necessary to fill all of the voids between contact points. A 

concrete mixture that has too high a coarse aggregate factor, or too high a 

volume of coarse aggregate, will tend to have a low density and a high void 

content irrespective of the degree of consolidation. 

A mixture that has adequate fines to fill all of the voids between the 

coatse grains will still gain its strength from grain-t".cr9rain contact, but with 

increased snear resistance (F.iq. 4b, P. 15) (21). A concrete mix with the 

optimum coar.se aggregate factor will. have a high density, a low permeability 

and increased shear strength. The degree of consolidation will. become 

increasingly important in this mix to as3ttt'e that the fines are allowed to flow 

into all of the voids between the coarse grains. Once the concrete has 

undergone the initial slumping, during the consolidation process, it will. be 

important to continue vibration until the entrapped air present in the mcrtar 

has been allowed to es=ape. This condition should lead to the optimum 

conscilidation att.a:inabl.e for a given set of concrete materials. 

A miXture that contains a large amount of fines, or too ]ow a coaIBe 

aggregate factor, has no grain-to-grain contact, and the coarse aggregate 

merely "floats" in the mixture (F.iq. 4c, p. 15) (~1). A concrete mixture under 

these conditions will have a low density and a hitgher void content due to the 

entrapped air contained in the fines. C orucl:idation of this mix wa.ll.d have to be 

continued excessively in order to allow the entrapped air to rise to the surface. 

Since the coarse aggregate .is free to float in the mix, and since the mortar is 

what canies the vilration after the initial slumping, this would tend to cause 
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. settlement of the coarse aggregate and an accumulation of fines on the surface. 

From this disctBSion, it is obvious that there .is an optimum coarse 

aggregate factor for a given set of concrete materials in order to achieve the 

Wghest:. degree of consolidation. Therefore, the degree of consolidation desired 

should also be considered, in addition to the maxim urn aggregate size and the 

fineness modulus, when chocsing a coarse aggregate factor in the mix design 

procedure. 

There presently exists one poe;ible method for predicting the optimum 

coarse aggregate factor b.::ls:d on the materi a1s to be tEed The Fineness 

Modulus Method of mix design is centered on the concept that aggregate 

proportions and gradations can be used to design a concrete batch. The grading 

of aggregates is the distribution of particles amoD,;J various sizes, usually 

expressed in terms of cumulative percentages lal:ger or smaller than each of a 

series of seive opening sizes or the percentage of material ca1lected between 

two sei.ve opening sizes. Standard S¢ve sizes and testing procedures are 

specified for determining the gradation of fine -and coarse aggregates. The 

grading and maximum size of aggregates used in concrete mixes affect ~e1ative 

aggregate proportions (coarse aggregate factor and fine aggregate factor) as 

well as cement and water requirements, wcrkability, ecx:momy, IXlI'osity, 

. shrinkage, and durability· of the concrete. In gener~ aggregates that do ·not 

have a lal:ge deficiency or excess of any size and give a smooth grading curve 

will. produce the moot satisfactory results. 

The fineness modulus of either fine or coarse aggregate .is obtained by 

adding the cumulative percentages (by weight) retained on each of a specified 

series of sei.ves and dividing the sum by 100. It is an index of the fineness of an 

aggregate- the higher the fineness modulus, the coarser the aggregate. Different 

aggregate gradings may have the same fineness modulus. Finenesg modulus is 
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useful in estimating proportions c£ fine and coarse aggregates .in concrete 

ntixtures. By knowing the fineness modulus of a given set of aggregates, the 

op:imum coatSe and fine aggregate factors can be determined and this should 

yield the best strength and porosity results. 

Consolidation va. Coarse Aggregate Size: The choice of the maximum size 

of the coame aggregate:is lSually made prior to any considerations of the mix 

design. In reinforced concrete the maximum size of the aggregate which can be 

used :is governed by the width of the section and the spacing of the 

reinforcement. It has also been accepted that the maximum size of the coarse 

aggregate will influence the void content of the hardened concrete; therefore, 

the desired void content of the concrete mlEt also be considered when choosing 

the maximum coaISe aggregate size. 

It. has generally been considered desirable to use as large a maxim urn size 

of aggregate as possible. However, it now seems that the improvement in the 

properties of concrete with an increase in the size of the aggregate does not 

extend beyond 1-1/2 in. so that the use of larger sizes may not be advantageous 

(2,). This can be ver:ified by an examination of what occurs as the maximum 

aggregate size :is increased to 1-1/2 in. and then beyond. The larger the 

aggregate particle the smaller the stn:face area to be wetted per unit weight 

(2,). Thus, extending the grading of aggregate to a larger maximum size lowers 

the water requirement of the mix, so that, for a specified wcrkability and 

richness, the water/cement ratio can be lowered with a consequent increase in 

strength (2,). This behavior has been verified by tests with aggregates up to 

1-1/2 in. maximum size. EJq?erimental results show that above the 1-1/2 in. 

maximum size the gain in strength due to the reduced water requirement is 

offset by the detrimental effects of lower bond area (so that volume changes in 
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the paste cause larger stresses at interface) and of discontinuities introduced by 

the very large particles, particulady in rich mixes (9). 

Therefore, as the maximum aggregate size increases to 1-1/2 in., :it. 

ag;>ears to add to the strength of the concrete. The problem now becomes one 

of determining the effect of this phenomenon on achieved consolidation. It has 

I::een determined in experiments funded by the SDHPT that a reductioo of the 

maximum size of the aggregate from 2-1/2 to 1-1/2 in. will. enhance 

cons:>l:idation of the concrete (1). Currently, the SDHPT specifies a maximum 

size of 1-1/2 in. coarse aggregate. It should oow I::e determined if this 

specification should be modified further. 

Consolidation VB. Superp1asticizers: Superp1astici.zers are a relatively new 

famil.yof adnUxtures which can either I::e used as high-range water reducers or 

be incorporated to produce 'flowing" concrete. They were introdoc-ed into North 

A merica in 1976 and since then a number of research Jaboratories have been 

developing data on their effect on hardened concrete (22). 

There are three po.csihl.e ways in which superplastici.zers may be used in 

concrete (22): 

1. To produce concrete wfrb a very low water/cement ratio (22). This will. 

develop' high strength concrete since the water content ,is reduced while the 

cement content remains the same. The loss in workability due to the decrease in 

the water content is compensated for by the superplast:i.cizing agent. 

2. To J;Coduce concrete wfrb reduced cement content (22). The same 

strengths can be obtained by lowering both the cement and water contents so 

that the water/cement ratio is maintained. Again, the loss in wcrkability is 

compensated for by the superp1astici.zing agent. 

3. To produce flowing concrete (22). Superplast.i.ci.zers may be added, with 
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no change in the mix p:'oportions, simply to .increase the slump and produce a 

more flow able mixture. 

Since, in slip-form paving construction, the slump of the concrete mixture 

must be maintained, the only other advantage in using superplasti.cizers would 

be to either conserve cement and produce equally strong concrete (as in method 

2) or ]ower the water content and produce stronger concrete (as in method 1). 

While research has shown that superp1asticizers cause no increase in 

segregation or bleeding, no significant influence on the setting time of the fresh 

concrete, and no alteration of the freeze/thaw durability of the hardened 

concrete, they do promote a high rate of slump Joss (22). This rat;id rate of 

slump.lDes in superp1asticized concrete is a serious disadvantage and research is 

being conducted to find a solution to the problem. Presently, concrete 

containing a superp1astici.zer will provide a large increase in slump, but th.is 

increase is of short duration, and wfrhin 30 to 60 min. the concrete reverts 

back to the original consistency (22). This phenomenon is accentuated wll:h 

elevated temperatures. 

Currently, there are various methods ava:D.able for counteracting the 

problems of rapid slump .lDes caUC3ed by the addition of superp1asti.cizers. One 

solution involves the use of set:- retarding admixtures that can be combined ·wll:h 

the superp1.asticizers. The purpose of these set retarders .is to retard the rate of 

hardening of the concrete, therefore reducing the rate of slump lDe;;. 

Consolidation VB. Acceleration: Mo:;t references cited tend to agree that 

acceleration .is the mcst. significant parameter affecting concrete compaction by 

vibration (~16,18). This, however, is not surprising: as can be noted by a close 

examination of what acceleration really denotes. 

The vilrations produced during the consolidation p:'QCe$ are ma:;t 
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conveniently depicted by uniform harmonic ca:::iJJations. For simple harmonic 

motion the fallowing fundamental relation exists between acceleration, 

freqooncy, and amplitude of vilration: 

Acceleration = (2 x", )2x (Freqooncy)2 x (Amplitude) 

Therefore, .if it can be determined that a given concrete mix requires a 

certain level of acceleration to OV'ercome the internal friction and consequantly 

produce optimum conroHdation, then a vilration can be produced by varying 

either the frequancy, amplitude, or both, :in order to obtain ~ level. of 

acceleration. Since the frequancy on some vilrators produced today can be 

adjusted, and since acceleration is mcst sensitive to the frequency (since the 

freqooncy is a s:;ruared value), it should be a simple matter to obtain a desired 

acceleration value. Amplitude of a given vibrator w:ill. always remain the same 

since the amplitude is a function of the eccentricity, the weight of the 

ecrentri.c, and the weight of the vibrator itself. 

This idea coincides with what has been the theory of many concrete 

researchers Oller the YeaIS. Many investigators believe that there is an optimum 

freqooncy and amplitude level for each different mix of concrete (23). They 

have not, however, been able to agree on a method for predicting these values. 

The probJem with this approach evolves in the fact that, while there has 

been some research into the study of acceleration, there has not been enough 

research in extremely stiff concrete mixes vilrated :in mass quantities to 

determine the amount of acceleration necessary to produce optimum 

conrolidation. Since mcst concrete \Eed :in the construction c:f.. CRCP is of 

similar mix characteristics, this level of acceleration needs to l:e investigated 

and determined. It needs to be determined j£ acceleration can be used as a toal. 

to determine the freqooncy level needed of a group of vilrators to produce the 
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best: compaction effort. This method of approach will give researdlets a 

saientific ba.sis for study rather than the historical trial and error method of 

investigation. 

Acce1.erometeJ::liJ have reen used succes;fully in res=arch to determine the 

patterns of acceleration present in concrete subjact to v:iJ::ration (16). More 

research tsinrg acceleromet:em in eRe P concrete during vibration woold help to 

determine exactly what is happening and what can be done to improve the level 

of consiL.idation obtained By taking various acceleration readings in different 

pcsi.tions above and below the path of a vibrator as it moves through fresh 

concrete, a three-dimensional acce.l:eration pattern could be constructed. The 

c('.)C)Idinates woold include: time, distance, and acceleration. This could be the 

best method available to determine the radius of action of a given vibrator at a 

constant fteqllii:!ncy level. 
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CHAPTER m 

DEVELOPMENT AND PERFORMANCE OF THE 

LABORATORY INVESTIGATION 

Pur:pose of the Laboratccy Investigation 

The purpcse of the laboratory investigation was to determine the effect 

of the fallDwing ·variahles on achieved consolidation: 

a. Coarse Aggregate Factor 

b. Coarse Aggregate Size 

c. Vilrator Spacing 

d Superplasticizers with and without set retarders 

e. Pcsi.tion of vilrators with respect to the direction of travel. 

Also of importance during the laboratory study was an analysis of the 

variability of conoolidation with the depth of the C R C P slab and the 

determination of whether CRCP consolidation could effectively be predicted 

and controUed by measuring the acce1.el:"ations present during the consolidation 

process. The remainder of this Chapter descri..bes the performance of the 

laboratory investigation. 

Development of the Concrete Batch Designs 

, The first step in developing the concrete batch designs involved setting 

values for each of the variables outlined in the Purpose of the Laboratory 

Investigation. In an effort to determine if the maximum allowable coarse 

aggregate size presently specified for CRCP construction should once again be 

reduced, tests were designed to compare the effects of 1-1/2, 1, and 3/4 in. 
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CoaISe aggregates. To compare the effects of varying the coarse aggregate 

factor, tests were incorporated to include coarse aggregate factors c£ 0.S5, 

0.80, and 0.76. TeS:s were designed to analyze the effects of placing vibrators 

perpendicular to the direction of travel versus placing them parallel to the 

direction of travel., and to determine if superpl.astici.zers (both willl and without 

set retarders) would benefit the CRCP. Finally, tests were developed to 

determine the effect of spacing variations on consolidation. Currently, the 

SDHPT specifies a maximum spacing of 24 in.; therefore, spacings of 24, 18, and 

12 in. were examined. 

For the 5 variables listed in the P~ there are 162 different 

combinations that could be studied However, to maintain a reasonable program 

size, 11 of these po93i.b1.e test combinations were selected (Table 1, p. 25). To 

measure the degree of variability between batches, each of the 11 tests 

consisted of 4 replicate batches. 

The second step of the concrete design involved the testing of the coarse 

and fine aggregates to determine their respective properties. The results of the 

tests on the coarse and the fine aggregate are contained in Appendix A. 

The third step involved the development of the 6 basic mix designs (Table 

1, p. 25) necessary for the implementation of the 11 tests previously described 

Design values were'selected from the TexaS Highway Department's liStandard 

Specifications for Construction of Highways, Streets and Bridges" (Table 2, p. 

26). A cement factor of 5.5 sk/cy, an air content of 5.0 %, and air entrainment 

were used in each initial batch design. With this information, the test results 

contained in Appendix A, and the design process contained in the Texas 

Highway Department's "Construction Bulletin C-11", the initial mix designs were 

developed. 

The final step in developing the concrete batch designs consisted of 
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Coarse Aggregate Max. Size (in.) l-i!2 1 3/4 

Coarse Aggregate Factor 0.85 0.80 0.76 0.76 0.76 

1 
12 in. Spacing / 

3 

2 1 3 4 5 
18 in. Spacing / / / / / 

6 1 5 7 8 
M 
e 1 
t 24 in. Spacing / 
h 2 
b 
d 1 

Perpendicular to Travel Direction / 
0 (without plasticizer) 4 
f 

M 6 
0 18 in. Spacing (w:ith plasticizer) / 
u 9 
n 
t 6 

Perpendicular to Travel Direction / 
(with plasticizer) 10 

6 
perpendicular to Travel Direction / 
(with plasticizerjretarder) 11 

Note: The numl:EIs within the table signify the batch dssign numl:EIs and the 
test numl:EIs used in the laboratory investigation. A I B denotes that A is the 
tatch numl::er and B is the test numl::er. 
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Table 2. Selected SOBPT specifications far eRe P. 

Item Specification 

Cement Factor •••••••••• I Unl.ess ctherw:ise specified on the plans the 
ooncrete shall contain not less than 5 sacks of 
cement per cubic yard. 

Air Content. • • • • • • . • • •• Entrain 5 % air +/- 1 % based upon measure
ment made on concrete im mediately after dis
charge from the mixer. 

Coarse Aggregate Factor ••• Shall not exceed 0.85 

Water/Cement Ratio •••••• Shall. not exceed 6.25 gaJ/sk or 0.553 lb/lb .. 

Shlmp • • • • • • • • • • • • • • •• Shall. not be less than 1 in. or more than 3 in., 
designed to be 1-1/2 in. 

Flexural Strength •••••••• Shall. not be less. than 575 ¢ at 7 days. 

Note: These selected specifications were taken from Item 366 (1:,). 
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mixing 1.5 cu.it. trial batches to determine whether or not the mix designs met 

the SDHPT's specifications for CRCP concrete (Table 2, p. 26). During the 

nUxing process, attempts were made to produce concrete that had a 1-1/2 in. 

slump and an air content of 5.0 %. Each time a trial batch was made, the amount 

of air entraining agent and supeq:ilasticizing admixture used were recorded 

along with the amount of water necessary for a 1-1/2 in. slump and the 

subseqoont air content of the concrete. One ooam (AST M CI92-81)1 and two 

cy.linders were cast for each batch, and they were cured for 28 days in a 95 % 

relative humidity, 7"PF, environmentally-contra1led room. After 28 days the 

cy.linders were tested for compressive strength and the beams tested for 

Mcrlulus of Rupture. When a b:itch was prepared that had an acceptable slump 

and air content, .it: was considered a "successful" batch design. The 6 

''successful'' batch designs may 00 found in Appendix B. (strength did not turn 

out to be a critical design factor, which was probably dlE to the use of a 

higher cement factor than the recommended mWmum and a curing time of 28 

days versus a 7 day curing time in the specifications.) 

Development of the Testing Program 

The next stage of the laboratory investigation involved the development 

of a testing program that could 00 performed within the laboratory under 

contra11ed conditions. Of vital importance in the development of this stage was 

the consideration given to see that the laboratory test closely simulated what 

would 00 expected to occur in the field. 

lAll AST M citations are included in reference (24) • 
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It was decided that the laboratory test. would consist of the batching of 

side w al.k~zed, sim ulated C R C P slats. To cast the C R C P slats, a set of metal 

forms was used that could be connected to produce 4 identical 27 in. x 24 in. x 

10 in. slats in one single casting (Figure 5, p. 29). In an effort to simulate the 

hot, dry climate experienced in parts of Texas, the slats were to be cast in a 

104Dp environmentally controlled room. A 4 in. layer of compacted gypsum was 

constructed on the fl.ocr of the environmental room to simulate the damping 

effect of a bas: materiaL The metal forms were then placed on top of the base 

material. The feems were lined with a closed-Ce11. foam pad to dampen any 

vibration that rn:ig ht have been transmitted. through the metal forms. A steel 

mat. of # 4 and # 6 bars was placed in each of the 4 slab forms at awoximately 

mid-depth (Figure 6, p. 30). 

Two Maginniss HPV-3 paving vilrators, which meet the performance 

requirements mentioned in Chapter 2, were mounted on an adjustable frame 

constructed to simulate mounting on a paving machine (Table 3, p. 31; Figure 7, 

p. 32). The frame allowed fee the spacing of the vibrators to be varied, the 

height of the vibrators to be altered, and the vibrators to be mounted paraIl.el 

cc perpendicular to the direction of traveL A hlgh-cycle generator was obtained 

to power the vil:rators during operation. 

Within the third slab of' the feems, 4 acceleromete:s were used to 

measure the accelerations occurring in the fresh concrete during vibration 

(Figure 8, p. 33). The accelerometers were located in 4 critical locations: above 

and below an area of no reinforcement, and above and below an area where two 

reinforcing bars crossed (Figure 6, p. 30>. A microcomputer was used to record 

acceleration values every 1/6 sec. during the entire coneol:idation process. The 

values were stored on a computer disc for later evaluation. 
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Figure 5. Forms for the simulated CRCP s:!.abs. 
(8'-0" x 2'-3" x 1'-0") 

Note: This drawing is not to scale. 
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Figure 6. Entire simulated CRCP form design. 

(a) Plan view. 

r-- Sl ab #1-....--. +(-- Sl ab #2 __ I +-1-- Sl ab #3 -.,. Slab #4j 
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A 

(b) Section A-A 
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Location A ••••• Accelerometer #1 above and #2 below. 
Location B ••••• Accelerometer #3 above and #4- below. 

~Accelerometer #1 

J 

p p 

"Floor ""'- 4 in. compacted gypsum base --Acce lerometer #2 
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Table 3. Specifications of the Maginniss HPV-3 H:icyc1e Paving Vilxatxr:. 

Item Specification 

H~d Dia.meter • • • • • • • • • • • • • • • • • • • • • • • • • • • • 2-3/8 m. 
Hea.d LeJ1gt:h ••••••••••••••••••••••••••••• 18 in. 

Total. Weight. . . . . . . . . . . . . . . . . . . . . . . .. . . . .. 41 lb. 

Eccentric As3embly Weight • • • • • • • • • • • • • • • • • • • • 5 lb. 

A mpli'blde • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 0.0480 in.. 

Fr9CI\le:.ncy- .. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 96·0·0 - 11,.000 vpm 
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Figure 7. Mounting of the vibrators. 
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Figure 8. Mounting of the accelerometers. 

Electrical Wire 

(a) The top accelerometers. 

.' ·C '. :, .. : .. ':' 
. :'. . G;PSU~ ' ..... '. :: 
......... Base )". : .. : '. 
••• : • '. ',.' .t •• :.. .t .. _ • 

. ..' 
.. " ',. ,. I.· ,. 

I • ,. ,. ; ,,' If" .' '. 

Floor level 

Cable 

,-,--Fl exi bl e spri ng-

Acce 1 erome"ter 

Plastic disc 
(3/8 in. x 3 in. iii) _ 

Plastic Disc (3/8 in. x 3 in. iii) 

: . : ' Acc'e l'erom e'te'r '.: . :.. .' .. ' .. ,,' . . . '. 
..' '. • •• I • . . PVC p·lpe ....... ' : 

:.' :' "(3 in. x 3/4 in: ~) 
~ ...... "." ...... . 

,. .. ' .. ' .. ' 
a------J~ .. -.-. -.. Electrical'Wire~': 

. . . . .': .. '. '... ... . . '. '" . ,,' - ... . .. 

(b) Section through the bottom accelerometers. 
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The Batching Process 

When all of the equipment was prepared in the environmental room, the 

batching process began. The 4 batches in each test. were 5-1/2 cu.ft. and were 

batched separately in a 6 cu.ft. mixer. A time frame of 30 to 45 min. was 

allowed for the entire mixing and placement of the 4 batches. 

Slump was the controlling factor in the batching process, and water was 

added a:> that a 1-1/2 in. slump was achieved One test cylinder w~ cast per 

batch, and a beam was cast from each of, 2 randomly selected batches. Also, the 

air content, tmit weight, and temperature was measured and recorded for each 

batch. The acblal mix design values for each test. can be found in Appendix C. 

The concrete was quickly transported in wheel barrows from the mixer to 

the forms as each batch was completed. Once all of the concrete was in place, 

and all cylinders and beams prepared, the computer controlling the 

accelerometers was activated, and the v:il:rators were moved through the length 

of the forms at an aptroximate rate of 12 to 14 fpm. 

After consolidation, the surface was hand troweled and steel sheet 

dividers were placed between each of the 4 slabs. Finally, the slal:s were 

COIJered with a curing compound and allowed to cure at 104~ for 24 hours. At 

the end of this 24 hour period, each of the slal::s were moved outside, covered, 

and allowed to cure until they reached an age of 28 days. 

The cylinders and beams were covered and allowed to cure for 24 hours 

at room temperature. A t the end of this 24 hour period they were mOlJed to a 

95 % RB, 77oF, curing room where they were allowed to cure until they reached 

an age of 28 days. 
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Concrete Testing 

At the end of the 28 day curing period, the cylinders were tested for 

compressive strength, and the beams were tested for Modul15 of Rupture. The 

results of these tests can be found in Appendix D. 

At this same time, the s1.ats were cored at locations shown in F.igure 9 (p. 

36). The cores were then sliced into 3 pieces: top, middle, and bottom. The 

Saturated-Surface Dry (SSD) unit weight, the dry unit weight, the void content, 

and the splitting tensile strength were determined for each of the top and 

oottom slices. The splitting tensile strength test was modified since our test 

specimens did not meet the requirements of the test. The SSD unit weight, the 

dry unit weight, and the void content were determined· for the middle· slices 

that contained no reinforcing steel.. Finally, the void content was determined 

for the middle slices that did contain reinforcing steel. The results of these 

tests can be found in Appendix E. 
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Figure 9. Coring pattern and labeling technique. 

(a) Coring pattern. 

Slab #1 

-+---+-
I I 

-+----1-
Q)® I 

-1----@-
I I 

--1----+-

(b) Core sect; ani ng. 

-r--

Top -
M 

--
Middle 

--
Bottom 

Slab #2· 

-+---+-
I I 

-+---+
® ® I 

-+---@-
I I 

-+---t-

Slab #3 

-+---+-
I I 

-+---+
®® t 

-t-·--@-
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Slab #4 

.-+----+-
I I 
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(c) Core labeling technique (Example: 1:3AT, denotes Test 1, 
Slab #3, Core location A, and the Top section.) 

L Section letter (T, M, or OJ 

-----Core letter (A, B, or C) 
----__ 51 ab number (l, 2, 3, or 4) 

""-----___ Test number (1 through 8) 
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CHAPTER IV 

DJSCUSSION OF THE RESULTS 

Introduction 

This Chap:er presents the results of the extensive testing and analysis 

program conducted as part. of the laboratory investigation. Conclusions are 

dra wn in accordance with the effects of each of the paramet:eIs tested on the 

achieved conroHdation of the C R C P sl.al:s. The results are categorized 

aocording to the parameter being investigated. 

Consolidation VB. Depth in Pavement 

This study incorporated an analysis of the data to determine .if the 

oottom of the simulated CRCP sl.al:s was receiving .less consolidation than the 

top. Examination of the void content, the splitting tensile strength, and the 

percentage of coarse aggregate fractured in the failed core sections was done 

to perform the analysis. 

By examining the data gathered from the splitting tensile strength tests, 

it wac:; quickly noted that the concrete in the lower portions of the sl.al:s was 

stronger than that in the top. Fjqure 10 (p. 38) shows a plot of the splitting 

tensile strengths determined for the upper and lower portions of each core 

taken from batches 2 and 3 within 8 of the tests performed (the tests using 

superp1asticizers were omfr.ted from this section due to the erratic results 

obtained>. The reaoon for using data from batches 2 and 3 only :is exPlained in 

Appendix F. The plots far each test were normalized since the relative strength 

of one test to another was of no concern in this analysis. The mean values for 

the splitting tensile strength of all core sections troken within each test were 
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Ficure 10. Normalized splitting teasile strength 'for each test. 
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plotted on the same coordinate, X, along the vertical axis. Aoout the mean, in 

each test, were plotted the average splitting tensile strength values for the 

upper and ]ower sections of the cores taken, along with their respective 

standard, deviations. 

Every test performed, where the v:i.1::ratoIs moved parallel to the direction 

of travel., resulted in the ]ower portions of the concrete being indisputably 

stronger than the upper portions. None of these tests even had an ovedag:dng 

of the standard deviations. This data alone would 'prove very conclusive in 

~gesti.ng that consoljdation was better in the ]ower portions of the CRCP. 

Even the test performed where the ·vi.1:ratoIs were moved perpendicular to the 

direction of travel showed that the splitting tensile strengths were better in the 

oottom of the slabs than in the top. 

During the performance of the splitting tensile strength tests, data was 

gathered to record the percentage of coarse aggregate fractured in the failed 

samples. F.igure 11 (p. 40) presents the results of these tests, where once again 

the mean values for the percentage of CoaISe aggregate fractured in all of the 

cores wll:hin each test were normalized to lie at the same coordinate, X, on the 

vertical axis. while this data jg very subjective and was recorded solely at the 

discretion Of the laboratory aEBistant., it jg rather conclusive in its findings. Of 

the . 8 tests conducted, only 4 had an overlag:dng of the standard deviation . 

values, and oone of these overlap; were significant enough to dispute the fact 

that the bottom of the simulated CRCP s1..ab3 had a h.igher percentage of troken 

aggregate in the failed core sections. 

The existence of lroken aggregate in the failed samples could suggest one 

of two things. An excess of fractured particles m.ight sll9'gest that the 

aggregate was too weak. However, if it jg known that a good, strong aggregate 

was being utilized, then an excess of l:roken aggregate ~gests that 
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Figure 11. Nor,nalized coarse agF.'egate fracture for each test. 
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consolidation allowed the mortar to completely engulf the aggregate and caused 

it., being weaker than the mcrtar, to break first. The coarse aggregate U3ed in 

this study was furnished by an aggregate supplier and was considered to be of 

adequate strength. The existence of adequate strength could also be Sll:Jgested 

by the high specific gravity c£ the coarse aggregate (approx. 2.8). It could, 

therefore, be implied once again that the consolidation .in the lower portions of 

the slab was more extensive than that.in the upper portions. 

Perhap; the meS: concllEive evidence of where consalidation was the best 

could be determ.ined from an exam.ination of the void content of the various 

tests. F.igure 12 (p. 42) shows a plot of the void content determ.ined for the 

upper and lower portions of each core taken from batches 2 and 3 with.in the 8 

tests performed Again, the plots for each test were normalized As seen in the 

results c£ the splitting tensile strength tests, every test. performed, where the 

vibrators moved parallel. to the direction of travel, resulted .in the lower 

portions of the concrete being .indisputably more consolidated than the upper 

portions. The bottom of these s1.ab3 can be stated as be.ing statistically more 

cons:ll.ida.ted than the top since there :is no ovetlap of the standard deviation 

values. The only test. conducted where there was an overlap of the standard 

deviation values was that.in which the vibrator was moved perpendicular to the 

direction of travel.. Even.in th:is test the ovetlap was so slight that the 

concltsion still halds. 

ConAOlidation va. vitratcr Spacing 

This study .incorporated three tests designed to compare the effects of 

cons:ll.ida.tion efforts imparted at different vibrator spacings. Each test 

consisted of vibrators spaced at either 24, 18, or 12 .in. It was the objacti.ve of 
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Figure 12. Normalized void content for each test. 
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this segment of the study to determine jf a signif.icant reduction of void content 

could be realized by reducing the maxim urn spacing re::juirement specified by the 

SOOPT. 

The three. te:ts were conducted with identical concrete mixes; the only 

variable employed in the tests was that of vilrator spacing. It woold, therefore, 

be assumed that the relationS:rlp of void content to Splitting tensile strength 

woold be the same in all three cases. Analysis of these tests re::juired only 

examining data taken from the centeliine of the spacing between the two 

vibrators used. Probably the best method of comparing the tests with regard to 

their effects on cona:llidation was by displaying the relation of splitting tensile 

strength vs. void content. Splitting tensile strength was chosen to describe the 

strength of the concrete, and void content was chosen as a measure of the 

degree of cona::il.idation achieved F.igure 13 (p. 44) presents the relation of 

splitting tensile strength VB. void content. Appendix F explains how this figure 

was developed, and Appendix G contains the data and statistics used in .its 

creation. 

Included in F.igure 13 (p. 44) are linear regression lines prepared for each 

test to show the relation of splitting tensile strength vs. void content. AJso 

included are the data and statistics from each test, depicted by the boxes on 

the F.igure. These boxes are created by taking the mean values (depicted by the 

cross in the middle) and one standard deviation in each direction. Due to 

differences in con'3Olidation found in the top and lx>ttom sections of the 

simulated CRCP sl.al:s, each test consists of two ooxes; one to descd.be the 

concrete in the top and one to describe the concrete in the lx>ttom sections of 

the cores. It was necessary to include the data information (the boxes) on the 

F:igure since a change in test parameters could result in different degrees of 

consilldation for the same vitratory effort. This effect cannot be seen by 
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Figure 13. Effect of, vibrator spacing on splitting tensDa strength va •. void 

content. 
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44 

l 
[ 

L 
[' 

[ 

l 
L._ 

i i 



u 
o 
o 
o 

I fJ 

- , 
f 

merely examining the linear relationship of strength vs. void content. It has to 

be determined where along the linear relationship a given con9)]jdation effort 

will produce results. 

As expected, the linear regression lines seen in Figure 13 (p. 44) were 

almcst .identical for each of the three tests. Thus, the only property necessary 

to evaluate an optimum spacing requirement was that of void content. An 

analysis of the locations of the boxes .in Figure 13 (p. 44) revealed that the void 

contents were very similar regardless of the vilrator spacing. with the 

statistical ovedap it was hard to determine if, .in fact, there waS any difference 

in void content between the different spacings. For this reason, Figure 14 (p. 

46) was .included to determ.ine the relation of varying the distance from the 

vibrator to the centerline of the space between the two vilrators. 

Figure 14 (p. 46) depicts the relation of void contents observed as the 

distance from the vilrator was .increased, and it consists of a plot of the mean 

void contents plus and m.inus one standard deviation. From this Figure it could 

be noted that the void content decreased as the distance from the vil:rator was 

reduced, and this effect was more prominent .in the top of the concrete cores 

than .in the bottom. The consolidation .in the bottom was virtually the same at 

all distances with.in this range. However, due to the .increases in Consolidation 

realized by a decrease·.in the distance from the vilrator in the top of the 'slabs, 

it could be concluded that the closer the vilrators are, the better the achieved 

consolidation would be. A look at the scale of the void content axis of Figure 

14 (p. 46) revealed that even though the linear regression lines showed the 

smaller spacing to be better than the larger spacing, this difference was very 

minimal., on the crder of only about 0.5 % void content in the wo:st case. 

Therefore, care should be taken when making the jI.rlgement of whether one 

spacing .is significantly better than another. 
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Figure 14. Effect of distance from the v.ibratoron void content. 
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What could be determined from these data was that smaller spacings 

provided increased consolidation over .larger spacings within the tested range. 

This finding coincided with what was aEBllmed at the onset of the investigation. 

What remained to be determined was jf a decrease in vilrator spacing from 24 

in. would result in enough increase in consolidation to constitute .lDwering the 

maximum allowable spacing requirement. 

The findings of this study did not present a reduction in void content 

large enough to constitute a reduction in the maximum allDwable vibrator 

spacing. It should be noted that a decrease in spacing from 24 in. to 12 in. 

would necessitate the implementation of alm03t twice as many vilrators on the 

paving machine. A.lDng with this increase in the number of vilrators would be an 

increase in cost:. attributable to the cost:. of the new vilrators, the additional 

maintenance C03ts, the additional equipment testing and monitoring casts, the 

additional operational casts, and the increased replacement expenses. Intuitively 

one would conclude that a 24 in. spacing is adequate for the consolidation of 

the C R C P. An analysis of the .lDng term maintenance and replacement casts of 

the CRCP would be necessary to determine jf a small reduction in void content 

is really werth the increase in construction ccBI::s neces:3aIY to provide it. 

consolidation va. Method of Mounting Paving V:ilxa.t:oIs 

This study incorporated one test designed to simulate the effects of 

mounting a paving vi1:rator perpendictilar to the direction of travel. Due to 

limitations on the size of the testing program, not an information necessary to 

make a comprehensive analysis could be obtained. The overlap of two vilrators 

mounted perpendi.ctilar to the direction of travel could not be simulated in the 

size of forms that were available. Therefore, a single vilrator was placed in the . 
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fresh concrete and mOV'ed perpendicular to the directiooof travel at an 

aJiPI'oximate rate of 12 to 14 fpm. 

The results of this test could be compared to the reBl,l.'Lts obtained £rom 

the three test::s performed to analyze the effects of variations in the vilxator's 

spacing requirements. The concrete used in these four tests was of the same 

mix design making it poesih1e to determine which method of mounting the paving 

vibrat:oIswas superior under the testing conditions. 

FU:st;., a comparison of the quality of concrete obtained in the four tests 

was necessary. For this comparison, the reaults of the test. performed w:itR the 

vibrators placed perpendicular to the direct;ion of travel were superimposed on 

the Fjgure displaying the results determined by varying the v.iJ:rator spacings 

(see Figure 15, p. 49). As determined in the section dealing wft:h the effects of 

vibrator spacings, it. would be 8.$Umed that the data gafuered from the test. 

where the vilrators traveled perpendicular would lie alang the same linear 

re:;res:;i.on lines as the data gathered from the other three tests. F.igllre 15 (p. 

49) revealed that this was not the case. 

Since it has been proven that there is a direct re1.ationsmp between void 

content and splitting tensile stren~ for a given nUx design, and since all of 

the concrete described by F.igure 15 (p. 49) was of the same basic mix design, it 

could be concluded that there was a definite problem With the results displayed. ' 

In this case there was no coordination in the relationship between void content 

and splitting tensile strength for the two mounting methods. Due to the 

increased amQunt of data and more precise results obtained in the three tests 

where the vil:rators were moved parallel to the direction of travel, this problem 

must be traeed to the test where the vil:rator was moved perpendicular. 

In order to determine the nature of the problem, it was necessary to look 

at the entire test:. procedure to find if any unusual conditions were encountered. 
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Figure 15. Effect of different vibrator mounting methods on splitting tensile 

strength va. void content. 
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The actual mix design values (see Appendix C) revealed that,. other than the 

test with the vibrator mounted perpendicular having a slightly lower amount of 

air .in the mix and a slightly higher temperature, there were no significant 

differences in the fresh concrete properties. Therefore, the problem had to be 

somewhere else. A look at the strength test results from the cylinders and 

OOams cast during the hatching operations (see Appendix D) revealed that the 

test where the vibrator moved perpendicular had a slightly lower strength than 

did the other test's specimens. The reasons for this difference were not 

identifiable and could have been the result of insufficient compaction of the 

test specimens during casting procedures. 

Probably, the meat identifiable problem that could have been linked to 

the poor results of this test was c::bserved while the concrete was being 

vibrated. It. was noticed during the consolidation procedure that the concrete 

was not behaving as fluidly dur.i.ng vi1:ration as it had during the tests where the 

vibrators were mounted parallel to the direction of travel... It appeared that the 

forces being transmitted outward from the vibrator in its direction of travel 

were not enough to liquefy the concrete before the vilrator passed over an 

area. Since, with this mounting procedure, the concrete was subjsct to maximum 

vibrations from the eccentric at only one .instant as the vitrator passes 

O\7erhead, the concrete received very little vibration. once it lost its internal 

friction and became liquid. 

A look at Figure 3b (p. 13) revealed that when the vibrators were moved 

parallel to the direction of travel the eccentric was above the concrete for the 

amount of time it took: the entire length of it to pas; overhead. However, 

F:igure 3a (p. 13) showed that the concrete vibrated by a perpendicUlar vilrator 

was subject to maximum vibrations from the eccentric for omy a short instant 

as it passed OV'erhead. Therefore, the forces emltted from the vibrator when 
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mounted perpendicular had to be great enough to overcome the internal friction 

of the mix and cause the initial slumping c£ the concrete so that the mcrtar 

could begin transmitting the vibrations and aTIow the air to rise to the surface. 

The greatest task of a vibrator during the consolidation procedure 

OC'Curred as it tried to overcome the internal friction of the mix in order to 

allow the air to begin moving upward. Since the forces emitted at the fringes of 

a vibrator's radius of action are S) low compared to the forces near the head, 

it was very hard for the initial aumping of the mix to occur as the vibrator 

mOled perpendicular to the direction of travel until the vibrator was almcst 

directly above an area. This effect will be seen more c1..ear:ly in the section 

dealing with acceleration. AJso, ednce the concrete never really became liquid, 

the damping effect the mix put on the vi.l:rator was tremendous and never 

allowed it to vibrate to its full potential. 

With an undetst:anding of how a problem willl consolidation could have 

OC'Curred when moving a vibrator perpendicular to the direction of travel,. it had 

to be determined how this could effect the results of the tests on the core 

sections. The relationship between strength and void content has already been 

partially explained, but there are other factors that can enter into this 

relationship other than differences in the mix design. It is a known fact that 

the shape and distribution of the pores withiri the hardened concrete can have 

an effect on the resulting strength. It. could have been that the voids in the 

concrete, although low by comparison to the other tests (see Figure 15, p. 49), 

were large enough and distributed in such a way that the splitting tensile 

strengths were greatly reduced. 

Another factor for consideration might be the problems that could be 

encountered when performing the void content determination tests on the core 

sections. It. could have been that actual SSD and submerged weights were not 
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propedy determined tor the core sections due to t.heir void diE!trihut.ions.. The 

problems wfth this test are discL5Sed in Appendix F, but are not thought to 

aWly to tltis situation since a visual examination of the concrete s1ab3 revealed 

that there was no significant concentration of voids along the inner walls of the 

hales where the cores were extracted. 

Since the nature of the problem associated. with the test performed where 

the vil:rators moved perpendicular to the direction of travel could not be 

reliably determined, it was hard to draw any significant conclusions. It could be 
\ 

seen in F,igure 15 (p. 49) that this concrete, while appearing to have a low void 

content, was of very poor quality in terms of strength. If, in fact, the test. 

results were accurate, then the ]ow splitting tensile strengths suggested that 

the voids were of such a size and distribution that they produced a very weak 

ooncrete. This would also suggest that problems might be encountered due to 

frost susceptibility and low durability. It wouldJ therefore, be concluded (w:ith 

some reservations) that mounting the vilrators perpendicular to the direction of 

travel js not beneficial to the effects of consolidation on concrete pavements if 

the same paving speed as used for parallel mounted. vilrators js employed. 

The problem of obtaining liquefaction of the concrete when mounting the 

vil:rators perpendicular to the direction of travel was not verified in the field 

project on state- H,ighway 288 in Houston. A]:hough this type of mrunting 

creates blind spots m the top of the concrete with very Jittle vibrational effort 

transferred to the fresh concrete, the - follow-up by a v:i.hrating pan type 

vibrator immediately fallowing the spud vibrators awarently provide adequate 

vibration in the concrete which slump value varied between 7/8 and 3 inch. 
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ConscSUdation VB. Supetp1asticizetS (w:it::h and without Set Retarders) 

This study incorporated three tests to determine the effects of adding 

superplast:.i.c:izeIS to a concrete batch in an effort to increase their suJ:sequent 

strengths while maintaining the void content. In each case the cement contents 

were held consistent to previous tests (5.5 s~cy) and the water was reduced in 

OIder to meet the slump requirements of slip-form paving. Two of the three 

teSts were performed t.:Bi.ng a superplasticizing agent only, whfi.e the 

third test incotporated the use of a superpl.asI::iczer that also contained a set 

retarding agent. The two tests conducted w.ith only a superp1ast::i.czing agent 

were vibrated differently: one test had two vilrators spaced at 18 in. and the 

other had one vilrator bJrned perpendicular to the direction of travel. The test 

that used the set retarder with the superp1ast.i.cizer had a vilrator mcunted. 

perpendicular to the direction of travel. 

The basis for compa.rl.ron was again to determine the relationship of void 

content vs. splitting tensile strength. Since the concrete was vilrated 

differently in these three tests (one w.ith the vilrators spaced at 18 in. and the 

otheIS with a vibrator perpendi.cuIar to the direction of travel) two analyses had 

to be made. 

Figure 16 (p. 54) depicts the relationship of splitting tensile strength vs. 

void content for the test with superp1ast.i.cizer and an 18 in. Sp:lcing. The 

results of this test have -been compared to test no. 1 where no plasticizing 

admixture was used and the vilrators were also spaced at 18 in. As noted in 

Figure 16 (p. 54), the linear regression lines had a very si.m:O.ar slope, however, 

the concrete that contained the superp1ast.i.cizer appealS to have a slight shift 

of the line toward the origin. This finding .is compl.etelycontrary to what should 

be expected. The test t.:Bi.ng the supetp1astic:i.zer allowed fer a significant 
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Figure 16. Effect of supel'pwti.ei&el'8 O,n splittiagtensile strength vs. void 

content. 
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lowering of the water/cement ratio, which should result in an increase in 

strength at a given void content. Therefore, one wruld expect the linear 

regression line to shift outward from the origin rather than inward. 

A vjsuaJ.. examination of the concrete sl..ahs containing the superp1asticizer 

revealed that the actual. void contents were probably much higher than was 

provided by the ASTM test. While the concrete was strong (see the strength 

results in Appendix 0), it had not received adequate consolidation, and large 

honeycombs were visi.b1.e throughout the slabs. The problem was traced to the 

incredible slump lDs3 experienced dlring the hatching procedure. By the time 

the fourth hatch was inixed and placed in the forms, the first batch was neatly 

too stiff to vilrate. It took comparably mere force to pull the vibratoIs through 

this concrete than any of the concrete that had rot been subject to 

superp1asticizer. 

Fjgure 17 (p. 56) reveals the relationship of splitting tensile strength vs. 

void content for the tests ucsing superplasticizer with and wfrhout a set retarder 

and a vilrator mounted perpendicular to the direction of travel. The results of 

these tests have been compared to the test. where no plasticizer was used and 

the vilrator also traveled perpendicular to the direction of travel. 

Once again it was found that this method of mounting the vilratars yields 

. very erratic results. The linear regression lines sho wed very little information 

since the data was all grouped so closely, and the correlation coeffici.ents were 

low. A vjsuaJ.. examination of the concrete in the two tests where 

supeqil.ast-icizer was used (roth wlth and wfrhout a set retarder) revealed that 

the void content data was once again suspect. It ag;>eared that, dUe to the 

large honeycombing visi.b1.e throughout the sla1::s, the void contents should. have 

l::een much hlgher than found by the ASfM test. 

The set retarder did ag;>ear to aid in the vilration of the concrete, 
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Fiaure 17. Effect of auperplAaticaera witb and' .i.tbo:ut set retax:de1'8' on 

splitting tenai1e atrelllth va. void content. 
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however, the forms could not be removed for nearly a week. The concrete 

would not set and could easily be chipped and deformed. It was afPU'ant that 

the {X"oportion of set retarder to superplast:i.c:zer used was much too high. 

The inherent {X"oblem of using superplast:i.c:zeIS, the rapid rate of slump 

loss, was the key to the failures of this portion of the testing {X"ocedure. The 

concrete simply would not remain werkable long enough for :it to be placed and 

vibrated. The addition of the set retardeIS aweared to help, but. since the 

proportioning was so poor, the degree of this aid cannot be determined. 

In summary, mere needs to be learned about controlling the effects of 

superp1astjci ZeIS before they can be incorporated into slip-form paving 

construction. Superplast:i.cizeIS, even with set retarders do not aid in 

conEOlidation. They may be used to create stronger concrete at a given void 

content, but from these tests do not show any potential for allow.ing the 

concrete to be better· consolidated at a fixed level. 

ConsaUdation VB. CoatSe Aggregate Factor 

Currently, the SnHPT specifies the upper limit of the coarse aggregate 

factor to be 0.85. Part of the testing program included .in this study was 

designed to determine the consequences of varying the coarse aggregate factor 

on achieved con&ilidation. Coarse cqgregate factors of 0.76, 0.80, and 0.85 

were used to measure this variability. 

Fjgure 18 (p. 58) presents the relationship of splitting tensile strength vs. 

void content for the three tests performed with the different coarse aggregate 

factors mentioned. A close examination of the linear regression lines revealed 

that they had the same basic slope, meaning that tests with each coaISe 

aggregate factor experienced awroximate1.y the same change in splitting tensile 
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Fi,aure 18. Effect of coarse aggregate factor on splitting tensile strength VB. 

void content. 
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strength for a given change in void content. 

Also of importance from Fjgure 18 (p. 58) was the position of the linear 

regression lines with respect to one another. The lines moved outward from the 

origin as the coarse aggregate factor was decreased This meant that for a 

given level of consolidation (void content) the 0.76 coarse aggregate factor 

yielded the highest splitting tensile strength, then the 0.80, and finaJly the 0.85 

yielded the lowest strength. This effect was slightly more pronounced as the 

coarse aggregate factor was increased from 0.80 to 0.85. However, note that 

these linear regreesi.on lines fall very c1.cse to one another and the inclusion of 

a 95 % confidence interval about each one would lead to an overlap in all cases. 

while the findings determined thus far were important, they yielded no 

information about the degree of consolidation attainable for a given coarse 

aggregate factor. For this reason, an examination had to be made to determine 

where the results were concentrated along the linear relationship between 

splitting tensile strength vs. void content. The boxes in F.igure 18 (p. 58) showed 

that the 0.80 coarse aggregate factor resulted in more adequate consalidation 

and exhibited less data scatter when subject to the same degree of vilration. 

The- 0.76 and 0.85 coarse aggregate factors yielded almost .identical void 

content results (with the 0.76 coarse aggregate factor having a higher strength 

than the 0.85 coarse aggregate factor). This is :interesting and perhap:; could be 

traced back to the thecry discU3Sed in relation to F.igure 4 (p. 15). According to 

this principle, the 0.85 coarse aggregate factor rnjght correspond to F.igure 4a 

(p. 15), the 0.80 coarse aggregate factor rnjght correspond to F.igure 4b (p. 15), 

and the 0.76 coarse aggregate factor rnjght correspond to Fjgure 4c (p. 15). This 

woold lead one to believe that the 0.80 coarse aggregate factor .is the optimum 

ratio of the bulk volume of coarse aggregate to the total volume of concrete 

for the gradation shown in Awendix A. If the gradation of the coarse and fine 
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aggregate jg changed a different optimum coarse aggregate factor might result. 

Any coarse ag9reg'ate factor 1esg than 0.80 would lead to an abundance of fines 

and the problems associated wfrh thjg, and any coarse aggregate factor greater 

than 0.80 would lead to a concrete nrixture Jacking enough fines to fill the 

voids between all of the coarse aggregate. 

The lEe of the Fineness Modulus Method of mix design provided this same 

conclusion. By using the information provided in Appendix A and going through 

the calculations necessary in the Fineness Modulus Method of mix design, it was 

determined that the 0.80 coarse aggregate factor should produce the best 

concrete. This method of chocsi.ng the optimum coarse aggregate factor appears 

to be the most. practical. procedure for predicting the best. proportions of the 

aggregates to use. 

CQIlSQlidation VB. Coame Aggregate Size 

The testing program far thjg study included a comparison of concrete 

tests that incorporated maximum sizes of the coatSe aggregate of 1-1/2, 1, and 

3/4 in. The objective of thjg comparison was to determine the relation of void 

content to splitting tensile strength for the various maxim urn aggregate sizes, 

and to determine which aggregate size resulted in the highest degree of 

con9Jlidation for a given consolidation effort. 

Figure 19 (p. 61> reveals the results of data accumulated from the tests 

conducted with each of the mentioned maximum aggregate sizes. An examination 

of the linear regression lines revealed two important relations. FD:st, there was 

a definite Eiope change from one aggregate size to the next. As the maxim urn 

aggregate size was increased, the resulting splitting tensile strength was 

increasingly infI..uenced by changes in the void content. A change .in the void 

content woold infI..uence the strength of the concrete containing the larger 
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Figure 19. Effect of coarse aggregate size on splitting tensile strength VB. void 

content. 
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aggregate much more than it would concrete made w.ith smaller aggregate. 

The second important relation that could be taken from the linear 

regression lines .included .in F,igure 19 (p. 61) was the relative position of the 

regres:don Jines to one another. It was clear that below a void content of about 

9 % the 1-1/2 ir). aggregate resulted .in the highest splitting tensile strength for 

a given void content. This could be attributed to the phenomenon mentioned 

earlier, .in that the larger aggregate mix required less water than the mixes 

made w.ith the smaller aggregate. Furthermere, the amount of data scatter made 

it impo=sible to determine what differences.in strength occurred between coarse 

aggregate sizes of 1 and 3/4 .in. 

To determine the effects of a given consolidation effort.it. was necessary 

to examine the pcsi.tion of the data concentrations (the boxes) aloD:J the linear 

regres:ri.on Jines. From this .information, it could be seen that the consolidation 

effort imparted on the various test conditions resulted .in relatively the same 

degree of co~ation regardless of the maximum aggregate size. Mcst:. all of 

the data feU in the same place along the void content axis. Consolidation was 

not .influenced by aggregate size wfrhin the range of 3/4 in. to 1-1/2 in. The 

important thing to note w~ that almcst. all of the data feU below a 10 % void 

content. By combining this .information w.ith that already discussed,.it. could be 

concluded that the 1-1/2-.in. maximum size aggregate was the mcst desirable. 

This choice of aggregate should result .in the maximum consolidation and the 

highest strength attainable. 

One argument could pocBibly be presented in an attempt to refute this 

conclusion. Smce the slopes of the linear regression lines revealed that the 

concrete containing the 1-1/2 m. aggregate was mere sensitive to strength 

change due to a change .in void content and had more data ~atter, it would 1>= 

more reas:mab1e to limit the maximum allowable coarse aggregate size to 1 in. 
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While this argument has its merit, it does not awea,r to be significant enough, 

wfthin the range of the findings, to offset the initial conclusion to choose the 

larger aggregate. An increase in voids in the bottom of the slab of about 1 % 

void content wa.ild be necessary in the concrete containing the 1-1/2 in. 

aggregate in order to achieve strengths si.miI..ar to the concrete containing the 

smaller aggregate. 

Additional consideration of the economic effects involved in choa3ing an 

at;::prOpIiate maximum aggregate size, also led to the conclusion that the 1-1/2 

in. aggregate was the mcst desirable. Since the aggregate used in these tests 

was crushed aggregate, a reduction of the maximum size woold have resulted in 

an increase in production ccsts due to the increased amoont of crushing 

necessary. 

Consalidation va. Acceleration 

This study incorporated in its testing program a method of determining 

the levels c£. acceleration aH;ilied to the concrete by the vilrators as they 

m~ed through the fresh concrete. It was the objective of this part of the study 

to determine if accelerations could be monitored and recorded during the 

coneti1idation process, and if these readings could be used to describe the 

effects of a given consolidation effort. on a concrete mix. The results of the 

aa::eleration readings for tests 2, 3, 4, 6 and 7 can be found in Figures 20 

through 29 (pp. 64-73). 

A few p:oblems were encountered in the recording c£. the acceleration 

data. During a number of the tests, problems were experienced in the elaborate 

net wcrk of :instruments necessary to record the data. Due to a lack of sufficient 

personnel available to inslre that the insb;:uments were in proper working order, 
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Figure 20. Accelerometer readings for test 2 (above and below no reinforcement). 
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Figure 21. Accelerometer readings for test 2 (above and below the crossing of two reinforcing bars). 
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Figure 22. Accelerometer readings for test 3 (above and below no reinforcement). 
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Figure 23. Accelerometer readings for te:1t .3, (above and below the crossing of two reinforcing bars). 
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Figure '?4. Accelerometer readings for test 4 (above and below no reinforcement). 
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Figure 25. Accelerometer readings for test 4 (above and belpw the crossing of two reinforcing bars). 
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Figure 20. Accelerometer read.ings for test 6 (below no reinforcement). 
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Figure 27. Accelerometer readings for test 6 (above and below the crossing of two reinforcing bars). 
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Figure 26. Accelerometer readings for test 7 (below no reinforcement). 
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Figure 29. Accelerometer readings for test 7 (above and below the crossing of two reinforcing bars). 
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the importance of time once the concrete batching operation began, and the 

fact that the ability to take acceleration readings was given the lowest. priority 

during testing, some of the tests did not result in a complete set' of data, and 

some tests did not result in any data- readings at all. However, the results that 

were obtained provided some very interesting information. 

It was quickly noticed, after viewing the graphs of time vs. acceleration 

output, that there was a general trend to rna;!: of the curves; especially the 

graphs of the tests where consolidation was noticed to occur wlth the greatest 

ease during the casting operation (See Fjgures 20, p. 64; 21, p. 65; 22, p. 66; 

23, p. 67; 26, p. 70; 27, p. 71; 28, p. 72; and 29, p. 73). It appeared that the 

concrete remained practically stationary until the vitrator approached a 

position alrncst directly above, or below, the accelerometers. At this time the 

acceleration of the concrete particles increased almcst 1m mediately to the peak. 

Afterwards, it. appeared that the curves took on some type of wave form, 

probably aB9Xiated wfrh the vitrational waves transmitted through the mortar 

in the mix. 

This finding can be related to what .is known to occur during the 

coneclidation process. _As the vitrator approaches, the concrete remains stiff 

until the forces become great enough to overcome the internal friction of the 

mix. At this time, the mortar begins to transmit the vitrations and allows the 

solids to settle while the air rises to the surface. It.is this stage of the 

consolidation process that must be allowed to continue in order to relieve the 

nUx of all the entrapped air voids. 

Therefore, once the concrete had its initial slumping, the distance along 

the x-axis of the curve was of extreme importance in determining how much air 

was allowed to ~ape. The results of the test performed where the vitrato..-s 

were spaced at 24 in. (see Fjgure 21, p. 65) probably depicted the effect best. 
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It could be seen in this F.igure that the bottom of the slab was receiving the 

hig best degree of acceleration. This was not surpr:ising since the particles being 

accelerated had to ooercome the acceleration of gravity in order to register a 

reading on the accelerometer mounted on the top of the slab. The next :item of 

interest on F.igure 21 (p. 65) was the shape of the curves. Both of them peaked 

very rapi..dl.y, and they a~ed to pick up a wave form. Since each point on 

this graph was an average of six recorded data paints, the exact shape of the 

wiNe form could not be shown. 

Exactly what information could be derived from this graph had to be 

determined. Since the accelerometer was actually measuring the acceleration of 

particles in the concrete, a review of particle dynamics helped to develop an 

angle of study. The area under the curve on the graph yielded the ve1Dcity of 

the particles in motion: 

f,
tt 

a(t)dt = vet) 
i, 

The linear momentum (p) of a particle .is defined as the p!:'oduct of its 

masc:; (m) and its velocity (vCt»~ therefore: 

p = m * vet) 

The total energy of a particle in motion (E) .is equal to the sum of its 

kinetic energy and its potential. energy~ therefore: 

E = 0/2 * m * vCt)2) + (m * g * y) 

By assuming maB:3, gravity (g), and vertical distance (y) to remain constant 

from one mix to another, it could be said: that the energy imparted on the 

concrete by a vilrator was a function of the acceleration of the particles. 

Therefore, the area under the curve yields a reference for determining the 
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energy produced on a concrete mix under vilration. 

Table 4 shows the results of the re1ative energy produced on the concrete 

mjxes under vilration and the degree of consolidation achieved for test numbers 

I throu;Jh 7 and number 9 in the laboratory and for tests I and 2 in the field 

(State Highway 288 in Houston). In Figure 30 the Degree of Consolidation 

(defined as the dry unit weight of the hardened concrete divided by the 

measured unit weight of the fresh concrete (AASHTO T121» is plotted against 

the re1ative energy. A variation of the degree of consoljdation between 99.4 

percent and 95.3 percent is ol::served wfth a decrease in energy producing a 

decrease in ~ee of cOf\'30lidation as expected. From the results of the study 

performed by the Colorado Division of Highways, Planning and Research Division 

(11) it was shown that cares from pavements wfth poor abrasion records had 

densities less than 97 percent of rodded unit weight (AASHTO TI21). Based on 

this finding the State of Colorado uses direct nuclear transmision density 

measurements to enforce a requirement that the concrete be vilrated to no less 

than 96 percent of the maximum theoretical field density. From Figure 30 and 

Table 4 it can be seen that only two core samples did not meet this requirement 

(tests I and 5). In addition the results shown in Figure 30 indicate that a 

minimum relative energy of a~ately 300 ft-lb is required to yield a degree 

of consolidation of -no less than 97 percent. Based on this conclusion five out of 

eig ht sensors in the field tests registered a relative energy input of less than 

300 ft-lb (Table 4). The concrete is therefore suspected of Jack of consolidation 

in those five cases (Tests FII, F12, F13, Fl4 and F22). From the results of the 

split tensile strength tests of the cores from these locations, field test number 

I has a mean strength of 453 p:;i and field test number 2 a mean strength of 

365 pgi.. Since the standard deviations for the tests were only 6 and 35 ¢ 

respectively, this difference in mean strengths are significant enough to 
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Table 4. Relative Energy1 (ft - lb) Produced on Concrete Mixes Under 
Vibration and Degree of Consolidation2. 

Relative Energy (ft-lb) 
Test # Pos iti on No Steel 

1 Top 
Bottom 85.4 

2 Top 145.6 
Bottom 332.2 

3 Top 653.2 
Bottom 916.8 

4 Top 375.4 
Bottom 456.8 

5 Top 
Bottom 216.0 

6 Top 
Bottom 227.5 

7 Top 97.8 
Bottom 261.9 

9 
Top 

Bottom 353.0 

Fll Bottom 262.2 

F12 Bottom 

F13 Bottom 

F14 Bottom 

F21 Bottom 789.5 

F22 Bottom 

F23 Bottom 
I 

F24 Bottom 

(1) Relative Energy = 1/2 (1 lb)v(t)2 
(2) Based on AASHTO T121 (Yd/Yc) 

Steel 

4.1 
259.5 

143.0 
631.9 

350.7 
637.3 

483.7 
368.7 

59.9 
164.1 

1H.0 
189.5 

269.5 

190.8 
264.3 

251.1 

177 .0 

41.8 

212.1 

430.6 

441.5 

Degree of Consolidation 
No Steel Steel 

96.8 96.6 
96.4 95.3 

97.0 96.4 
97.1 99.3 

97.2 98.3 
99.4 98.4 

97.3 97.7 
98.7 98.7 

95.4 96.9 
96.0 96.8 

96.3 96.7 
97.4 98.2 

95.8 96.3 
98.0 97.0 

97.4 96.0 
97.8 97.6 

95.6 

96.5 

95.5 

95.4 

98.1 

97.2 

96.9 

96.3 

Note: Fxy indicate field test results, where x is the test number and y 
is the sensor number. 
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conclude that the two pavement sections are significantly different. The 

adlieved coru=olidation levels, however, were greater in section number 2 (in 

average 97.1 percent versus 95.8, from Table 4). The requirement of 300 £t.-lb 

as m.ini:mum relative energy amount seems therefore reasonable. Furthermore, 

tesed on the comparison w.ith the data obtained in Colorado (U) field test 

section number 2 is expected to outperform fie1d test:. section number 1 provided 

that the average sIiitting tensile strength of 365 ¢ also is sufficient to 

achieve good durability performance. The reason for the difference in the 

splitting tensile strengths is believed to be caused by the greater air content 

measured in test section number 2 (8.4 percent compared to 5.5 percent in 

section 1>. 

It was interesting to note the shape of the curves seen for the test:. where 

the vilrator was mounted perpendicular to the direction of travel (See F:igures 

24, p. 68 and 25, p. 69). It could be seen in this test that while there was an 

initial peak of the curves, there was no ta:iling off of the curves along the 

x-axis as was seen in the other test:. results. This could have been due to the 

fact that the concrete was not liquified when the vilrator passed over and the 

mcrtar never picked up the vilrations neces:;axy to allow the air to escape. It 

aweared from this graph that the internal friction of the mix was either never -

overcome or was reblrned very quickly after the vilrators passed This finding 

supports the findings included in the section of this - Chapter that dealt wfrh 

consal.idation vs. the method of vilrator mounting. 

Another interesting cb3ervation depicted by F:igures 20 through 29 (W. 

64-73) was that the concrete particles in the top of the Slab were being 

accelerated upward. This is not beneficial to the consolidation process, since 

the objective of consolidation is to accelerate the solid material downward This 

effect was discussed in the section of this Chapter that dealt. w.ith con.oolidation 
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versus depth in the pavement, rut.it. should once again be emphasized. Perhap;, 

consideration should be given to maintaining an O\Terburden of concrete around 

the vib:ators and raising them above the intended depth of the slab. In this 

manner, all of the forces will be transmitted downward on the concrete being 

cona:ilidated, and no particles will. be accelerated upward. Care wa.1ld have to 

be taken, however, to ensure that the bottom of the SLab was still vibrated 

adequately. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Conclnsions 

The fallowing presents a sum mary of the conclusions made .from an 

analysis of the literature review and the laboratory investigation. The 

conclusions are listed according to the specific parameter of study. 

Coarse Aggregate Factor: The fallowing conclusions were made based on 

the results of the literature review and three tests designed to compare the 

effects of a consolidation effort on concrete containing coarse aggregate 

factors of 0.76, 0.80, and 0.85. All other mix design and test conditions were 

held constant between the three tests. 

1. According to theory, there should be an optimum coarse aggregate 

factor for a given set of materials tEed in a concrete mix in order to achieve 

maximum cons:ll:idation. 

2. Of the three coarse aggregate factors tested, none a};PeaI'ed to be 

more influenced toward strength change due to a change in the void content. 

Each of them had approximately the same relationship between splitting "t:ensIile 

strength and void content. 

3. A.lthough not statistically verifiable, of the three coarse aggregate 

factors tested, the lower the coarse aggregate factor the higher the anticip!lted 

splitting tensile strength for a given void content. 

4. A given consolidation effort resulted in different levels of 

consolidation for various coarse aggregate factors. 

5. A 0.80 coarse aggregate factor appeared to be the cptimum value 

(within the range tested> for the materials used and the conFOlidation effort 
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imparted in this testing p:'ogI"am. For concrete made wfth differing materials, 

the Fineness MoCll.ib.E Method of rrrlx design should be employed to determine the 

coazse aggregate factor to be used. 

Coaxse Aggregate Size: The fallowing conclusions were based on the 

results of the literature review and three tests designed to compare the effects 

of a coMOlidation effort on concrete containing maximum coarse aggregate 

sizes of 3/4, 1, and 1-1/2 in. All other mix design and test. conditions were held 

constant between the three tests. 

1. The choice of a maximum size coarse aggregate jg governed by the 

width of the section and the spacing of the reinforcement. Consideration should 

also be given to the desired void content of the hardened concrete when 

chocsing the maximum size of coarse aggregate due to its influence on the 

resu.lting void content of a rrrlx. 

2. Research indicated that increases in the maxim urn aggregate size up to 

1-1/2 in. tended to increase the strength of the concrete. Beyond 1-1/2 in. this 

phenomenon no longer applied. 

3. Research determined that a maximum aggregate size of 1-1/2 in. was 

more desirable than 2-1/2 in. in terms of achieved conailidation. 

4. This study showed that a change in void content affected the strength 

of the la.t9er aggregate much mere than that of the smaller aggregate. 

5. Within the range of achieved void content, the 1-1/2 in. aggregate had 

the highest strength for a given void content. 

6. For the degree of conroudation applied, practically the same void 

content was realized regardless of the maximum aggregate size. 

7. Since 1-1/2 in. aggregate .is known to produce concrete wfrh void 

contents alma equal to the smaller aggregates, jg more desirable in terms of 
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consolidation than larger aggregates, results in higher strengths (for a given 

void content) than the smaller aggregates tested in this study, and .is mere 

economical to produce, it can be concluded that the 1-1/2 in. aggregate .is an 

optimum size for best consolidation results. 

Spacing of the Vibrators: The fallowing conclusions were based on the 

literature review and three tests designed to compare the effects of a 

conro]idation effort on concrete vi1:rated by paving viJ:rators spaced at 12, 18, 

and 24 in. An mix design requirements and other test conditions were held 

constant between the three tests. 

1. The only property of the hardened concrete necessary to determine if 

a change in vi1:rator spacing benefits the eRe P .is the void content found 

exactly between the paths of two vi1:rators. 

2. There was little statistical difference bet ween the void content of the 

concrete concolidated with any of the three vi1:rator spacings studied, but it 

could be said that the smaller the spacing the higher the degreeaf 

cona:iI.idation. 

3. Unless there .is a long term C03t saving aEEOCiated with reducing the 

maximum allowable spacing requirement from 24 in., due to a slight reduction in 

void content, to baJance the increased construction ccst:s, the maximum Spacing 

requirement should remain at 24 in. 

Method of Mounting the Vibrators: The fallowing conclusions were made 

based on the literature review and foor tests designed to compare the effect of 

a consolidation effort on concrete vi1:rated with a paving vi1:rator that traveled 

perpendicular to the direction of travel versus that vi1:rated at three different -

spacings (12, 18, and 24 in.) where the vi1:rators traveled parallel to the 

direction of travel. An of the mix design requirements and other test conditions 
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were held constant between the four tests. 

1. Tl:le SDHPT's specifications contain no p:'ovisions devoted to the use af 

a viJrator mounting p:'ocedure other than parallel to the direction of travel of 

the paving machine. 

2. Paving vibrators mounted perpendicular to the direction of travel 

should be mounted so that they are at least end to end, and they should ideally 

l::e ovedapped almost half the length of the vibrator's head. 

3. Requirements on paving train speed must vary between different 

mounting methods. 

4. Proper use of vibrators mounted perpendicular to the direction of 

travel should eliminate the varying degrees of con..C!Olidation acxoe:; the width of 

the CRCP found when the vibrators travel parallel to the direction of travel. 

5. Problems with this study in reaching the expected relationship between 

void content and splitting tensile strengths on the test. where the vibrator 

traveled perpendicular to the direction of travel could have been associated 

wD:h: 

a. The inability c£ the vibrator to liqoofy the concrete and 

consoHdate it at the paving speed used. 

b.The size and distribution of the voids and their sukEeqoont effect 

on strength. 

c. Problems in the performance of ASTM C642 on determining the 

void content of the mix, althou;rh this was not thought to be the case. 

6. The grap, of acceleration ootput vs. time for the test. were the 

vibrator moved perpendicular to the direction of travel revealed that a wave 

farm was never encountered. Therefore, it would be expected that the concrete 

in this test. was not properly conroljdated. 

7. The concrete consolidated in the laboratory with one vibrator that 
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moved perpendicular to the direction of travel was of generally pocrer quality 

than that consalidated with the conventional mounting method. 

In the field, however, adequate consal.iiJation was ob:;erved with the 

perpendicular mounting. This jg attributed to the extra vil::rating effort provided 

by the pan vilrator im mediately fallowmg the gang mounted spud vil::ratoIs. 

superplasticizers with and without Set Retarders: The fallowing 

conclusions were made based on the literature review and an analysis of the 

results of the two tests performed during the laboratory mvestigation. 

1. In CRCP construction there jg only one poq;ible benefit to be gained 

by the use of superp1astici.zmg adnrixtures. They can be used to add to the 

strength of the concrete at a given void content level. 

2. Superp1asticizers tend to cause a tremendous mcrease m the rate of 

slump ]oe:; for low slump the concrete at elevated temperatures, therefore 

making it very difficult to vilrate and su1:sequently consolidate. 

3. Set retarders tend to diminish the rapid Slump ]oe:; caused by the 

superp1astici.zers, however, they also have a remarkable effect on pmlonging the 

setting time of the concrete. 

4. The use of the superp1astici.zers, both with and w:ithout, set retarders 

had detrimental. effects on the consalida,tion of the simulated C R C P s1..ab3. 

Variations m Consalidation with Pavement Depth: The fallowmg 

oonclusions were made based on the literature review and an analysis of the 

results of all 8 tests performed during the l.abciratory mvestigation. 

1. There has long been concern that the bottom of C R C P sl.ab; jg not 

receiving adequate consolidation when compared to the top of the s1..ab3. 

2. The concrete found m the bottom of the simulated CRCP s1a~ was of 

significantly higher qualit.y than that found .in the top cf the sl.ab;. The 
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evidence fOWld during the laboratory investigation (based 00 sbrength, coaxse 

~$gate ftact:.J:me, ,andvoidoont.ent;) was alrnQ3t. 1r.c;ta1lyeenCleve ,of this 

fin· .~,-:t.;;Uj&~ .• 

3. The reasons for finding the top to he less comsa1idated than the bottom 

may include: 

a. The weight of the overburden of concrete may aid in the 

ooM')ljdation of the bottom portion of the CR C P slab. 

b.Air moving upward from the bottom of the CRC'P slab while the 

ooncrete is in the liquid state during vilration may become traJ:lPed in the upper 

portion of the slab when vi.tration .is stopped and the internal friction of the 

nUx restored. 

c. The llpw,ard forces produced in the concrete above the vilrators 

may counteract the gravitational forces necessary to adeq,uately consoljdate the 

d. Dragging the viJ::rators through the upper portion of the C R C P 

slab may inherently lead to a higher void content in their paths, ,particularly if 

the paving speed is excessive. 

4. Consideration mould be given to trying to raise the vil:rators to a 

pcsition above the desired level of the concrete in ceder to maillltain all 

vilratory forces downward on the concrete being consoljdated (this conclusion,is 

based on information derived from the results of the study 00 the acceleration 

readings). 

5. The problems a890dated wfrh the consd]idation of CRCP are probably 

not due to a lack of consalJdation in the bottom of the s1al;;s; at least not when 

the ooncrete .is vitrated with current slip-form paving viJ::rators. It can, 

therefore, be concluded that the concrete :is only as good as the top section of 

the, CR C P Slab. 
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Acceleration: The fallowing conclusions were made based on the 

literature review and an analysis of the acceleration data recorded during the 

laboratory and field investigations. Due to problems in recording the data, 

results were oot available for all tests; however, general concltBi.ons could still 

be drawn. 

1. M any researchers agree that acceleration jg the rna significant 

parameter affecting consolidation during vilration. 

2. Acceleration.is a function of freqooncy and amplitude. 

3. The accleration of a vilrator can be set to almcst any level by varying 

either the freqooncy or the amplitude. since acceleration jg mcst sensitive to 

changes in frequency, and since mcst vilrators today allow for changes to be 

made in their freqooncy, this jg the easiest method of alten ng the acceleration 

troduced by a vi1:rator. 

4. A plot of acceleration ootput vs. time revealed that the concrete 

remained stationary until the vilrator aptroached. It then had a peak 

acceleration reading (tr0bably due to the initial. slumping of the mix), and 

finally picked up a wave form that lasted for a few seconds until the internal 

friction of the mix was restored. 

5. The longer the wave form was allowed to extend alDncj the time axis, 

the more likely .it: wculd be that the entrapped air was given enough time to 

rise to the surface and ~ape. 

6. A review of parti.c1.e dynamics revealed that, while the linear 

momentum and the energy imparted on the mix could oot be determined per se, 

a reference for tredi.cting jf one test received mare momentum cr energy of 

particles could be determined by integrating the acceleration curve wfth respect 

to time. 
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7. A relative enel9Y of no le!;$ than approximately 300 ft-ll> is necessary 

to ach:Ieve a degree of consolidation (based on AASHTO T121) of greater than 

or equal to 97 percent. 
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Recx>mmendations 

Based on the results of the literature review, the laboratory investigation 

and analysis, and a limited field study, the fa1lowing !ecom mendations for 

improving the consolidation of eRe P can be made: 

1. Specify a maximum allowable coarse aggregate factor of 0.80 and 

recom mend that this coarse aggregate factor be lBed (if the gradation of 

aggregates used .is similar to these used in this test). If mateD a]s with different 

gradations are used, then the Fineness Modulus Method of mix design should be 

lBed to determine a coarse aggregate factor. 

2. Specify a maximum allowable coarse aggregate size of 1-1/2 in. and 

recom mend that this coarse aggregate size be used. 

3. Specify a maximum allowable vibrator spacing of 24 :in. for paving 

trains with vibrators mounted parallel to the direction of travel. 

4. Provide for careful. monitoring of the concrete consolidation when the 

slump of the fresh concrete is less the 1-1/2 inch and the spud vibrators are 

mounted perpendi.cu1ar to the direction of travel of the paving machine. 

5. Do not allow superp1.astici.zing admixtures to be lBed until further 

research can be conducted to determine procedures and guidelines whereby they 

can be used effectively. 

6. Monitor the consolidation being obtained in the top portion of the 

eRe P slab (perhaps by the use of a nuclear density .gage) since this will be the 

part of the slab with the highest. void content, provided no surface vibration .is 

administered. 

7. Evaluate the ViJ:rator Monitoring System (VMS) on one or more field 

p:-ojects. 

8. Specify a relative vilrator energy input of no less than 300 ft-lb into 
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the fresh concxete or a dry unit weight of no less than 97 percent of the l 
maximum field unit weight (A,ASHTO TI2l). 
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Recommended AreaS for Future Research 

The fallowing list of po:sihle research topics was developed during the 

course of performing this study. Each of the items suggest possible areas where 

further research needs to be conducted to aid in the study of consolidation in 

general. and as it applies to CRCP construction . 

1. A simple test procedure needs to be designed to determine the void 

content of concrete with visible honeycombing. ASTM C642 is not sufficient 

when the voids are too large for the surface tension of the water to retain 

itself in the specimen during the SSD weight readings. Other possihle test 

methods were presented in this study (see Appendix F), but they are either 

error prone or cumbersome and extremely time consuming. 

2. Extended research is necessary in the area of accelerations produced 

in a concrete mix during vilration. Mast research that has been performed 

dealing with this topic has been limited to small quantities of concrete, with 

problems induced due to the shape and size of the forms. As determined in this 

study, accelerations can be monitored and can present &lme very interesting 

information. Future research needs to be conducted in situations that simulate 

field conditions so that all influences inherent to the testing procedure are 

eliminated. 

3. A culmination of research already conducted needs to be performed in 

order to determine jf C R C P in general has been found to lack consolidation in 

the oottom of the slab. The concern that the concrete in the oottom of the 

CRCP slab is less consolidated than the top needs to be either confirmed or 

refuted. This concern could be based on concrete examined at failure areas, 

especially near construction j::>ints where it has been proven that the concrete 

will lack consolidation in the oottom. This study presents reasons why concrete 
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near a const:ruction :Pint does not receive adequate consolidation, especially in 

the bottom of the slab. There is enough research on record, that includES core 

analysis t'ESll1t$, to draw a well sulBtantiated conclusion to this problem. 

4. Further research needs to be conducted to determine exactly what is 

occurring when v:il:J:'atars are moved through a pavement perpendicular to the 

direction of traveL The single test in this study was simply not enough to 

p:oduce any conclusive results. A comprehensive study of this topic neees to be 

performed in order to consider all of the aspects surrounding its implication. A 

recom mended pavirig speed needs to be determined for its use. It wCllld be 

assumed, from the findings of this study, that the paving speed wruld be greatly 

reduced from that of the conventional method. Also, the spacing requirements 

of vilrators mounted in this fashion need to be determined. 

5. Research should be conducted to determine :if raising the vitratars 

above mid-depth will result. in better consa1jdation in the top of the s1ab, and if 

this will. affect the consolidation achieved in the bottom of the slab. Perhap3 

movmg the vitrators above the intended depth of the slab will. allow the top 

port:i.on of the slab to receive better consolidation with very little k:lSs in 

consolidation in the bottom. 

6. Research needs to be conducted in developing superp1asticing 

admlxturES that can be \Eed effectively when 10 w slump concrete is being 

placed. The benefits that they can provide in the areas of strength are such 

that this p:ob1em is of im mediate· concern. The problem of the rapid slump lO$ 

needs to be eliminated, and the use of set retarders may not be the answer. 
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APPENDIX A 

AGGREGATE TEST RESULTS 

Coame aggregate information. 

Item 

Rodded Dry Unit Weight 
Rodded SSD Unit Weight 
Shoveled SSD Unit Weight • 
Bulk Specific Gravity 
Bulk Specific Gravity (SSD) 
Ag>arent Specific Gravity 
A b3orption Percentage • • • • 

Seive analysis: 

Seive Size 

. . . .. 
. . . . 

1 in. ....................... 
3/4 in •• 
1/2 in. 
3/8 in •• 
# 4 
Pan 

.. 
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. . . 

Cumulative % 
Retained 

14.2 
44.2 
74.4 
89.9 
99.7 
100.0 

Value 

102.6 pcf 
83.3 pcf 
78.2 pcf 
2.74 
2.79 
2.85 
1.30 % 



Fine aggnl!gate infc;rmation. 

Item 

ROOded SSD unit Weight ••••••• . . . . . . . . . . . . . . . . . . . . . 
Shoveled SSD Unit Weight. . . 
Bulk Spe.cific Gravity •••• 
Bulk Specific Gravity (SSm 
Apparent Specific Gravity ••••• 
Al::sorpt:ion Percentage 

Seive analysis: 

Seive Size 

* 4 * 8 . . . . . . .. 

. . . . . . . 

. . . . . . .. * 16 * 30 * 50 
. . . . . . . . . 

* 100 * 200 
Pan •• . . . . . . . . . 

. . . . 
...... . . . . . . . . . . 

97 
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. . 
.. 

. . 

cumUlative % 
Retained 

0.18 
8.3 
21.0 
37.6 
81.5 
98.6 
99.9 
100.0 

Value 

101.6 pcf 
N/A 
2.59 
2.63 
2.71 
1.70 % 
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APPENor:x B 

PRELIMINARY MIX OESrG.NS 
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Batch Design L 

Fine AgJregate Moisture Cootent . . . . . . . .. +0.59 % 
Coarse AgJregate Moisture Cootent •••••••• -0.85 % 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Al::s Val Al::s Val S~c SSD Wt AdjlBt Btch Wt AdjlBt Btch Wt SSD wt Am Val Am Val 

Mat'l (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) (%) 

Cern. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.90 
Water 12.39 0.19 LOO ll.60 +0.72 12.32 -0.02 12.30 ll.58 0.19 12.58 
F.A. 24.14 0.36 2.59 58.52 +0.35 58.87 +0.03 58.90 58.55 0.36 24.56 
C.A. 48.73 0.73 2.74 124.98 -1.06 123.92 -0.02 123.90 124.96 0.73 49.55 
Alr 5.00 0.08 0.08 3.40 

I.D 
I.D 

Td:a1s 100.00 1.50 223.80 223.80 223.79 223.79 1.47 100.00 

Actual Alr Cootent . . . . . . . . . . . . 3.40 % Calculated Unit Weight ••••• 151.73 pcf 
Slump ••••..•.•.••......... 1-1/4 in. Measured Unit Weight •••••• 154.12 pcf 
Actual Coarse AgJregate Factor •••• 0.81 
Alr Entrainment . . . . . . . . . . . . . . 18 mL 

Note: This ooncrete was hatched with a 1-1/2 in. maximum &ze aggregate, and it. was tEed in Tests 1, 2, 3, and 4. 
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Batch Design 2. 

Fme Aggreg-ate Moisture Content ••••••••• + 3.58 % 
Cause Aggreg-ate M,oisture Content • • • • • • •• -0.72 % 

Design 
AlE Vol 

Mat'l (%) 

Cern. 9.74 
Water 12.29 
F.A. 21.20 
C.A. 51.78 
An- 5.00 

Td:als··· 100.00 

Design 
AlE Vol SI;Ec 
(cu.ft.) Grav 

0.15 3.15 
0.18 1.00 
0.32 2.59 
0.78 2.74 

'0.08 

1.50 

Design 
SSD Wt 
Qb) 

28.70 
11.50 
51.40 
132.79 

224.39 

Water 
Adju;t 
Qb) 

-0.88 
+1.84 
-{).96 

Design Weight Actual Actual 
Btch Wt Adju;t Btch Wt SSD Wt 
Qb) Qh) Qb) Qb) 

28.70 28.70 28.70 
10.62 -{).02 10.60 11.48 
53.24 -{).04 53.20 51.36 
131.84 -{).04 131.80 132.75 

224.39 224.29 224.29 

Actual rur Cootent . . . . . . . . . . . . 3.50 % Calculated Unit Weight. • • • • 151.97 pcf 
S.lump ••••••••••••••••••••• 1-1/2 in. M e3Sured Unit Weight • • • • • • 155.72 pcf 
Actual Coarse Aggregate Factor •••• 0.86 
Air Elntrainlllent . . . . . . . . . . . . . . 18 ml. 

Actual Actual 
AlE Vol AlE V cil. 
(cu.ft.) (%) 

0.15 9.89 
0.18 12.46 
0.32 21.53 
0.78 52.61 
0.08, 3.50 

l.48 100.00 

Note: This concrete was batched with a 1-1/2 in. maximum size aggregate, and it was used in Test 6. 
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Batch Desiqn 3. 

Fine Aggregate Moisture Ccntent . . . . . . . . . +5.46 % 
Coarse Aggregate Moisture Ccntent •••••••• -0.76 % 

Design Design . Design Water Design Weight Actual Actual. Actual Actual 
Am Val.. Am Val.. Spec SSD Wt AdjlBt Btch Wt AdjI.Bt. Btch Wt SSD Wt Al:6 Val.. Al:6 Val.. 

Mat'l (%) (cu.ft.) Grav (]b) Db) Db) Db) Db) Db) (cu.ft.) (%) 

Cem. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.82 
water 12.61 0.19 1.00 11.80 -2.59 9.21 -0.31 8.90 11.49 0.18 12.39 
F.A. 26.36 0.40 2.59 63.91 +3.49 67.40 +0.00 67.40 63.91 0.40 26.60 
C.A. 46.30 0.69 2.74 118.73 -0.90 117.83 -{).03 117.80 118.70 0.69 46.70 
A:ir 5.00 0.08 0.08 4.50 

...... 
0 ...... 

Tctals 100.00 1.50 223.14 223.14 222.80 222.80 1.49 100.00 

Actual. All" Content . . . . . . . . . . . . 4.50 % C a1culated Unit Weight • • • • • 149.86 pcf 
Slnmp •••••.•••••••..•••••• 1-1/4 in. MESSUred Unit Weight •••••• 154.12 pcf 
Actual Coatse Aggregate Factor •••• 0.76 
A:ir Entrainment . . . . . . . . . . . . . . 18 mL 

Note: This concrete was hatched wlth a 1-1/2 in. maximum aggregate size, and it was tEed in Test. 5. 
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Batch Desiqn 4. 

F:ine Aggregate Moisture Content ••••••••• +1.90 % 
Coarse Aggregate Moisture Content. • • • • • •• -0.88 % 

Design 
AtE Vol 

Mat'! (%) 

Cern. 9.74 
Water 12.61 
F.A. 26.36 
C.A. 46.30 
Alr 5.00 

Td:al.s 100.00 

Design 
AtE Vol S~c 
(cu.ft.) Grav 

0.15 3.15 
0.19 1.00 
0.40 2.59 
0.69 2.74 
0.08 

1.50 

Design 
SSD Wt 
Qb) 

28.70 
11.80 
63.91 
118.73 

223.14 

Water 
Adj\:st 
Qb) 

-0.17 
+1.21 
-1.04 

Design Weight Actual Actual 
Btch Wt Adj\:st Btch Wt SSD Wt 
Qb) Qb) Qb) Qb) 

28.70 28.70 28.70 
11.63 -0.23 11.40 11.57 
65.12 -0.02 65.10 63.89 
117.69 +0.01 117.70 118.74 

223.14 222.90 222.90 

Actual Alr Content ••••••• e' •••• 4.60 % C alcu1ated Unit Weight • • • • • 149.62 pcf 
Slu.mp ••••••••••••••••••••• 1-1/4 :in. Measured Unit Weight •••••• 153.72 pcf 
Actual Coaxse Aggregate Factor •••• 0.77 
Air Entrainment . . . . . . . . . . . . . . -18 rnl. 

Note: This concrete was hatched \>lith a 1 :in. maxim urn aggregate size, and it was used in Test 7. 

Actual Actual 
A1:s Vol A1:s Vol 
(cu.ft.) (%) 

0.15 9.90 
0.19 12.45 
0.40 26.54 
0.69 46.62 
0.08 4.60 

1.49 100.00 
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Batdl Design 5. 

Fme Aggregate Moisture Content . . . . . . . . . +2.64 % 
Coarse Aggregate Moisture Content • • • • •••• -0.64 % 

Design Design Design Water Design Weight Actual Actual Actual Actual 
AlB Val AlB Val Spec SSO Wt AdjlBt. Btch Wt AdjlBt. Btch Wt $0 wt Ai::s Val Ai::s Val 

Mat'l (%) (cu.ft.) Grav (]b) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

Cern. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.90 
Water 12.61 0.19 1.00 li.80 -0.93 10.87 +0.03 10.90 11.83 0.19 12.63 
F.A. 26.36 0.40 2.59 63.91 +1.69 65.60 +0.00 65.60 63.91 0.40 26.35 
C.A. 46.30 0.69 2.74 li8.73 -0.76 li7.97 +0.03 118.00 li8.76 0.69 46.29 
A.ir 5.00 0.08 0.08 5.00 ...... 

a 
w 

Td:als 100.00 1.50 223.14 223.14 223.20 223.20 1.50 100.00 

Actual Air Content . . . . . . . . . . . . 5.00 % Calculated Unit Weight ••••• 148.73 pcf 
Slump ....•..••..•....... . ". 1-1/2 .in. Measured Unit Weight •••••• 152.12 pcf 
Actual Coarse Aggregate Factor •••• 0.76 
A.ir Entrainment . . . . . . . . . . . . . . 18 nIL 

Note: This concrete was hatched .wfr.h a 3/4 .in. maximum aggregate size, and it was used .in Test 8. 
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Batch Design 6. 

Fine Aggregate Moisture Content . . . . . . . . . +1.88 % 
Ccarse Aggregate Moisture Content •••••••• -0.81 % 

Design Design Design water Design Weight Act:ual Act:ual Act:ual Actual 
Am Vel Ai:s Val Spec SSD wt AdjtBt. Etch Wt AdjtBt. Etch Wt SSD wt Am Vel Am Vel 

Mat'l (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) (%) 

Cem. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.86 
Water 10.53 0.16 1.00 9.S6 -0.17 9.69 +0.01 9.70 9.87 0.16 10.68 
F.A. 26.00 0.39 2.59 63.03 +1.18 64.21 -0.01 64.20 63.02 0.39 26.32 
C.A. 48.73 0.73 2.74 124.98 -:-1.01 123.97 +0.03 124.00 125.01 0.73 49.35 
Air 5.00 0.08 0.08 3.80 

Tct:als 100.00 1.50 226.57 226.57 226.60 226.60 1.48 100.00 

Actual, Air Content . . . . . . . . . . . . 3.80 % Cakulated Unit Weight ••••• 152.95 P=f 
Slllmp ••••••••••••••••••••• 1.in. Measured Unit Weight •••••• 156.92 P=f 
Actual Ccarse Aggregate Factor •••• 0.81 
Air Entrainment . . . . . . . . . . . . . . 18 mL 
Superplastici . nt . Z1Il9 Age, •• ,'. • • • • • • • 100 mL 

Note: This concrete was hatched with a 1-1/2 in. maximum aggregate size, and it. was used in Tests 9, 10, and U. Test. 
11 used a superp1asticizing agent with a set retarder incltrled; the amount of the agent remained the same. 
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Test: 1, Batch 1. 

Dat:e •••••••••••••••• 04/16/83 Design Values Actual Values 
M.ix Design Numw • • • • • • • 1 
F.A. Moisture Content ..... +L20 % Cern. Factor •••• 5.50 S</cy Cern. Factor •••••• 5.56 sk/cy 
C.A. Moisture Content .... -L03 % Alr Content • • • • 5.00 % Air Content • • • • • • 4.00 % 
A:ir Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor ....... 0.81 
A:ir Ternperatur'e . . . . . . . . 750p W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••.••• 1-1/2 in. Shlmp •••••••• 1-1/2 in. Sll1mp •.•••••••• lin. 

Unit Weight .... 149.20 rcl Calc. Unit Weight . . 150.77 rcl 
M eas. Unit Weight • • 156.12 rcl 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ats Val Ats Val Spec SSD Wt AdjlEt Btch Wt AdjlEt Btch Wt SSD Wt A1:s Val A1:s Val 

Mat'l ( %) (ro.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

...... Cern • 9.74 0.54 3.15 105.24 105.24 ~.04 105.20 105.20 0.54 9.83 
0 Water 12.39 0.68 1.00 42.53 +2.15 44.68 +0.02 44.70 42.55 0.68 12.53 0"1 

F.A. 24.14 1.33 2.59 214.58 +2.57 217.15 +0.05 217.20 214.63 1.33 24.40 
C.A. 48.73 2.68 2.74 458.26 -4.72 453.54 ~.40 453.50 458.22 2.68 49.24 
A:ir 5.00 0.28 0.22 4.00 

Tctals 100.00 5.50 820.61 820.61 820.60 820.60 5.44 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction c:£ traveL 



Test 1, Batch 2. 

Date •••••••.••••.••• 04il6/83 Design Values Actual Values 
Mix Design Numb=r ••••••• 1 
F. A. M aisture Content .... +L20 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.55 sk/cy 
C.A. Moisture Content .... -1.03 % Air Cootent • • • • 5.00 % Air Cootent • • • • • • 4.40 % 
Air Entra.in:i.IXj Agent . . . . . 66~ C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Temperature . . . . . . . . 75 W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.39 
Max. C,.A. Size ••••••••• 1-1/2 in. Slump .•...... 1-1/2 in. Slump •••••••••• 1 in. 

Unit Weight .... 149.20 Ici Calc. Unit Weight . . 150.50 pcf 
MEBS. Unit Weight •• 154.12 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ats Vol Ats Vol Spec SSD Wt Adj\Bt Btch Wt Adjtst Btch wt SSD wt Am Vol Am Val 

Mat'l (%) (c.u.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

....... 
0 Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.83 ""-I 

water 12.39 0.68 1.00 42.53 +2.15 44.68 -1.28 43.40 41.25 0.66 12.14 
F.A. 24.14 1.33 2.59 214.58 +2.57 217.15 +0.05 217.20 214.63 1.33 24.39 
C.A. 48.73 2.68 2.74 458.26 -4.72 453.54 -0.40 453.50 458.22 2.68 49.23 
Mr 5.00 0.28 0.24 4.40 

Totals 100.00 5.50 820.61 820.61 819.30 819.30 5.44 100.00 

Note: VilratoIs spaced at 18 in. and moved parallel to the direction of travel. 
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Test 1, Batch 3. 

Date •••••••••••••••• 04/16/83 Design VallES Actual VallES 
M.ix Design Numb& ••••••• 1 
F.A. Moisture Content . . . . +1.20 % Cem. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.57 sk/cy 
C.A. Moisture Content .... -1.03 % Air Content •••• 5.00 % Air Ccntent • • • • • .' 4.20 % 
Air Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Temperature . . . . . . . . 750p W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.39 
Max. C.A. Size ••••••••• 1-1/2 in. Slu.mp •••••••• 1-1/2 in. SllImp ' •••••••••• 1 in. 

Unit Weight .... 149.20 p:£ Calc. Unit Weight . . 150.87 p:£ 
M ease Unit Weight • • 156.12 p:£ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ats Vol Ats Vol Spec SSD Wt Adj1.Et Btch Wt Adj1.Et Btch Wt SSD wt Ats Vol Ats Vol 

Mat'l (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) ( %) 
-" 
0 
co 

Cern. 9.74 0.54 3.15 105.24 105.24 -{).04 105.20 105.20 0.54 9.86 
Water 12.39 0.68 1.00 42.53 +2.15 44.68 -1.48 43.20 41.05 0.66 12.12 
F.A. 24.14 1~33 2.59 214.58 +2.57 217.15 +0.05 217.20 214.63 1.33 24.46 
C.A. 48.73 2.68 2.74 458.26 -4.72 453.54 -{).40 453.50 458.22 2.68 49.36 
Air 5.00 0.28 0.23 4.20 

Tctals 100.00 5.50 820.61 820.61 819.10 819.10 5.43 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 



Test 1, Batch 4-

Date •••••••••••••••• 04/16/83 Design Values Actual Values 
Mix Design Number ••••••• 1 
F.A. Moisture Content . . . . +1.20 % Cern. Factor •••• 5.50 sk/cy Cern. Factor • • • • •• 5.56 sk/cy 
C.A. Moisture Content . . . . -1.03 % Air Content • • • • 5.00 % Air C cntent • • • • • • 4.30 % 
Air . Entrain:in;J Agent . . . . . 66· ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Temperature . . . . . . . . 750p w/C Ratio ••••• 0.40 W/C Ratio ........ 0.39 
Max. C.A. Size ••••••••• 1-1/2 in. Slu.mp •••••.••• 1-1/2 in. Slu.mp •••••••••• 1 m. 

Unit Weight . . . . 149.20 ¢ Calc. Unit Weight .. 150.66 ¢ 
Meas. Unit Weight •• 154.12 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
AI:s Val AI:s Val Spec SSD Wt Adj\:st. Btch Wt Adj\:st. Btch Wt SSD Wt AI:s Val AlE Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

....... 
0.54 0 Cern. 9.74 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.84 

~ 
Water 12.39 0.68 1.00 42.53 +2.15 44.68 -1.28 43.40 41.25 0.66 12.16 
F.A. 24.14 1.33 2.59 214.58 +2.57 217.15 +0.05 217.20 214.63 1.33 24.42 
C.A. 48.73 2.68 2.74 458.26 -4.72 .453.54 -0.40 453.50 458.22 2.68 49.28 . 
Air 5.00 0.28 0.23 4.30 

Totals 100.00 5.50 820.61 820.61 819.30 819.30 5.44 100.00 

Note: Vilrators spaced at 18 m. and moved parallel to the direction of travel. 
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Test 2, Batch 1. 

Date •••••••••••••••• 04/23/83 Design Values Actual Values 
Mlx Design Numter • • • •••• 1 
F. A. Moisture Content . . . . +1.54 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.51 sk/cy 
C.A. Moisture Content .... -1.05 % Arr Content • • • • 5.00 % A:ir Content • • • • • • 4.80 % 
Arr Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.80 
Arr Ternperpture ........ 75~ W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-1/2 in. S.l.u.mp •••••••• 1-1/2 in. Sl..ump •••••••••• 1-3/4 in. 

Unit Weight .... 149.20 ¢ Calc. Unit Weight . . 149.53 ¢ 
Meas. Unit Weight • • 154.92 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val Spec SSD Wt Adjt:st Btch Wt AdjlBt Btch Wt SSD Wt AlE Val AlE Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

-' 
-' 
0 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.75 
Water 12.39 0.68 1.00 42.53 +1.51 44.04 -0.04 44.00 42.49 0.68 12.41 
F.A. 24.14 L33 2.59 . 214.58 +3.30 217.88 +0.02 217.90 214.60 1.33 24.19 
C.A. 48.73 2.68. 2.74 458.26 -4.81 453.45 +0.05 453.50 458.31 2.68 .48.84 
Arr 5.00 0.28 0.26 4.80 

Td::als 100.00 5.50 820.61 820.61 820.60 820.60 5.49 100.00 

Note: Vil::cators spaced at 24 in. and moved parallel to the direction oc traveL 



Test 2, Batcb 2. 

Dat:e •••••••••••••••• 04/23/83 Design Values Actual Values 
M.ix Design Numl:& • • • • • • • 1 
F.A. Moisture Content . . . . +1.54 % Cem. Factor •••• 5.50 sk/C'J Cem. Factor •••••• 5.53 sk/C'J 
C.A. Moisture Content .... -1.05 % Ak Content •••• 5.00 % Ak Caltent •••••• 4.50 % 
All:' EntraIDirg Agent . . . . . 66ml. C.A. Factor ••• ~ 0.80 C.A. Factor •••••• 0.80 
All:' Tem:perature ........ 750p W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-1/2 in. Slump •••••••• 1-1/2 in. Slump ••.• ••••••• 1 in •• 

Unit Weight .... 149.20.p:f Calc. Unit Weight . . 150.00 };d. 
Meas. Unit Weight •• 154.12 pcf 

Design Design Design water Design .Weight Actual Actual Actual. Actual 
AlB Val AlB Val Spec SSD Wt Adju:;t Btch Wt AdjI.st Btch wt &SO Wt AlB Val AlB VOl. 

Mat'! (%) (cu.ft.) Grav (lb) (lb) Qb) Qb) (lb) Qb) (cu.ft.) ( %) 

...... 

...... Cem. -9.74 0.54 3.15 105.24 105.24 -{).04 105.20 105.20 0.54 9.78 ...... 
Water 12.39 0.68 1.00 42.53 +1.51 44.04 -{).O4 44.00 42.49 0.68 12.45 
F.A. 24.14 1.33 2.59 214.58 +3.30 217.88 +0.02 217.90 214.60 1.33 24.27 
C.A. 48.73 2.68 2.74 458.26 -4.81 453.45 +0.05 453.50 458.31 2.68 49.00 
All:' 5.00 0.28 0.25 4.50 

Totals 100.00 5.50 820.61 820.61 820.60 820.60 5.47 100.00 

Note: Vib:ators spaced at 24 in. and moved parallel to the direction of travel. 
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Test: 2, Batch 3. 

Date ................. 04/23/83 Design Values Actual Values 
M.ix Design Numrer • • • • • • • 1 
F.A. Moisture Content . . . . +1.54 % Cern. Factor •••• 5.50 SVC'J Cern. Factor •••••• 5.53 SVC'J 
C.A. Moisture Content .... -1.05 % Alr Content • • • • 5.00 % Alr Content • • • • • • 4.10 % 
Ak Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.80 
Ak Ternperature ........ 75'7 W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.41 
Max. C.A. Size ••••••••• 1-1/2 in. -Slump •••••••• 1-1/2 in. Slump •••••••••• 1-1/2 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 150.53 pcf 
Meas. Unit Weight •• 155.72 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ats Val Ats Val Spec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD wt Am Veil Ats Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

...... ...... 
N Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.75 

Water 12.39 0.68 1.00 42.53 +1.51 44.04 +0.96 45.00 43.49 0.70 12.75 
F.A. 24.14 1.33 2.59 214.58 +3.30 217.88 +0.02 217.90 214.60 1.33 24.30 
C.A. 48.73 2.68 2.74 458.26 -4.81 453.45 +0.05 453.50 458.31 2.68 49.05 
Ak 5.00 0.28 0.22 4.10 

Totals 100.00 5.50 820.61 820.61 821.60 821.60 5.46 100.00 

Note: Vitratol:s spaced at 24 in. and moved parallel to the direction of traveL 



Test 2, Batch 4. 

D~ ................. 04/23/83 Design Values Actual Values 
Mix Design Numl:'& • • • • • • • 1 
F.A. Moisture Content .... +1..54 % Cem. Factor •••• 5.50 sk/cy Cent. Factor •••••• 5.53 sk/cy 
C.A. Maistrure Content .... -1.05 % Air Content • • • • 5.00 % Air CaItent •••••• 4.50 % 
°E .• gent 6fiml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0 .. 80 Air ·ntral1llfl9 A· ... . .... 

Air Temperature ........ 75~ W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size • • • • • • • • • 1-1/2 in. SluIrtp •••••••• 1-1/2 in. Slllmp •••••••••• 1-1/2 in. 

Unit Weight .... 149.20 pcf Calc. unit Weight . . 150.00 pcf 
Meas. Unit Weight •• 154.52 pef 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Vol Am Vol S~ SSD Wt Adjust. Btch Wt Ad:jlst Btch Wt SSD wt Am Vcib Am Vol 

Mat'! (%) (cu.ft.) Grav Q.b) Q.b) Q.b) Clb) (lb) Qb) (cu.ft.) (%) 

....... 
....... Cem • 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.75 (.oJ 

Water 12.39 0.68 1.00 42.53 +1.51 44.04 -0.04 44 .• 00 42.49 0.68 12.45 
F.A. 24.14 1.33 2.59 214.58 +3.30 217.88 +0.02 217.90 214 .• 60 1.33 24.27 
C.A. 48.73 2.68 2.74 458.2~ -4.81 453.45 +0.05 453.50 458.31 2.68 49.00 
Air 5.00 0.28 0.25 4.50 

Totals 100.00 5.50 820.61 820.61 82D..6() 820.60 5.47 100.00 

NG.: Vilxators spaced at 24 in. and moved:parall.el to the direction of travel.. 
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Test 3, Batch L 

Da'te •••••.•••••••••• 04/29/83 Design Values Actual Values 
M:ix Design Number ••••••• 1 
F.A. Moisture Content . . . . +1.42 % Cern. Factor • • • • 5.50 S</cy Cern. Factor •••••• 5.53 sk/cy 
C.A. Moisture Content .... -1.04 % Ak Content •••• 5.00 % Ak Content •••••• 4.80 % 
A.ir Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.80 
A.ir Temperature ........ 75<7 W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-1/2 in. SlJJ.mp •••••••• 1-1/2 in. Slump •••••••••• 2 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 149.78 pcf 
Meas. Unit Weight •• 153.12 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Vol Am Vol Spec SSD Wt Adj1.Bt Btch Wt AdjtBt Btch Wt SSD wt Ai.:E Val Ai.:E Vol 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

--' 
--' 
~ Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.78 

Water 12.39 0.68 1.00 42.53 +1.72 44.25 -0.95 43.30 41.58 0.67 12.18 
F.A. 24.14 1.33 2.59 214.58 +3.05 217.62 -0.02 217.60 214.56 1.33 24.26 
C.A. 48.73 2.68 2.74 458.26 -4.77 453.49 +0.01 453.50 458.27 2.68 48.98 
A.ir 5.00 0.28 0.26 4.80 

Totals 100.00 5.50 820.61 820.61 819.61 819.61 5.47 100.00 

Note: Vilrators spaced at 12 in. and moved parallel to the direction of travel. 



Test 3, Batch 2-

Da'te •••••••••••••••• 04/29/83 Design Values Actual Values 
Mix Design Numa;r • • • • • • • 1 
F.A. Moisture Content .... +1.42 % Cern. Factor •••• 5.50 sk/cy Cern. Factor ••••. ' • 5.57 sk/cy 
C.A. Moisture Content .... -1.04 % Ak Content •••• 5.00 % A:ir Content. • • • • • 4.50 % 
A:ir Entraining Agent . . . . . 66mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Ak Ternperature ........ 75~ W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.38 
Max. C.A. Size ••••••••• 1-1/2 in. Slu.mp •••••••• 1-1/2 in. Slu.mp •••••••••• 1-3/4 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 150.70 :r;x:£ 
Meas. Unit Weight • • 153.12 pcf 

DEBign Design Design Water Design Weight Actual Actual Actual Actual 
Am Vol Am Vol Sr:ec SSD Wt Adjt:st Btch Wt AdjLBt Btch Wt SSD wt Am Vol Am Val 

Mat'! ( %) (cu.ft.) Grav Ub) Ub) Ub) Ub) Q.b) Ub) (cu.ft..) (%) 

...... ...... 
U'1 Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.86 

Water 12.39 0.68 1.00 42.53 +1.72 44.25 -2.55 41.70 39.98 0.64 11.80 
F.A. 24.14 1.33 2.59 214.58 +3.05 217.62 ,...().02 217.60 214.56 1.33 24.46 
C.A. 48.73 2.6'8 2.74 458.26 -4.77 453.49 +0.01 453.50 458.27 2.68 49.38 
Ak 5.00 0.28 0.24 4.50 

Tctals 100.00 5.50 820.61 820.61 818.01 818.01 5.43 100.00 

Note: Vilrators spaced at 12 in. and moved parallel to the direction of traveL 
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Test 3, Batch 3. 

Da'te. •••••••••••••••• 04/29/83 Design Valoos Actual Valoos 
M.ix Design Nurnl::& ••••••• 1 
F.A. Moisture Content . . . . +1.42 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.58 sk/cy 
C.A. Moisture Content .... -1.04 % A.ir Content • • • • 5.00 % A.ir C ootent • • • • • • 4.60 % 
A.ir Entra.i.nin;; Agent . . . . . 66 rnL C.A. F·actor •••• 0.80 C.A. Factor •••••• 0.81 
A.ir Ternperature . . . . . . . . 75~· W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.37 
Max. C.A. Size ••••••••• 1-1/2 in. Sl.u.mp •••••••• 1-1/2 in. Sl.u.mp •••••••..• 1-1/4 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 150.79 pcf 
Meas. Unit Weight •• 153.12 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual. 
Ats Val Ats Val Spec SSD Wt AdjIEt Btch Wt AdjtEt. Btch Wt SSD wt Am Val Am Vol 

Mat'! ( %) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) ( %) 

....... 

....... Cern • 9.74 0.54 3.15 105.24 105.24 -{).04 105.20 105.20 0.54 9.88 0'0 
Water 12.39 0.68 1.00 42.53 +1.72 44.25 -3.45 40.80 39.08 0.63 11.56 
F.A. 24.14 1.33 2.59 214.58 +3.05 217.62 -0.02 217.60 214.56 1.33 24.50 
C.A. 48.73 2.68 2.74 458.26 -4.77 453.49 +0.01 453.50 458.27 2.68 49.46 
A.ir 5.00 0.28 0.25 4.60 

Tctals 100.00 5.50 820.61 820.61 817.11 817.11 5.42 100.00 

Note: Vilrators spaced at 12 in. and moved parallel to the d.irecti.on of traveL 



Test 3, Batch 4. 

Dare •••••••••••••••• 04/29/83 Design Values Actual. Values 
Mix Design Numrer ••••••• 1 
F.A. Moisture Content . . . . +1.42 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.61 sk/cy 
C.A. Moisture Content .... -1.04 % Ak Content •••• 5.00 % A.ir Cootent • • • • • • 4.30 % 
Ak Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.82 
A.ir Ternperature ........ 75~ W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.37 
Max. C.A. Size ••••••••• 1-1/2 in. Slump •••••••• 1-1/2 in. Slump •••••••••• 1 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 151.41 pcf 
M EBB. Unit Weight • • 154.12 pcf 

Design Des:ign Design Water Design Weight Actual Actual Actual. Actual 
Al::s Val Al::s Val S,Pec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Al::s Val Al::s Val 

Matll (%) (cu.ft.) Grav Q.b) Q.b) Q.b) Q.b) Q.b) Q.b) (cu.ft.) (%) 

--' 
--' Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.78 '-J 

Water 12.39 0.68 1.00 42.53 +1.72 44.25 -3.95 40.30 38.58 0.62 11.46 
F.A. 24.14 1.33 2.59 214.58 +3.05 217.62 -0.02 2l7.60 214.56 1.33 24.61 
C.A. 48.73 2.68 2.74 458.26 -4.77 453.49 +0.01 453.50 458.27 2.68 49.70 
A.ir 5.00 0.28 0.23 4.30 

Tcta1s 100.00 5.50 820.61 820.61 816.61 816.61 5.39 InO.OO 

Note: Vilratots spaced at 12 in. and moved parallel to the directioo of travel. 
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Test 4, Batch L 

Date •••••••••••••••• 07/09/83 Design Values Act.ual Values 
M:ix Design Number ••••••• 1 
F.A. Moisture Content . . . . +2.67 % Cern. Factor •••• 5.50 St/cy Cern. Factor • • • • • • 5.56 sk/cy 
C.A. Moisture Content .... -1.17 % rur Content • • • • 5.00 % Air Content • • • • • • 4.00 % 
Air Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Ternperature ........ aaoF W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-]/2 in. Slump •••••••• 1-]/2 in. Slump •••••••••• 1-1/4 in. 

Unit Weight 149.20 pcf Calc. Unit Weight . . 150.76 pcf 
Meas. unit Weight •• 156.51 pcf 

Design Design Design Water De&gn Weight Actual Actual Actual Actual 
AlE Vol AlE Vol Spec SSD wt AdjtBt Btch Wt Adjust Btch Wt SSD Wt AlE Vol AlE Vol 

Mat'! ( %) (cu.ft.) Grav Oh) Oh) Oh) Oh) Oh) Oh) (eu.ft.) ( %) 

...... ...... 
00 Cern. 9.74 0.54 3.15 105.24 105.24 -{).04 105.20 105.20 0.54 9.83 

water 12.39 0.68 1.00 42.53 -0.37 42.17 +0.03 42.20 42.56 0.68 12.53 
F.A. 24.14 1.33 2.59 214.58 +5.73 220.31 -0.01 220.30 214.57 1.33 24.39 
C.A. 48.73 2.68 2.74 458.26 -5.36 452.90 +0.00 452.90 458.26 2.68 49.24 
Air 5.00 0.28 0.22 4.00 

Td:als 100.00 5.50 820.61 820.61 820.59 820.59 5.44 100.00 

Note: Vilrator moved perpendicular to the direction of travel. 



Test 4, Batch 2. 

Date •••••••••••••••• 07/09/83 Design Values Actual Values 
M:ix Design Number ••••••• 1 
F.A. Moisture Content . . . . +2.67 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.54 sk/cy 
C.A. Moisture Content .... -1.17 % Ak Content •••• 5.00 % Ak Content •••••• 4.20 % 
A.ir Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Ak Temperature ........ asOp W/C Ratio ••••• 0.40 w/C Ratio ••••••• 0.40 
Max. C.A. Size ......... 1-1/2 in. Slllmp ........ 1-]/2 in. ShImp •••••••••• 1-1/2 in. 

Unit Weight .... 149.20 pcf Calc. Unit Weight . . 150.45 pcf 
Meas. Unit Weight •• 154.35 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ats Vol Ats Vol Spec SSD wt AdjUst Btch Wt AdjUst Btch Wt SSD Wt Ats Val Ats Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

--' 
--' Cern. 9.74 0.54 3.15 105.24 105 • .24 -0.04 105.20 105.20 0.54 9.81 
~ 

Water 12.39 0.68 1.00 42.53 -0.37 42.17 +0.03 42.20 42.56 0.68 12.51 
F.A. 24.14 1.33 2.59 214.58 +5.73 220.31 -0.01 220.30 214.57 1.33 24.34 
C.A. 48.73 2.68 2.74 458~26 -5.36 452.90 +0.00 452.90 458.26 2.68 49.14 
Ak 5.00 0.28 0.23 4.20 

Tota1s 100.00 5.50 820.61 820.61 820.59 820.59 5.45 100.0(;) 

Note: Vilrator moved perpendi.cu1ar to the direction of traveL 
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Test 4, Batch 3. 

Date .•••..•...•.•..• 07/09/83 Design VallES 
M.ix Design Number ••••••• 1 
F.A. Moisture Content . . . . +2.67 % Cern. Factor • • • • 5.50 sk/cy 
C.A. Moisture Content .... -1.17 % A.ir Content. • • • • 5.00 % 
A.ir Entraining Agent . . . .. 66 mL C.A. Factor •••• 0.80 
An- Temperature . . . . . . . . aaoF W/C Ratio ••••• 0.40 
Max. C·.A. Size ••••••••• 1-1/2 in. Slu.mp •••••••• 1-1/2 in. 

Unit Weight .... 149.20 pcf 

Design Design De:tgn Water Design Weight Actual 
AlE Val AlE Val Spec SSD Wt Adjust Btch Wt Adjust Btch Wt 

Mat'! (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) 
...... 
N 
a 

Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 
water 12.39 0.68 1.00 42.53 -0.37 42.17 +0.03 42.20 
F.A. 24.14 1.33 2.59 214.58 +5.73 220.31 -0.01 220.30 
C.A. 48.73 2.68 2.74 458.26 -5.36 452.90 +0.00 452.90 
Air 5.00 0.28 

Td:aJ.s 100.00 5.50 820.61 820.61 820.59 

Note: Vilrator moved perpendicular to the direction of travel. 

Actual Values 

Cern. Factor •••••• 
Air content • • • • • • 
C.A. Factor •••••• 
W/C Ratio ••••••• 
Sl.ump •••••••••• 
Calc. Unit Weight . . 
Meas. Unit Weight •• 

Actual Actual 
SSD Wt AlE Val 
Qb) (cu.ft..) 

105.20 0.54 
42.56 0.68 
214.57 1.33 
458.26 2.68 

0.21 

820.59 5.43 

i -- - -. 
;~ 

5.57 sk/cy 
3.80 % 
0.81 
0.40 
2 in. 
151.08 pcf 
154.13 pcf 

Actual 
AlE Val 
(%) 

9.85 
12.56 
24.44 
49.35 
3.80 

100.00 



Test. 4, Batch 4. 

Date •••••••••••••••• 07/09/83 Design Values Actual Values 
M:ix Design Number • • • • • • • 1 
F.A. Moisture Content . . . . +2.67 % Cem. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.57 sk/cy 
C.A. Moisture Content .... -1.17 % Air Content • • • • 5.00 % Air Content •••••• 3.80 % 
Air Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Temperature . . . . . . . . 880p W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-V2 in. Slump ••••.•••• 1-V2 in. Sl1.J.mp •••••••••• 1-1/2 in. 

Unit Weight .... 149.20 ¢ Calc. Unit Weight . . 151.08 pcf 
M eas. Unit Weight • • 154.35 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Al:s Val Al:s Val Spec SSD Wt AdjlBt Btch Wt Adju3t Btch Wt SSD Wt Al:s Val Al:s Val 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

--' 
N 
--' Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.85 

Water 12.39 0.68 1.00 42.53 -0.37 42.17 +0.03 42.20 42.56 0.68 12.56 
F.A. 24.14 1.33 2.59 214.58 +5.73 220.31 -0.01 220.30 214.57 1.33 24.44 
C.A. 48.73 2.68 2.74 458.26 -5.36 452.90 +0.00 452.90 458.26 2.68 49.35 
Air 5.00 0.28 0.21 3.80 

Td::als 100.00 5.50 820.61 820.61 820.59 820.59 5.43 100.00 

Note: Vilrator moved perpendicular to the direction of travel. 
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Test. 5, Batch 1. 

" ,. 
• -"" -. ,- ~ <~..1 

Oat:e •••••••••••••••• 05/19/83 
M.ix Design Number ••••••• 3 
F.A. Moisture Content . . . . +3.66 % 
C.A. Moisture Content .... -0.66 % 
Air Entrallring Agent . . . . . 66 mL 
Air Temperature . . . . . . . . 760p 
Max. C.A. Size ......... 1-1/2 in. 

Design Design Design 
Am Val Am Val Spec SSD Wt 

Mat'! (%) (cu.ft.) Grav . Qb) 

Cem. 9.74 0.54 3.15 105.24 
Water 12.61 0.69 1.00 43..27 
F.A. 26.36 1.45 2.59 234.34 
C.A. 46.30 2.55 2.74 435.35 
An:- 5.00 0.28 

Td:als 100.00 5.50 818.19 

[ 

Design Values 

Cern. Factor •••• 5.50 sk/cy 
Air Content • • • • 5.00 % 
C.A. Factor •••• 0.76 
W/C Ratio ••••• 0.41 
Slllmp •••••••• 1-1/2 in. 
Unit Weight .... 148.76 }';ci 

Water Design Weight Actual 
AdjlEt Btch Wt AdjlEt Btch Wt 
Qb) Qb) Qb) Qb) 

105.24 -0.04 105.20 
-5.70 37.56 -4.96 32.60 
+8.58 242.91 -0.01 242.90 
-2.87 432.47 +0.03 432.50 

818.19 813.21 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 

r-·--~ 
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Ac.tual Values 

Cern. Factor •••••• 5.55 sk/cy 
Air Content • • • • • • 5.50 % 
C.A. Factor •••••• 0.77 
W/C Ratio ••••••• 0.36 
Slllmp •••••••••• 6-1/2 in. 
Calc. Unit Weight . . 149.35 }';ci 
M ease Unit Weight • • 149.42.}';ci 

Actual Actual Actual 
SSD wt Am Val Ars Val 
Qb) (cu.ft.) ( %) 

105.20 0.54 9.83 
38.31 0.61 11.27 
234.33 1.45 26.63 
435.38 2.55 46.77 

0.30 5.50 

813.21 5.44 100.00 



Test 5, Batch 2. 

Dam ••••••••.••••••• 05/19/83 Design Va.l..'I.'es A ctual Va.l..'I.'es 
Mm Design Numb:!' ••••••• 3 
F.A. Moisture Content .... +3.66 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.68 sk/cy 
C.A. Moisture Content .... -0.66 % A.ir Content •••• 5.00 % Air Content • • • • • • 4.80 % 
A.ir Entraining Agent . . . . . 66. m1. C.A. Factor •••• 0.76 C.A. Factor •••••• 0.78 
A.ir Ternperature . . . . . . . . 760p W/C Ratio ••••• 0.41 W/C Ratio ••••••• 0.32 
Max. C.A. Size ••••••••• 1-l/2 in. Slllmp •••••••• 1-l/2 in. Slllmp •••••••••• 1-3/4 in. 

Unit Weight . . . . 148.76 pcf Calc. Unit Weight .. 151.79 pcf 
Meas. Unit Weight •• 151.01 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val Spec SSD Wt Adjl:st. Btch Wt Adjl:st. Etch Wt SSD wt Am Val Am Val 

Mat'l ( %) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

...... 
N 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 10.05 w 
Water 12.61 0.69 1.00 43.27 -5.70 37.56 -9.58 27.98 33.69 0.54 10.13 
F.A. 26.36 1.45 2.59 234.34 +8.58 242.91 -0.01 242.90 234.33 1.45 27.22 
C.A. 46.30 2.55 2.74 435.35 -2.87 432.47 +0.03 432.50 435.38 2.55 47.80 
A.ir 5.00 0.28 0.26 4.80 

Tttals 100.00 5.50 818.19 818.19 808.59 808.59 5.33 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 
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Test 5, Batch 3. 

,Da'te •••••••••••••••• 05/19/83 Design Values Actual Values 
Mix Design Number ••••••• 3 
F.A. Moisture content . . . . +3.66 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.66 sk/cy 
C.A. Moisture Content .... -0.66 % Air Content • • • • 5.00 % Air Content. • • • • • • 4.20 % 
A.ir Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.76 C.A. Factor •••••• 0.78 
A.ir Ternperature ........ 76Op- W/C Ratio ••••• 0.41 W/C Ratio ••••••• 0.35 
Max. C.A. Size ......... 1-1/2 in. Slump ..••.... 1-1/2 in. Slump •••••••••• 1-1/4 in. 

Unit Weight .... 148.76 p:f Calc. Unit Weight . . 151.95 p:f 
Meas. unit Weight •• 151.54 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val Spec SSD Wt AdjlBt Btch Wt AdjlBt Btch Wt SSD wt Am Val Am Val 

Mat'l ( %) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 

--' 
N Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 10.02 +=> 

Water 12.61 0.69 1.00 43.27 -5.70 37.56 ~.86 30.70 36.41 0.58 10.93 
F.A. 26.36 1.45 2.59 234.34 +8.58 242.91 -Q.01 242.90 234.33 1.45 27.16 
C.A. 46.30 2.55 2.74 435.35 -2.87 432.47 +0.03 432.50 435.38 2.55 47.69 
A.ir 5.00 0.28 0.22 4.20 

Td:als 100.00 5.50 818.19 818.19 811.31 811.31 5.34 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 



Test 5, Batch 4. 

Date •••••••••••••••• 05/19/83 Design Values Actual Values 
M.ix Design Number ••••••• 3 
F .A. Moisture Content . . . . +3.66 % Cern. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.61 sk/cy 
C.A. Mai.sture Content .... -o~66 % Air Content • • • • 5.00 % Air Content • • • • .. • 4.00 % 
A:ir Entraining Agent . . . . . 66m1. c.A. Factor • • • • . 0.76 C.A. Factor •••••• 0.78 
A:ir Temperature ........ 76Dp w/C Ratio ••••• 0.41 w/C Ratio ••••••• 0.38 
Max. C.A. Size • • • • • • • • • 1-1/2 .in. Slump •••••••• 1-1/2 .in. Slump •••••••••.• 1.in. 

Unit Weight .... 148.76 pcf C ale. Unit Weight • • 151.27 pcf 
M eas.. Unit Weight • • 153.16 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Al::B Val Al::B Val Spec SSD Wt AdjlBt: Btch Wt AdjtBt Btch Wt SSD Wt AlE Val Ats Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

....... 
N 
U1 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.94 
Water 12.61 0.69 1.00 43.27 -5.70 37.56 -3.36 34.20 39.91 0.64 11.87 
F.A. 26.36 1.45 2.59 234.34 +8.58 242.9.1. -0.01 242.90 234.33 1.45 26.92 
C.A. 46.30 2.55 2.74 435.35 -2.87 432.47 +0.03 432.50 435.38 2.55 47.27 
A:ir 5.00 0.28 0.22 4.00 

Totals 100.00 5.50 818.19 818.19 814.81 . 814.81 5.39 100.00 

Note: Vilrators spaced at 18 .in. ahd moved parallel to the direction of traveL 

r·-----
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Test 6,Batcb L 

Date •••••••••••••••• OS/23/83 Design Values Actual Values 
M:ix Design Number • • .. • • • • 2 
F. A. Moisture Content . . . . +5.60 % Cem. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.59 sk/cy 
C.A" Moisture Content .... -0.79 % Ajr Content •••• 5.00 % Ajr C ootent • • • • • • 3.40 % 
A.ir Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.85 C.A. Factor •••••• 0.86 
A.ir Temperature ........ 8OC? W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-1/2 in. SlJ.1mp •••••••• 1-1/2 in. SlDmp •••••••••• 1 in. 

Unit Weight .... 149.59 pcf Calc. Unit Weight . . 152.10 pcf 
Meas. Unit Weight •• 155.94 pcf 

Design Design Design Water Design Weight Actual Actual Actual. Actual 
Al:s Vd Al:s Val. Spec SS.D Wt AdjIBt Btch Wt Adju;t Btch wt SSD Wt Al:s Val. Al:s Vd 

Mat'! ( %) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

--' 
f\) Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.89 0'\ 

Water 12.29 0.68 1.00 42.17 -6.71 35.46 +0.04 35.50 42.21 0.68 12.50 
F.A. 21.20 1.17 2.59 188.45 +10.55 199.01 -0.01 199.00 188.44 1.17 21.55 
A.ir 5.00 0.28 0.18 3.40 

Tctals 100.00 5.50 822.76 822.76 822.80 822.80 5:.41 100.00 

Note: Vilrata:s spaced at 18 in. and moved parallel to the direction of travel. 



Test 6, Batch 2. 

Date •••••••••••••••• OS/23/83 Design V~ Act.ual Values 
Mix Design Number ••••••• 2 
F. A. M aisture Content . . . . +5.60 % Cern. Factor •••• 5.50 sk/cy Cern. Factor • • • • • • 5.57 sk/cy 
C.A. Moisture Content. .... -0.79 % Air Content • • • • 5.00 % Air Cootent • • • • • • 3.80 % 
Air Entraini.ng A~ . . . . . 66 m1.. C.A. Factor •••• 0.85 C.A. Factor ....•. 0.86 
Air Temperature ........ 80<7 w/c Ratio ••••• 0.40 w/c Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1-1/2 in. Slu.mp •••••••• 1-]/2 in. Slu.mp •••••••••• 3 in. 

Unit weight .... 149.59 pcf Cak. Unit Weight . . 151.47 pcf 
Mea&. Unit Weight •• 152.94 pet: 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Ate Val Ate Val Spec SSD Wt AdjlBt Btch Wt Adjtst Btch Wt SSD wt Am Val Ate Val 

Mat'! (%) (cu.ft.) Grav Q.b) Q.b) Q.b) Q.b) Q.b) Q.b) (cu.:ft.) (%) 

..... 
N 
"'-J 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.85 
Water 12.29 0.68 1.00 42.17 -6.71 35.46 +0.04 35.50 42.21 0.68 12.45 
F.A. 21.20 1.17 2.59 188.45 +10.55 199.01 -0.01 199.00 188.44 1.17 21.46 
C.A. 51.78 2.85 2.74 486.90 -3.85 483.05 +0.05 483.10 486.95 2.85 52.43 
Air 5.00 0.28 0.21 3.80 

Tct:als 100.00 5.50 822.76 822.76 822.80 822.80 5.43 100 .. 00 

Note: Vil:rators spaced at 18 in. and moved p3ra.J1el to the direction of travel. 
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Test 6, Batch 3. 

Da'te •••••••••••••••• OS/23/83 Design Values Actual Values 
Mix Design Number ••••••• 2 
F.A. Moisture Content . . . . +5.60 % Cem. Factor •••• 5.50 sk/r:j Cern. Factor • • • • • • 5.62 sk/r:j 
C.A. Moisture Content .... -0.79 % Air C cntent • • • • 5.00 % Ajr Content • • • • • • 2.80 % 
Ajr Entraining Agent . . . . . 66m1. C.A. Factor •••• 0.85 C.A. Factor •••••• 0.87 
Ajr Temperature ........ 80<7 W/C Ratio ••••• 0.40 W/C Ratio ••••••• 0.40 
Max. C.A. Size ....•.... 1-l/2 in. SluIIlp •••••••• 1-l/2 in. Slu.mp •••••••••• 1-l/4 in. 

Unit Weight .... 149.59 pcf Calc. Unit Weight . . 153.05 ¢ 
M ease Unit Weight • • 155.14 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val S~ SSD Wt Adju;t Btch Wt Adjust Btch wt SSD wt Am Val Al:s Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

..... 
N 
co Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.96 

Water 12.29 0.68 1.00 42.17 ~.71 35.46 +0.04 35.50 42.21 0.68 12.58 
F.A. 21.20 1.17 2.59 188.45 +10.55 199.01 -0.01 199.00 188.44 l.17 21.69 
C.A. 5l.78 2.85 2.74 486.90 -3.85 483.05 +0.05 483.10 486.95 2.85 52.98 
Ajr 5.00 0.28 0.15 2.80 

TO:als 100.00 5.50 822.76 822.76 822.80 822 .. 80 5.38 100.00 

Note: ViJ:rators spaced at 18 in. and moved parallel to the direction of traveL 
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Test 6, Batch 4. 

Date • • • • • • • • • • • • • • •• OS/23/83 
M:ix Design Number • • • • • •• 2 
F.A. Moisture Content •••• +5.60 % 
C.A. Moisture Content •••• -0.79 % 
Alr Entraining Agent ••••• 66 mL. 
Ak Temperature •••••••• 800p 
Max. C.A. Size. • • • • • • •• 1-1/2 in. 

Design 
Ats Val 

Mat'l (%) 

Cern. 9.74 
Water 12.29 
F.A. 21.20 
C.A. 51.78 
A.ir 5.00 

Tct:als 100.00 

Design 
Ats Val Spec 
(cu.ft.) Grav 

0.54 3.15 
0.68 1.00 
1.17 2.59 
2.85 2.74 
0.28 

5.50 

Design 
SSD Wt 
Qb) 

105.24 
42.17 
188.45 
486.90 

822.76 

Design Values 

Cern. Factor •••• 
Ajr Content • • • • 
C.A. Factor •••• 
W/C Ratio ••••• 
Sln.mp •••••••• 
Unit Weight •••• 

5.50 sk/cy 
5.00 % 
0.85 
0.40 
1-]/2 m. 
149.59 pcf 

Actual Val~ 

Cern. Factor. • • • •• 50'60 sk/cy 
A:ir Cootent • • • • •• 3.20 % 
C.A. Factor. • • • •• 0.87 
W/C Ratio. • • • • •• 0.40 
SJump • • • • • • • • •• 1-]/4 in. 
Calc. Unit Weight •• 152.42 pcf 
Meas. Unit Weight.. 156.90 p::f 

Water 
AdjlBt 
Qb) 

Design Weight Actual Actual Actual Actual 
Ats Val Ats Val 
(cu.ft.) (%) 

Btch Wt Adjt:st. Btch Wt SSD Wt 
Qb) Qb) Qb) Qb) 

105.24 -0.04 105.20 105.20 0.54 9.91 
-6.71 35.46 +0.04 35.50 42.21 0.68 12.53 
+10.55 199.01 -0.01 199~00 188.44 1.17 21.60 
-3.85 483.05 +0.05 483.10 486.95 2.85 52.76 

0.17 3.20 

822.76 822.80 822.80 5.40 100.00 

Note: Vilrators spaced at 18 in. and moved p:rralle1. to the direction of traveL 

1,-' 



r L...: ___ _ 
r L __ 

Test 7, Batch 1. 

Da1:e •••••••••••••••• 06/02/83 Design Values Actual. Values 
Mix Design Numrer • • • • • • • 4 
F. A. Moisture Cootent . . . . +2.65 % Cern. Factor •••• 5.50 sk/c:j Cern. Factor •••••• 5.59 sk/c:j 
C.A. Moisture Content .... -0.73 % Air Cootent • • • • 5.00 % Air C ootent • • • • • • 4.60 % 
Air Entraining Agent . . . . . 66ml. C.A. Factor •••• 0.76 C.A. Factor •••••• 0.77 
Air Ternperature . . . . . . . . 8h W/C Ratio ••••• 0.41 W/C Ratio ••••••• 0.37 
Max. C.A. Size ••••••••• 1 in. Sl.u.mp •••••••• 1-1/2 in. Sl.u.mp •••••••••• 2 in. 

Unit Weight .... 148.76 pcf Calc. Unit Weight . . 150.48 pcf 
Meas. Unit Weight •• 152.72 pcf 

Design Design Design Water Design Weight Actual. Actual. Actual Actual. 
Am Val Am Val Spec SSD Wt Adjl:st. Btch Wt AdjtBt Btch Wt &SO wt Am Val Am Val 

Mat'l (%) (cu.ft..) Grav . Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) ( %) 

...... 
eN 
0 Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.89 

Water 12.61 0.69 1.00 43.27 -3.03 40.23 -3.93 36.30 39.34 0.63 11.65 
F.A. 26.36 1.45 2.59 234.34 +6.21 240.55 +0.05 240.60 234.38 1.45 26.80 
C.A. 46.30 2.55 2.74 435.35 -3.18 432.17 +0.03 432.20 435.38 2.55 47.06 
Air 5.00 0.28 0.25 4.60 

Tctals 100.00 5.50 818.19 818.19 814.30 814.30 5.41 100.00 

Note: Vil:rators spaced at 18 in. and moved parallel to the direction of travel. 



Test: 7, Bat:Gh 2. 

Date ••••••••••••.••• 06/02/83 Design Values Actual Values 
Mix Design Number • • • • • • • 4 
F.A. M aisture Content . ... +2.65 % Cern. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.59 sk/cy 
C.A. Moisture Content .... ~.73 % All" C ootent • • • • 5.00 % All" C ootent • • • • • • 3.80 % 
All" Entraining Agent . . . . . 66 ml. C.A. Fact:pr •••• 0.76 C.A. Factor •••••• 0.77 
All" Temperature ........ 8h W/C Ratio ••••• 0.41 W/C Ratio ••••••• 0.40 
Max. C.A. Size ••••••••• 1 in. Slump ........ 1-1/2 in. Slump •••••••••• 1-1/2 in. 

Unit Weight . . . . 148.76 ¢ Calc. Unit Weight .. 151.04 ¢ 
Meas. Unit Weight •• 154.18 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
AlE Val AlE VOl Spec SSD Wt Adjtst. Btch Wt Adjrst Btch Wt SSD Wt AlE Val AtE Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) (%) 

w ....... 
Cern. 9.74 0.54 3.15 105.24 105.24 ~.04 105.20 105.20 0.54 9.90 
Water 12.61 0~69 1.00 43.27 -3.03 40.23 -1.43 38 •. 80 41.84 0.67 12.40 
F.A. 26.36 1.45 2.59 234.34 +6.21 240.55 +0.05 240.60 234.38 1.45 26.82 
C.A. 46.30 2.55 2.74 435.35 -3.18 432.17 +0.03 432.20 435.38 2.55 47.09 
All" 5.00 0.28 0.21 3.80 

Totals 100.00 5.50 818.19 818.19 816.80 816.80 5.41 100.00 

Note: Vil:ratars spaced at 18 in. and moved parallel to the direction of travel. 



--------------------------------

Test 7, Batch 3. 

Da'te ••••••••••••• • ' •• 06/02/83 Design Values Actual Values 
MDt Design Number • • • • • • • 4 
F.A. Moisture Content . . . . +2.65 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.59 sk/cy 
C.A. Moisture Content . . . . -0.73 % A:ir Content • • • • 5.00 % A:ir Content • • • • • • 4.20 % 
.l-\.:irEntraining Agent . . . . . 66 ml. C.A. Factor •••• 0.76 C.A. Factor •••••• 0.77 
A:ir Temperature ........ 8'f>F w/C Ratio ••••• 0.41 w/C Ratio ••••••• 0.38 
Max. C.A. Size ......... 1 in. Slump •••••••• 1-1/2 in. Sl.ump .•...•...• 1-1/2 in. 

Unit Weight .... 148.76 ~ Calc. Unit Weight . . 150.80 ~ 
Meas. Unit Weight •• 153.12 ~ 

Design Design Design Water Design Weight Actual. Actual Actual Actual 
Ai:s Val. Ai:s Val. S~c SSD Wt Adju3t Btch Wt Adju3t Btch wt SSD Wt Ai:s Val. Al:s Val. 

Mat'l (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) (%) 

--' Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.90 w 
N Water 12.61 0.69 1.00 43.27 -3.03 40.23 -2.83 37.40 40.44 0.65 11.99 

F.A. 26.36 1.45 2.59 234.34 +6.21 240.55 +0.05 240.60 234.38 1.45 26.82 
C.A. 46.30 2.55 2.74 435.35 -3.18 432.17 +0.03 432.20 435.38 2.55 47.09 
A:ir 5.00 0.28 0.23 4.20 

Td:als 100.00 5.50 818.19 818.19 815.40 815.40 5.41 100.00 

Note: Vilrators spaced. at 18 in. and moved parallel to the direction of travel. 
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Test 7, Batch 4. 

Date • • • • • • • • • • • • • • •• 06/02/83 
Mix Design Numrer • • • • • •• 4 
F.A .. Maisttre content .... +2.65 % 
C.A. Moisttre Content •••• -0.73 % 
A.ir Entraining Agent ••••• 66 ml. 
A.ir Temperature •••••••• 87"F 
Max. C.A. Size. • • • • • • •• 1 in. 

Design Design Design 
Am Val Am Val SfeC SSD wt 

Mat'l (%) (cu.it.) Grav Qb) 

Cem. 9.74 0.54 3.15 105.24 
Water 12.61 0.69 1.00 43.27 
F.A. 26.36 1.45 2.59 234.34 
C.A. 46.30 2.55 2.74 435.35 
A.ir 5.00 0.28 

Td:a1s 100.00 5.50 818.19 

Design Values 

Cem. Factor •••• 
A.ir Content • • • • 
C.A. Factor •••• 
w/c Ratio ••••• 
S.lJlmp •••••••• 
Unit Weight •••• 

Water Design 
AdjtEt Btch Wt 
Qb) Qb) 

105.24 
-3.03 40.23 
+6.21 240.55 
-3.18 432.17 

818.19 

5.50 sk/cy 
5.00 % 
0.76 
0.41 
1-1/2 in. 
148.76 pcf 

Weight Actual 
Adjl:st Btch Wt 
Qb) Qb) 

-0.04 105.20 
-0.03 40.20 
+0.05 240.60 
+0.03 432.20 

818.20 

Note: Vilrators spaced at 18 in. and moved p:millel to the dkecti.on of travel. 

Actual VallES 

Cem. Factor • • • • •• 5.56 sk/cy 
A.ir Content. • • • •• 4.00 % 
C.A. Factor • • • • •• 0.77 
W/c Ratio. • • • • •• 0.41 
Slump • • • • • • • • •• 1-1/4 in. 
Calc. Unit Weight • 0' 150.34 pcf 
Meas. Unit Weight •• 153.43 pcf 

Actual Actual Actual 
SSD Wt AlE val. Ate Val 
Qb) (cu.:ft.) (%) 

105.20 0.54 9.83 
43.24 0.69 U.73 
234.38 1.45 26.65 
435.38 2.55 46.79 

0.22 4.00 

818.20 5.44 100.00 



Test 8, Batch L 

Da'te •••••••••••••••• 06/16/83 Design Values 
Mix Design Number • • • • • • • 5 
F.A. Moisture Content . . . . +2.29 % Cern. Factor •••• 5.50 sk/cy 
C.A. Moisture Content . . . . -0.91 % A.ir content • • • • 5.00 % 
A.ir Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.76 
A.ir Ternperature . . . . . . . . 89°F W/C Ratio ••••• 0.41 
Max. C.A. Size ••••••••• 3/4 in. Slump •..••.•. 1-1/2 in. 

Unit Weight .... 148.76 ¢ 

Design Design Design Water Design Weight Actual 
Am Val Am Val Spec SSD Wt Adj\Bt Btch Wt Adjtst Btch Wt 

Mat'l ( %) (cu.ft.) Grav Qb} Qb} Qb} Qb} Qb} 

...... 
w 
~ 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 
Water 12.61 0.69 1.00 43.27 -1.40 41.86 +0.04 41.90 
F.A. 26.36 1.45 2.59 234.34 +5.37 239.70 +0.00 239.70 
C.A. 46.30 2.55 2.74 435.35 -3.96 431.39 +0.01 431.40 
A.ir 5.00 0.28 

Tctals 100.00 5.50 818.19 818.19 818.20 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 

c 
I 
'---' 

Actual Values 

Cern. Factor •••••• 
A.ir Content • • • • • • 
C.A. Factor •••••• 
W/C Ratio ••••• ~ • 
Slump .......... 
Calc. Unit Weight . . 
Meas. Unit Weight •• 

Actual Actual 
SSD wt Am Val 
Qb} (cu.ft.) 

105.20 0.54 
43.31 0.69 
234.34 1.45 
435.36 2.55 

0.26 

818.20 5.49 

r 1 
L.-.: 

5.51 sk/cy 
4.80 % 
0.76 
0.41 
1-1/2 in. 
149.06 ¢ 
153.47 pcf 

Actual 
Al::s Val 
( %) 

9.75 
12.64 
26.42 
46.39 
4.80 

100.00 
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Test 8, Batch 2. 

Date •••••••••••••••• 
Mix Design Number ••••••• 
F.A. Moisture Content •••• 
C.A. M aisture Content • __ •• 
Air Entraining Agent ••••• 
Air Tempera'bJre •••••••• 
Max. C.A. Size ••••••••• 

Design Design 

06/16/83 
5 
+2.29 % 
-0.91 % 
66- mI. 
89°F 
3/4 in. 

Design 
Am Val Am Val St;eC SSD Wt 

Mat'! C%) Ccu.ft.) Grav Qb) 

Cern. 9.74 0.54 3.15' 105.24 
Water 12.61 0.69 1.00 41.27 
Y.A. 26.36 1.45 2.59. 234.34 
C.A. 46.30 2.55 2".74., 435~35 
Air 5 .. 00 0.28 

Tct:a1s 160.00 5.50 818.19 

Design Values 

Cern. Factor •••• 
AD: Content • • • • 
C.A. Factor •••• 
W/C Ratio ••••• 
SlJJ.Ir1p •••••••• 
Unit Weight •••• 

Water Design 
Adju:;t. Btch Wt 
Qb) Qb) 

105.24 
-1.40 41.86 
+5.37 239.70 
-3.96 431.39 

818..19 

5.50 sk/cy 
5.00 % 
0.76 
0.41 
1-1/2 in. 
148.76 ¢ 

Weight 
Adjtst 
Ub) 

-0.04 
+0.04 
+0.00 
+0.01 

Actual Values 

Cern. Factor •••••• 
Air Ccntent • • • • • • 
C.A. Factor • • • • • • 
W/C Ratio •• e •••• 

Slump •••••••••• 
Cak. Unit Weight •• 
Meas. Unit Weight •• 

Actual Actual Actual 
Btch Wt SSD wt Am Val 
Qb) Qb) Ccu.ft.) 

105.20 105.20 0.54 
41.90 41.31 0.69 
239.10 234..14, 1.4& 
43L40 415.36 2.55 

CU4._ 

818.20, 818.20 5A7 

Note: Vilrators'spaced at 18 in. and moved pmill.el to the direction of travel. 

. " ,-
I 

5.53 sk/cy 
4.40 % 
0.76 
0.41 
2 in. 
149.69 peE 
152.24 pcf 

Actual 
A1:s Val 
C%) 

9.79 
12.7a 
26.53 
46.5&: 
4-4t -

106.00 
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Test. 8, Batch 3. 

Date • • • • • •• • • •• • • • •• 06/16/83 
Mlx Design Number. • • • • •• 5 
F.A. Moisture Content •••• +2.29 % 
C.A. Moisture Ccntent •••• -0.91 % 
Air Entraining Agent ••••• 66 m1. 
Air Ternperature •••••••• 89°F 
Max. C.A. Size • • • • • • • •• 3/4 in. 

Design Design Design 
Am Vol Am Vci S~ SSD Wt 

Mat'l (%) (cu.ft.) Grav Qb) 

Cern. 9.74 0.54 3.15 105.24 
water 12.61 0.69 1.00 43.27 
F.A. 26.36 1.45 2.59 . 234.34 
C.A. 46.30 2.55 2.74 435.35 
Air 5.00 0.28 

Td:als 100.00 5.50 818.19 

, .... J 

Design Values 

Cern. Factor •••• 
Air Content •••• 
C.A. Factor •••• 
W/C Ratio ••••• 
Slu.mp •••••••• 
Unit Weight •••• 

Water Design 
Adju3t Btch Wt 
Qb) Qb) 

105.24 
-1.40 41.86 
+5.37 239.70 
-3.96 431.39 

818.19 

5.50 sk/cy 
5.00 % 
0.76 
0.41 
1-l/2 in. 
148.76 ¢ 

Weight 
Adju;t 
Qb) 

-0.04 
+0.04 
+0.00 
+0.01 

r- "-~'-I 
_._-., 

L ____ _ 
: .-.~----~' 

Actual Values 

Cern. Factor •••••• 
Air Content • • • • • • 
C.A. Factor •••••• 
W/C Ratio ••••••• 
Slu:mp •••••••••• 
Calc. Unit Weight •• 
Meas. unit Weight •• 

Actual Actual Actual 
Btch Wt SSD wt Am Vol 
Qb) Qb) (cu.ft.) 

105.20 105.20 0.54 
41.90 43.31 0.69 
239.70 234.34 1.45 
431.40 435.36 2.55 

0.23 

818.20 818.20 5.46 

Note: Vil:rators spaced at 18 in. and moved parallel to the direction of travel. 

5.54 sk/cy 
4.30 % 
0.77 
0.41 

r--~' 

L_ 

1-1/4 in. 
149.85 ¢ 
152.50 pcf 

Actual 
Am Vol 
(%) 

9.80 
12.71 
26.55 
46.63 
4.30 

100.00 
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Test. 8, Batch 4. 

Date • • • • • • • • • • • • • • •• 06/16/83 
Mix Design Number. • • • • •• 5 
F.A .• Moisture Content •••• +2.29 % 
C.A. Moisture Content •••• -0.91 % 
A.ir Entraining Agent ••••• 66 m1. 
A.ir Ternperature •••••••• 890p 
Max. C.A. Size. • • • • • • •• 3/4 in. 

Design Design Design 
AtE Val AtE Val Spec SSD Wt 

Mat'l (%) (cu.ft.) G:rav Qb) 

Cern. 9.74 0.54 3.15 105.24 
Water 12.61 0.69 1.00 43.27 
F.A. 26.36 1.45 2.59 234.34 
C.A. 46.30 2.55 2.74 435.35 
A:ir 5.00 0.28 

Tci:als 100.00 5.50 818.19 

Design Values 

Cern. Factor •••• 
Air Content • • • • 
C.A. Factor • • • • 
W/C Ratio ••••• 
Slu.:mp •••••••• 
Unit Weight •••• 

Water Design 
Adjtst. Btch Wt 
Qb) Qb) 

105.24 
-1.40 41.86 
+5.37 239.70 
-3.96 431.39 

818.19 

5.50 sk/cy 
5.00 % 
0.76 
0.41 
1-1/2 in. 
148.76 pcf 

Weight 
AdjEt 
Qb) 

-0.04 
+0.04 
+0.00 
+0.01 

Actual Values 

Cern. Factor· •••••• 
1& Content •••••• 
C.A. Factor •••••• 
W/C Ratio ••••••• 
Slump ••• fa •••••• 

Calc. unit Weight •• 
Meas. HnitWeight •• 

Actual Actual Actual 
Btch Wt SSD Wt AtE Val 
Qb) Qb) (cu.ft.) 

105.20 105.20 0.54 
41.90 43.31 0.69 
239.70 234.34 1.45 
431.40 435.36 2.55 

0.24 

818.20 818.20 5.47 

5.53 sk/cy 
4.40% 
0.76 
0.41 
1-1/2 in. 
149.69 pef 
N/A 

Actual. 
Ai:s Vci 
( %) 

9.79 
12.70 
26.53 
46.58 
4.40 

100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 

,-- r- ,.-. r- .-------



Test 9, Batch L 

Da1:e ••••••••••••• ~ •• OS/25/83 Design Valnes Actual ValteS 
Mix Design Number • • • • • • • 6 
F .A. Moisture Content . . . . +2.64. % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.66 sk/cy 
C.A. Moisture Content .... -0.94 % Ajr Content • • • • 5.00 % Ajr Content • • • • • • 3.20 % 
Ajr Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.82 
Air Ternperature ........ 820p W/C Ratio ••••• 0.34 W/CRatio ••••••• 0.31 
Max.. C.A. Size •• -••••••• 1-]/2 in. Slump •••••••• 1-1/2 in. Slump •••• ' •••••• 1-1/4 in .• 
Sq;>erp1as. Agent • • • • • • • • 365 ml. Unit Weight . . . . 151.05 pcf Calc. Unit Weight .. 154.91 p:f 

M ease Unit Weight • • 156.24 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val Sp:!c SSD Wt Adjl:st Btch Wt Adjl:st Btch Wt SSD wt Am Val Am Val 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 

...... 
w 
ex:> Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 10.02 

water 10.53 0.58 1.00 36.15 -1.79 34.36 -3.46 30.90 32.69 0.52 9.81 
F.A. 26.00 1.43 2.59 231.10 +6.10 237.20 +0.00 237.20 231.10 1.43 26.78 
C.A. 48.73 2.68 2.74 458.26 -4.31 453.95 +0.05 454.00 458.31 2.68 50.19 
Ajr 5.00 0.28 0.17 3.20 

Td:als 100.00 5.50 830.76 830.76 827.31 827.31 5.34 100.00 

Note: Vilrators spaced at 18 in. and' moved parallel to the direction of traveL. 



Test 9, Batch 2. 

Dare •••••••••••••••• OS/25/83 Design Values Actual Values 
Mix Design Number ••••••• 6 
F.A. Moisture Content . . . . +2.64 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.63 sk/cy 
C.A. Moisture Content .... -0.94 % 1Ur Content • • • • 5.00 % Air C ootent • • • • • • 3.40 % 
Ajr Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.82 
Air Temperature . . . . . . . . 82Dp W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.32 
Max. C.A. Size ••••••.•• 1-1/2 in. Slll.mp •••••••• 1-1/2 in. Slump ..•..•.... 2 in. 
Superp1.as. Agent • • • • • • • • 365 mL Unit Weight .... 151.05 pcf Calc. Unit Weight . . 154.21 pcf 

Meas. unit Weight •• 155.89 pcf 

D . $l9n Design Design Water Design Weight Actual "f,.ctual Actual Actual 
Ats Val. Ats Val. Spec- SSD wt AdjlBt Btch Wt Adjust Btch Wt &sD Wt Ats Val Ats Val. 

Mat'l (%) (cu.ft.l Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft. • .) (%) 

-' 
w 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.96 \0 

Water 10.53 0.58 1.00 36.15 -1.79 34.36 -2.16 32.20 33.99 0.54 10.14 
F.A. 26.00 1.43 2.59 231.10 +6.10 237.20 +0.00 237.20 231.10 1.43 26.61 
C.A. 48.73 2.68 2.74 458.26 -4.31 453.95 +0.05 454.00 458.31 2.68 49.89 
Ajr 5.00 0.28 0.18 3.40 

Tct:als 100.00 5.50 830.76 830.76 827.31 827.31 5.37 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel. 
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Test 9, Batch 3. 

Date •••••••••••••••• OS/25/83 Design Val~ Actual Val~ 
M:ix Design Number ••••••• 6 
F.A. Moisture Content . . . . +2.64 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.61 sk/cy 
C.A. Moisture Content .... -0.94 % An:- Content • • • • 5.00 % Ak Content •••••• 3.40 % 
An:- Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.82 
An:- Ternperature . . . . . . . . 82Op' W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.33 
Max. C.A. Size ......... 1-1/2 in. Slump •••••••• 1-1/2 in. Sl.ump •••••••••• 1-1/4 in. 
Superp1as. Agent •••••••• 365 ml. Unit Weight . ... 151.05 pcf Calc. Unit Weight . . 153.89 pcf 

M ease Unit Weight • • 154.92 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
AlE Val AlE Val Spec SSD Wt AdjlBt Btch Wt AdjlBt Btch Wt SSD Wt AlE Val Al::s Val 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) (%) ..... 
~ 
0 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.93 
Water 10.53 0.58 1.00 36.15 -1.79 34.36 -1.06 33.30 35.09 0.56 10.43 
F.A. 26.00 1.43 2.59 231.10 +6.10 237.20 +0.00 237.20 231.10 1.43 26.52 
C.A. 48.73 2.68 2.74 458.26 -4.31 453.95 +0.05 454.00 458.31 2.68 49.72 
An:- 5.00 0.28 0.18 3.40 

Td:als 100.00 5.50 830.76 830.76 829.71 '829.71 5.39 100.00 

Note: Vilrators spaced at 18 in. and moved parallel to the direction of traveL 



Test 9, Batch 4. 

Dam ................. OS/25/83 Design Values 
Mix Design Number ••••••• 6 
F.A. Moisture Content . . . . +2.64 % Cem. Factor •••• 5.50 sk/cy 
C.A.M cisture Content .... -0.;94% Air Content. • • • 5.00 % 
A:ir Entraining Agent . . . . . 66m1. C.A. Factor •••• 0.80 
Air Temperature ........ 820p W/C Ratio ••••• 0.34 
Max.. C.A. Size, •• ,e •••••• 1-1/2 in. S1u.mp •••••••• 1-1/2 in. 
Sq,erp1as. Agent •••••••• 365 m1. Unit Weight .... 151.05 p::£ 

Design Design Design Water Design weight Actual 
Am Val Am Val S~ SSD Wt AdjtBt Btch wt AdjtBt Btch Wt 

Mat'l (%) (aJ..ft.) Grav Ob) Ob) Ob) Ob) Ob) 
-' 
.f::o. 
--' 

Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 
Water 10.53 0.58 1.00 36.15 -1.79 34.36 +0.04 34.40 
F.A. 26.00 1.43 2.59 231.10 +6.10 237.20 +0.00 237.20 
C.A. 48.73 2.68 2.74 458.26 -4.31 453.95 +0.05 454.00 
A:ir 5.00 0.28 

Tota1s 100.00 5.50 830.76 830.76 830.81 

Note: Vi1:rators spaced at 18 in. and moved parallel to the direction of travel. 

Actual Values 

Cem. Fact:ar •••••• 
Air C~ ., ••••• 
C.A. Factor •••••• 
W/C Ratio ••••••• 
Slu.mp •••••••••• 
Calc. Unit Weight . . 
M9i:lS. Unit Weight • • 

Actual 
SSD wt 
Ob) 

105.20 
36.19 
231.10 
458.31 

830.81 

,------, 
I 

Actual 
Am Val 
(cu.ft.) 

0.54 
0.58 
1.43 
2.68 
0.20 

5.42 

5.58 slc/cy 
3.60% 
0.81 
0.34 
2 in. 
153.26 p::£ 
156.26 p::£ 

Actual 
Am Val 
( %) 

9.87 
10.70 
26.38 
49.45 
3.60 

100.00 
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Test 10, Batch 1-

Date •••••••••••••••• OS/26/83 Design Val~ Actual Val~ 
Mix Design Numl:er • • • • • • • 6 
F.A. Moisture Content . . . . +5.23 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.52 sk/cy 
C .A. Moisture Content .... -0.96 % Air Content • • • • 5.00 % A.ir Content • • • • • • 4.60 % 
A:ir Entraining Agent . . . . . 66 mL. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.80 
A:ir Ternperature ........ 830p w/C Ratio ••••• 0.34 w/C Ratio ••••••• 0.34 
Max. C.A. Size .....••.. 1-1/2 in. Slu.mp .••....• 1-1/2 in. Sl.u.mp •••••••••• 1-1/2 in. 
Superp1as. Agent • • • • • • • • 365 ml. Unit Weight .... 151.05 p::f Calc. Unit Weight . . 151.67 p::f 

M ease Unit Weight • • 155.58 Irl 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Vol S~c SSD Wt Adjust Btch Wt Adjust Btch Wt SSD wt Am Val Am Val 

Mat'l (%) (cu.ft..) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft..) ( %) 

...... 
~ 
N 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.77 
Water 10.53 0.58 1.00 36.15 -7.69 28.47 +0.03 28.50 36.18 0.58 10.59 
F.A. 26.00 1.43 2.59 231.10 +12.09 243.19 +0.01 243.20 231.11 1.43 26.11 
C.A. 48.73 2.68 2.74 458.26 -4.40 453.86 +0.04 453.90 458.30 2.68 48.94 
A:ir 5.00 0.28 0.25 4.60 

Tcta1s 100.00 5.50 830.76 830.76 830.80 830.80 5.48 100.00 

Note: Vilrator moved perpendicular to the direction of traveL 



Test 10, Batch 2. 

Dat:e •••••••••••••••• OS/26/83 Design Values Actual Values 
M.ix DeSign Numl:er ••••••• 6 
F. A. Moisture Content .... +5.23 % Cern. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.57 sk/cy 
C.A. Moisture Content .... -0.96 % rur Content • • • • 5.00 % rur Content • • • • • • 3.80 % 
Air Entraining Agent . . . . . 66 rnL. C.A. Factor •••• 0.80 C.A. Factor ...... 0.81 
An- Temperature ........ 83'7 W/C Ratio ••••• 0.34 w/C Ratio ••••••• 0.34 
Max. C.A. Size ......... 1-1/2 in. S.lJ.lmp •••••••• 1-1/2 in. Sl.~p •••••••••• 1-1/2 in. 
Superp1as. Agent • • • • • • • • 365 rnL. Unit Weight .... 151.05 ¢ Calc. Unit Weight . . 152.95 ¢ 

Meas. Unit Weight •• 157.61 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val S~ SSD Wt AdjlBt Btch wt Adjl5t Btch Wt SSD wt Am Val Am Val 

Mat'l (%) (aI.ft.) Grav Ob) Ob) Ob) Ob) Oh) Ob) (cu.ft.) (%) 
--' 
.j::. 
v.> 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.85 
Water 10.53 0.58 1.00, 36.15 -7.69 28.47 +0.03 28.50 36.18 0.58 10.67 
F.A. 26.00 1.43 2.59 231.10 +12.09 243.19 +0.01 243.20 231.11 1.43 26.33 
C.A. 48.73 2.68 2.74 458.26 -4.40 453.86 +0.04 453.90 458.30 2.68 49.35 
An- 5.00 0.28 0.21 3.80 

Tctals 100.00 5.50 830.76 830.76 830.80 830.80 5.43 100.00 

Note: Vilrator moved perpendi.cul.ar to the direction of traveL 
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Test 10, Batch 3. 

Oa'te •••••••••••••••• OS/26/83 Design Values Actual VallES 
Mix Design Number. ••••••• 6 
F.A. Moisture Content . . . . +5.23 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.57 sk/cy 
C.A. Moisture Content .... -0.96 % Air Content • • • • 5.00 % Air Content • • • • • • 3.80 % 
Air Entraining Agent . . . . . 66 mL C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Ternperature . . . . . . . . 83°F W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.34 
Max. C.A. Size ••••••••• 1-1/2 in. Slump •••••••• 1-1/2 in. Sl.ump •.•••.•••• 2 in. 
Superp1as. Agent ••.••••• 365 mL Unit Weight . ... 151.05 ¢ Calc. Unit Weight . . 152.95 ¢ 

Meas. Unit Weight •• 155.14 ¢ 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val S{:ec SSD Wt AdjtBt Btch Wt AdjtBt Btch Wt SSD Wt At's Val Al::s Val 

Mat'l (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) ( %) 
-' 

""" """ 
Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.85 
Water 10.53 0.58 1.00 36.15 -7.69 28.47 +0.03 28.50 36.18 0.58 10.67 
F.A. 26.00 1.43 2.59 231.10 +12.09 243.19 +0.01 243.20 231.11 1.43 26.33 
C.A. 48.73 2.68 2.74 458.26 -4.40 453.86 +0.04 453.90 458.30 2.68 49.35 
Air 5.00 0.28 0.21 3.80 

Tc:ta:ls 100.00 5.50 830.76 830.76 830.80 830.80 5.43 100.00 

Note: Vilrator moved perpendicular to the direction of travel. 



Test 10, Batch 4. 

Dat:e •••••••••••••••• OS/26/83 Design Values Actual Values 
Mix Design Numrer • • • • • • • 6 
F.A. Moisture Content . . . . +5.23 % Cem. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.56 sk/cy 
C.A. Moisture Content .. , .. -0.96 % Air Content • • • • 5.00 % Air C cntent • • • • • • 4.00 % 
Air Entraining Agent ..... 66m1. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
Air Temperature ........ 83~ W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.34 
Max. C.A. Size ••••••••• 1-1/2 in. Slump •••••••• 1-1/2 in. Slump •.•••••.•• 1-1/2 in. 
SUperplas. Agent • • • • • • • • 365 mL Unit Weight .... 151.05 p:£ Calc. Unit Weight . . 152.63 p:£ 

Maas. Unit Weight •• 155.45 p:£ 

Design Design Design Water Design Weight Actual. Actual Actual Actual 
Ats Val. Ats Val. S~ SSD Wt Ad:jlBt. Btch Wt Ad:jlBt. Btch Wt SSD Wt Ats Val. Am Val. 

Mat'l (%) (cu.ft.) GIaV Qb) Qb) Qb) Ob) Ob) Qb) (cu.ft.) (%) 
...... 
+:-
U'l 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.83 
Water 10.53 0.58 1.00 36.15 -7.69 28.47 +0.03 28.50 36.18 0.58 10.65 
F.A. 26.00 1.43 2.59 231.10 +12.09 243.19 +0.01 243.20 231.11 1.43 26.27 
C.A. 48.73 2.68 2.74 458.26 -4.40 453.86 +0.04 453.90 458.30 2.68 49.24 
Air 5.00 0.28 0.22 4.00 

T<Xals 100.00 5.50 830.76 830.76 830.80 830.80 5.44 100.00 

Note: Vilratar moved perpendicular to the direction of travel. 

,- ~. , 



: .. - : 
[----

Test 11, Batch L 

Date •••••••••••••••• 07/16/83 Design Values Actual Values 
Mix Design Number ••••••• 6 
F.A. Moisture Content . . . . +3.90 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.44 sk/cy 
C.A. Moisture Content .... +0.34 % Ajr Content • • • • 5.00 % Ajr Content • • • • • • 5.40 % 
Air Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.79 
Air Ternperature ........ 80.6oF W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.36 
Max. C.A. Size ••••••••• 1-1/2 in. Slum!? • • • • • • • • 1-1/2 in. Slump •••••••••• 1 in. 
Sq>er/Retarder Agent ••••• 365 ml. Unit Weight . . . . 151.05 ¢ Calc. Unit Weight .. 149.87 pcf 

Me3.s. Unit Weight •• 154.35 ¢ 

Design Design Design Water Design Weight Actual Actual Actual. Actual 
AlB Val AlB Val Spec SSD Wt AdjlEt Btch Wt AdjlEt Btch Wt SSD Wt AlB VOl AlB Val 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.) (%) 
---' 
.J:>o 
O'l 

Cern. 9.74 0.54 3.15 105.24 105.24 -{).04 105.20 105.20 0.54 9.63 
Water 10.53 0.58 1.00 36.15 -10.57 25.58 +1.92 27.50 38.07 0.61 10.98 
F.A. 26.00 1.43 2.59 231.10 +9.01 240.11 -Q.01 240.10 231.09 1.43 25.74 
C.A. 48.73 2.68 2.74 458.26 +1.56 459.82 -Q.02 459.80 458.24 2.68 48.24 
Air 5.00 0.28 0.30 5.40 

Totals 100.00 5.50 830.76 830.76 832.61 832.61 5.56 100.00 

Note: ViJrator moved peq:>endicular to the direction of travel. 



Test 11,. Batch 2. 

Date •••••••••••••••• 07/16/83 Design Valoos Actual Values 
Mbc Design Number ••••••• 6 
F.A. Moisture Content .... +3.90 % Cern. Factor •••• 5.50 Sk/cy C eIIl. Factor • • • • • • 5.54 sk/cy 
C.A. Moisture Content .... +0.34 % Ajr Content • • • • 5.00 % Air Content • • • • • • 5.00 % 
A.ir Entraining Agent . . . . . 66 m1. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
A.ir Temperature ........ 80.6~ W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.32 
Max. C.A. Size ••••••••• 1-1/2 m. SJ..ump •••••••• 1-1/2 m. Slu.mp •••••••••• 2-1/2 m. 
Super/Retarder Agent • • • • • 365 m1. Unit Weight .... 151.05 IX:£ Calc. Unit Weight . . 151.75 pcf 

Meas.. Unit Weight •• 154.18 pcf 

Design Design Design Water Design Weight Actual. Actual Actual Actual. 
AlB Val AlB Val Spec SSD Wt Adj\Bt Btch Wt Adj\Bt Btch Wt SSD wt Am Val Am Val 

Mat'l ( %) (cu.ft..) Grav, Qb) Qb) Qb) Qb) Qb) (lb) (cu.ft..) ( %) 

...... 
~ 

9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.81 ""-J Cern. 
Water 10.53 0.58 1.00 36.15 -10.57 25.58 -2.48 23.10 33.67 0.54 9.89 
F.A. 26.00 1.43 2.59 231.10 +9.01 240.11 -0.01 240.10 231.09 1.43 26.20 
C.A. 48.73 2.68 2.74 458.26 +1.56 459.82 -0.02 459.80 458.24 2.68 49.11 
A.ir 5.00 0.28 0.27 5.00 

Td:a1s 100.00 5.50 830.76 830.76 828.21 828.21 5.46 100.00 

Note: Vllrator moved perpendicular to the direction of travel. 

:,,'~. '_=~~"""':..:"""::..." _=:...~l~ .. ':,;""";,.'" ~,--~' ~-:.' ~-L::::~_: ~L~, ~" _L_-', _L_--_l _L_: .. " .. , _: _r.,_-r-----
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Test 1~ Batch 3. 

Da1:e •••••••••••••••• 07/16/83 Design Values Actual Values 
M:ix Design Numrer ••••••• 6 
F.A. Moisture Content . . . . +3.90 % Cern. Factor •••• 5.50 sk/cy Cem. Factor •••••• 5.53 sk/cy 
C.A. Moisture Content .... +0.34 % Air Content • • • • 5.00 % Air C ootent • • • • • • 5.60 % 
A.ir Entraining Agent . . . . . 66 ml. C.A. Factor •••• 0.80 C.A. Factor •••••• 0.81 
A.ir Temperature . . . . . . . . 80.6~ W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.30 
Max. C.A. Size ••••••••• 1-1/2 in. Slu.mp •••••••• 1-1/2 in. Slu.mp •.••.••••. 3-]/2 in. 
Super/Retarder Agent ••••• 365 ml. unit Weight . . . . 151.05 pcf Calc~ Unit Weight . . 151.28 pcf 

Meas. Unit Weight •• 153.47 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val Spec SSD Wt Adj1.Bt Btch Wt Adjtst Btch Wt SSD Wt Al:s Val Al:s Val 

Mat'! (%) (cu.ft.) Grav Qh) Qh) Qh) Qh) Qh) Qh) (cu.ft.) (%) 
--' 
.J::o 
(Xl 

Cem. 9.74 0.54 3.15 105.24 105.24 -o~04 105.20 105.20 0.54 9.80 
water 10.53 0.58 1.00 36.15 -10.57 25.58 -4.18 21.40 31.97 0.51 9.38 
F.A. 26.00 1.43 2.59 231.10 +9.01 240.11 -0.01 240.10 231.09 1.43 26.17 ' 
C.A. 48.73 2.68 2.74 458.26 +1.56 459.82 -0.02 459.80 458.24 2.68 49.05 
A.ir 5.00 0.28 0.31 5.60 

Td:a1s 100.00 5.50 830.76 830.76 826.51 826.51 5.46 100.00 

Note: Vilrator moved perpendicular to the direction of travel. 



Test 11., Batch 4-

Da'te .................. 07/16/83 Design Values Actual Values 
MDt Desiqn Number ••••••• 6 
F.A. Mai.sture content . . . . +3.90 % Cern. Factor •••• 5.50 sk/cy Cern. Factor •••••• 5.46 sk/cy 
C.A. Mai.sture Content .... +0.34 % .Ajr Content • • • • 5.00 % Air Content •••••• 5.60 % 
Air Entraining Agent . .. . . . 66" ml. C.A. FaCtor •••• 0.80 C.A. Factor •••••• 0.79 
Air Temperature ........ 80.6Op- W/C Ratio ••••• 0.34 W/C Ratio ••••••• 0.34 
Max. C.A. Size ••••••••• 1-1/2 in. Slump •••••••• 1-1/2 in. Slu.mp ........... 1-3/4 in. 
Sq>er/Retarder Agent ••••• 365 m1. Unit Weight . . . . 151.05 pcf Calc. Unit Weight .. 150.09 pcf 

Meas. Unit Weight •• 153.25 pcf 

Design Design Design Water Design Weight Actual Actual Actual Actual 
Am Val Am Val St;eC SSD Wt AdjtBt Btch Wt Adju;t Bt.ch Wt SSD wt Am Val Am Val 

Mat'! (%) (cu.ft.) Grav Qb) Qb) Qb) Qb) Qb) Qb) (cu.ft.;) (%) 
..... 
,.J:::a 
1.0 

Cern. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.67 
water 10.53 0.58 1.00 36.15 -10.57 25.58 +0.02 25.60 36.17 0.58 10.47 
F.A. 26.00 1.43 2.59 231.10 +9.01 240.11 -0.01 240.10 231.09 1.43 25.83 
C.A. 48.73 2.68 2.74 458.26 +1.56 459.82 -0.02 459.80 458.24 2.68 48.42 
An- 5.00 0.28 0.31 5.60 

Tctals 100.00 5.50 830.76 830.76 830.71 830.71 5.53 100.00 

Note: Vilrator moved perpendicular to the direction of travel. 
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U APPENDIX D 

U CYLINDER AND BEA M TEST RESULTS 

U Compressive strength results (pd.). 

, J 

i I Test No. Batch 1 Batch 2 Batch'] Batch 4 Average I I 

L~ 

I-I 1 4560 4850 6080 5440 5230 I I 
! 2 5300 5550 5190 4940 5250 

3 5040 4680 4820 4620 4790 
4 5280 4370 3830 4840 4580 
5 3810 4330 5080 5110 4580 
6 5290 3970 5220 5100 4890 
7 4700 5430 5360 5190 5170 
8 5440 4180 4680 4990 4820 
9 5460 7300 6970 6280 6500 
10 5810 6620 5320 7300 6260 
11 5630 5090 6000 5030 5440 

Modulus of Rupture results (pd.). 

Test No. Batch 1 Batch 2 Batch 3 Batch 4 Average 

I 
1 1100 1060 1130 955 1060 i 

, ) 2 1135 1135 
3 1000 970 985 

'l 4 910 890 900 : 
. 'i 5 775 870 820 

J 

6 960 1065 1015 
: 1 7 1010 1040 1025 

8 870 890 880 
9 1180 1090 1135 
10 1065 1065 
11 900 1075 990 

Note: Test 1 consisted of casting one beam for each b:ttch. An other tests 
.. consisted of casting one beam from each of two randomly selected b:ttches 

wll:.hin the tests. Each beam was lroken twU:e, therefore, aU entries in the 
Batch columns are averages of two values. 



APPENDIX E 
i_-

RESULTS 01' THE CORE ANALYSIS l 
Test 1 results.. 

1_ 

Void Dry Unit SSD Unit C.A .• Split 'l'eA$. 
Core Content Weight Weight Fracture ~engt'h L ,.' .. ' 

No. ( %) (pcf) (pet) ( %) <p:Ii,) 

f-

lAT 8.74 148.8 154 • .2 40 485 l 
1-

lAM 8.88 
lAB 7.31 151.6 156.2 70 700 
1ST 8.74 148.7 154.2 30 50S 
IBM 8.32 149.7 154.8 
1BB 7.35 150.5 155.1 70 81~ 
1CT 8.84 148.9 154.4 30 530 
1CM 8.55 
1CB 7.66 150.2 155.0 60 625 
2AT 8.81 149.7 155.2 10 505 
2AM 8.59 
2AB 7.73 149.8 154.7 80 805 
2BT 8.97 148.9 154.5 30 570 
2BM 8.78 147.1 152.6 
2BB 7.47 150.3 155.0 70 76,5 
2CT 9.03 149.0 154.6 10. 555 
2CM 9.64 
2CB 7.62 149.6 154.4 90 660 
3AT 8.70 149.7 155.1 50 605 
3AM 8.39 
3AB 6 .• 98 152.3 156.7 50 755 
3BT 8.57 149.2 154.5 50 555 
3BM 8.38 147.7 152.9 
3BB 7.76 148.5 153 •. 4 80 8aO 
3CT 8.62 148.8 154.2 60 625 
3CN 8.78 
3CB 7.66 146 .. 8 151.6 70 745 
4AT 8.86 147.8 153.3 70 650 
4AM 8.44 
4AB 7.38 145.6 150.2 60 840 
4BT 8.74 148.9 154.3 10 610 
4BM 7.96 146.3 151.3 
4BB 7.81 144.9 149.8 N/A N/A 
4CT 10.01 140.9 147.2 40 430 
4CM 7.90 
4CB 8.81 148.6 154.04 70 N/A 

N/A - not available 
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Test 2 results. 

LJ 
Void Dry Unit SSD Unit C.A. split Tens. 

Care Cootent Weight Weight Fracture Strength 
No. ( %) (pcf) (pcf) ( %) (pD..) 

1AT 8.64 149.6 155.0 10 390 
lAM 7.93 

, I 1A.B 6.99 152.5 156.8 50 680 
i ~ , . 1BT 8.99 148.3 153.9 30 595 

IBM N/A N/A N/A 
1BB 7.33 149.8 154.4 90 855 
1CT 9.14 150.5 156.2 N/A N/A 
1CM 8.68 
1CB 7.53 151.0 155.7 90 760 
2AT 9.62 146.2 152.2 30 525 
2AM 8.84 
2AB 7.13 151.8 156.3 50 770 
2BT 9.30 148.2 154.0 20 545 
2BM 8.83 148.5 154.0 
2BB 7.01 152.7 157.1 70 795 
2CT 8.83 148.9 154.4 30 560 
2CM 9.14 
2CB 7.26 152.5 157.0 50 740 
3AT 9.07 147.7 153.4 20 510 
3AM 8.87 
3AB 7.24 151.7 156.2 50 725 
3BT 8.67 149.5 154.9 40 515 
3BM 8.98 147.2 152.8 
3BB 8.05 149.7 154.8 50 695 
3CT 8.93 148.6 154.1 50 480 
3CM 8.65 
3CB 7.26 153.0 157.5 70 700 
4AT 9.03 147.9 153.6 N/A N/A 
4AM 8.78 
4AB 7.21 152.4 156.9 50 715 
4BT 9.07 147.4 153.1 50 590 
4BM 8.53 148.0 153.3 
4BB 7.32 151.9 156.5 70 905 
4CT 8.57 148.8 154.2 10 605 
4CM 8.15 
4CB 8.23 150.8 155.9 50 765 
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Test 3· teSI'Il.ta 
1 
'--_ 

Void Dry. Unit SSD unit. C~A,.,. ~''Di!msi' L ~< ". ~ - ~ .~ 

Core Content W¢ght wagpt Fta-etmre" stD~, 

No. ( %) (pet) (pcf) ( %lJ (lJ1i;~ 

1AT 7.78 153.5 158.4 20, 425' 
l 

lAM 7.87 
lAB 6.46 154.8 158.8 30 51)5-

( 

L 1BT 8.74 150.9 156.J, 20 4I75' 
IBM 8.81 150.7 156 .. 2 
1BB 6.37 15.4.,8 158.0., 4Q' SlaO'; [ 1CT 8.~4 151.8 157~4 2fl 455: 
1G,M 8.,48 
1CB 6.78 152.1 156.3 40 5~S~ I 
2AT, 8.38 151.g 157~2 411 43.5'· I 

[ 

2AM 9 .• 00 L 

2AB 6.80 15.4'.0 158.3' 50 8SO" 
2BT 8.18 153.1 15:8~2 2{) ~.,. I 

\ I 
2BM 8.20 152.0 157.2 I 

2B13 7.54 150.5 155.2 60. i't5:, 
2CT 8.40 152.9 15:8.2 41J fmC)' 
2CM 8.22 

: ; 

2CB 7.07 153.5 151~9 30 7!'5:i 
3AT 9.00 149.9 155.5 10 62f[ 
3AM 9.33 
3AB 7.35 152.5 157.1 ERr ]OUO~ 
3BT 9.39 149.9 155:.7 40 555. 
313M 9.21 149.2 155.0 
313B 7.41 153~2 157.8 5~r 765' 
3CT 8.79 151.5 157;,0 40 555: 
3CM 9.29 
3CE 7.70 151.7 156.5 6(,)' 66(1 
4AT 6.81 153.4 157.7 8'0 7~ 
4AM 8.20 
4AB 8.98 149~,8 155.4 lD' 500 
4BT 8 • .89 148.7 154.3- 30 530: 
413M 8.23 149.3 154.4 
41313 7.28 151.5 15:6.1 7(} 765 
4CT 9.02 147.8 153.5 10 43'5 
4CM 8.04 
4tB 8.46 148.8 154.1 8:0 SID; 
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U Test 4 ~11ts. 

U void Dry Unit SSD Unit C.A. SJ;iit. Tens. 
Core Content Weight Weight Fracture Strength 

r-' 

lJ 
No. ( %) (pet) (pcf) ( %) (p;i.) 

U 
1AT 5.80 154.1 157.7 30 450 
lAM 5.51 
lAB 7.20 149.2 153.7 80 585 
1BT 6.52 153.4 157.5 40 550 

r-l IBM 5.96 158.9 162.6 
, ! 1BB 9.73 147.9 154.0 N/A N/A L~ 

1CT 7.24 152.0 156.5 10 540 
1CM 6.09 
1CB 9.73 148.0 154.1 N/A N/A 
2AT 8.03 150.0 155.0 20 430 
2AM 6.95 
2AB 5.64 153.1 156.6 50 715 
2BT 7.32 152.6 157.2 70 520 
28M 6.52 150.6 154.7 

1 - r 2BB 6.00 150.4 154.1 N/A 530 
, 2CT 7.13 151.3 155.8 50 430 

2CM 7.27 
2CB 4.67 152.2 155.1 40 390 
3AT N/A N/A N/A N/A N/A 
3AM N/A 
3AB N/A N/A N/A N/A N/A 
3BT 9.63 150.0 156.0 20 560 
3BM 9.47 149.7 155.6 
3BB 7.83 152.1 157.0 70 485 

i 3CT 7.73 150.6 155.4 60 520 
3CM 6.28 
3CB 5.09 152.1 155.3 80 525 
4AT 9.57 150.5 156.5 10 385 
4AM 9.35 
4AB 6.89 154.9 159.2 90 390 
4BT 7.48 150.8 155.4 60 435 
4BM 5.32 154.3 157.6 
4BB 5.53 153.6 157.1 90 685 
4CT 8.78 149.6 155.1 40 445 
4CM 6.68 
4CB 5.96 153.7 157.4 80 520 
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Test 5 R1!Stl1ts. 
l_ 

-- ":r_' i 

void DIyU_ SSD Um.t C.1).-. ~~ , - ~-

Core Comtent WeUjht Weight: F~e ~~ 
No. ( %) (pcf) (pef) ( Ji) {~ 

lAT 10,.17 145.2 151.5 II/A MIA 
lAM 8.70 
lAB 9.61 N/A N/A 70 7aO 
1M 10.22 144.7 151.1 JO 425 
IBM 8.89 145.8 151.4 
lSB 7.93 147.8 152.8 1O SQS 
lCT 9.71 145.2 151.3 10 3?G 
lCM 8.37 
lca 8.01 149.4 154.4 60 705 
2AT 9.75 146.7 152.7 5:0 635 
2AM 8.88 
2AB 7.61 149.7 154.4 N/A N/A 
2B.T 9.24 148.4 154 .• 2 50 4S(!I i 

I ; 

2BM 8.56 148.9 154.2 \ 

2BB 7.95 148.4 153.4 50 7~ 
2CT 9.26 148.5 154.3 40 :U5 
2CM 8.89 
2ca 8.01 149.6 154.6 80 56'5 
3AT 9.19 148.2 153.9 20 410 
3AM 8.$5 
3AB 7.52 150.4 155.1 N/A N/It 
3BT 9.75 147.0 153.1 3Q 505 
38M 8.81 148,,,1 153.5 
3BB 8.12 148.0 153.1 .f(') 8<20 
3CT 9.09 149.3 155 •. 0 6;0 5:25 
3CM 9.56 
3CD 8.32 149.2 154.4 6,0 73tJ 
4AT 8.68 149.8 155.2 20 550 
4AM 8.85 
4AB 8.4f3 148.6 153.9 90 S70 
4BT 9.62 145.7 151.7 16 445 
4BM 9.63 153.0 159.0 
4BB 7.95 149.4 154.4 7til 315 
4CT 9.66 146.1 152~1 60 520 
4CM 9.21 
4ca 7.70 151.7 156.5 30 869 
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Test 6 :reallts. 

void Dry Unit SSD Unit C.A. sPlit Tens. 
Core Content Weight Weight Fracture Strength 
No. ( %) (pcf) (pcf) ( %) (p:!i.) 

lAT 8.11 151.4 156.5 30 345 
lAM 8.53 
lAB 9.95 148.4 154.6 N/A N/A 
IBT 7.86 153.6 158.6 30 560 
IBM 8.86 155.9 161.5 
IBB 9.51 147.8 153.8 N/A N/A 

-~ 

lCT 8.82 150.8 156.3 10 355 
lCM 8.17 
lCB 7.44 152.8 157.4 80 830 
2AT 9.97 147.5 153.7 30 410 
2AM 8.95 
2AB 7.62 152.5 157.2 70 665 
2BT 9.48 149.1 155.0 20 365 
2BM 8.60 150.2 155.6 
2BB 7.96 152.2 157.2 70 630 
2CT 10.10 147.1 153.5 20 425 
2CM 10.26 
2CB 8.95 148.8 154.4 30 675 
3AT 9.56 148.4 154.3 30 490 
3AM 8.78 
3AB 7.54 152.7 157.4 70 605 
3BT 8.84 149.9 155.4 20 530 
3BM 8.56 150.1 155.5 
3BB 7.58 151.6 156.4 60 615 
3CT 8.68 150.6 156.0 60 525 
3CM 8.92 
3CB 7.55 152.9 157.6 80 815 
4AT 8.48 151.3 156.6 N/A N/A 
4AM N/A 
4AB 9.85 146.7 152.9 N/A N/A 
4BT 8.61 151.4 156.7 30 485 
4BM 8.29 151.6 156.8 
4BB 8.27 153.3 158.4 N/A N/A 
4CT 8.46 151.5 156.8 20 515 
4CM 8.18 
4CB 7.00 155.3 159.7 90 690 
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Test 7 na:tlts. f, 
"_ ~1 -S! 

void Dry Unit SSD Unit. C.A. Spj:1; Tans. 
Cere Content Weight Weight Etaeeure Str~ L -, 
No. ( %) (pcf) (peE) ( %J (p;i' 

1AT 9.17 148.5 154.2 20 460 
lAM 8.53 
lAB 7.86 148.7 153.6 70 635 
1BT 9.60 146.7 152.7 30 455 l_ 

IBM 8.81 148.6 154.1 
1BB 7.42 150.3 154.9· 80 605 

I. 1CT 9.77 147.2 153.3 20 465 
1CM 8.59 
1CB 7.66 150.4 155.2 80 695 
2AT 9.89 145.3 151.5 10' 415' 
2A.M 9.32 
2AB 7.90 148.5 153.4 5.0, 59Q 
2BT 9.51 146.2 152.1 40 485 

( 

f, 
2BM 9.00 146.7 152 .• .3 \ 

2BB 7.41 147.9 152.5 7ft 535. 
2CT 9.37 146.3 152.1 20 465 
2CM 9.02 
2CB 8.09 150.4 155.4, 4tl 72P. 
3AT 9.47 146.7 152 .. ,6 60 4'35 
3AM 9.13 
3AB 7.32 150.9 155.5 80 630 
3BT 9.46 147.3 15.3 •. 2 50 465 
3BM 9.17 147.7 15J.5 
3BB 7.70 150.6. 155.4 ao 680 
3CT 9.38 148.0 153.8 50: 520 
3CM 9.26 
3CB 7.89 149.1 154.1 80 700 
4AT 10.34 146.7 153.1 30 4'85 
4AM 7.60 
4AB 5.80 152.5 156.2 80 .590 
4BT 9.47 148.5 154.4 50. 455 
4BM 9.38 146.3 152.2 
4BB 8.16 14g,.7 154;.8 70 560 
4CT 8.48 149.6 154.8 10 455 
4CM 9.05 
4CB 10.38 146.2 152.7 80 415 

"" 
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It 
L_l Test 8 I'El!ailts.. 

fl 
LJ Void DIy Unit SSD Unit C.A. SJ;iii:. Tens., 

Cere Cbntent Weight Weight Fracture Strength 
I " No. ( %) (pcf) (¢) ( %) (J;Si.) 

lJ 
1AT 8.68 148.2 153.6 40 505 

U lAM 6.62 
lAB 7.32 148.4 153.0 60 605 
1BT 9.01 147.7 153.3 50 520 

( 1 IBM 6.58 149.0 '153.1 
1BB 7.53 148.3 153.0 50 670 U 
1CT 10.40 145.1 151.6 20 490 
1CM 9.63 

i 1CB 12.13 140.7 148.2 N/A N/A 
2AT 9.82 145.5 151.6 10 405 
2AM 9.36 
2AB 7.81 149.3 154.2 70 720 
2BT 10.23 145.0 151.4 40 450 
2BM 9.30 145.6 151.4 
2BB N/A N/A N/A N/A N/A 
2CT 9.71 144.7 150.8 40 490 

; 0_' 2CM 9.29 
2CB N/A N/A N/A N/A N/A 
3AT 9.80 144.8 150.1 20 515 
3AM 9.59 
3AB 7.56 148.6 153.4 50 750 
3BT 9.65 146.2 152.3 20 460 
3BM 9.40 146.0 151.9 
3BB 7.58 148.3 153.0 50 655 
3CT 9.73 145.8 151.8 30 585 
3CM 9.66 
3CB 8.12 149.4 154.5 50 650 
4AT 10.14 145.8 152.1 30 585 
4AM 9.47 
4AB 8.31 149.0 154.2 80 705 
4BT 8.40 147.5 152.8 30 520 
4BM 6.27 148.5 152.4 
4BB 6.21 149.9 153.8 80 765 
4CT 7.36 148.8 153.4 80 625 
4CM 7.02 
4CB 7.10 149.0 153.4 80 500 
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Test 9 results. 1 
I 
L 

Void Dry Unit SSD unit C.A. SJ;iit Tens. 
! 

I 
Core Content Weight Weight Fracture Strength ~-
No. ( %) (J;cl) (pet) ( %) (psi.) 

1AT 7.07 153.2 157.6 40 555 
lAM 7.07 
lAB 9.15 142.9 148.6 N/A N/A 
1BT 7.72 150.5 155~3 50 655 
IBM 6.70 150.6 154.8 
1BB 7.46 147.2 151.9 30 700 
1CT 7r45 151.2 155.~ 50 690 
1CM 6.95 
1CB 9.27 144.8 150.6 N/A N/A 
2AT 7.88 151.9 156.9 20 705 
2AM 7.33 
2AB 8.33 148.4 153.6 60 480 
2BT 7.56 153.0 157.8 30 695 
2BM 7.76 149.5 154.3 
2BB 7.27 152.7 157.3 90 625 
2CT 7.89 151.3 156.2 30 700 
2CM 7.78 
2CB 6.15 154.1 157.9 90 960 
3AT 7.98 150.5 155.5 30 690 
3AM 7.87 
3AB 5.71 155.5 159.0 70 675 
3BT 7.76 152.8 157.7 80 670 
3BM 8.11 166.5 171.6 
3BB 6.04 153.4 157.2 90 700 
3CT 8.07 150.6 155.6 30 640 
3CM 7.40 
3CB 6.71 153.2 157.4 70 760 
4AT 8.01 151.9 156.9 20 690 
4AM 7.81 
4AB 5.80 156.2 159.8 60 930 

- i , 
4BT 8.25 150.5 155.7 40 735 
4BM 7.84 150.6 155.5 
4BB 6.75 152.6 156.8 90 940 
4CT 8.08 151.5 156.5 50 690 
4CM 7.39 
4CB 9.05 148.5 154~1 60 305 
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Test 11 resu'H:s. 
l_ 

I 
void Dry Unit SSD Unit C.,A. Split Tens.. L 

Core Content Weight Weight Fracblre st:ren¢h 
No. ( %) (pcf) (pcf) ( %,) (~J [ 
lAT 7.80 153.0 157.9 60 545 

l_ lAM 7.88 
lAB 7.54 148.1 152.8 60 54{)' 
IBT 7.26 152.0 156.6 50 690 
IBM 7.58 148.5 153.2 l IBB 7.49 148.3 153.0 80 655 
lCT 7.60 150.4 155.2 50 710 
lCM 7.76 r 

lCB 8.68 145.3 150.7 50 6JO L 
2AT 8.46 149.2 154.5 30 675 
2AM 7.80 
2AB 8.01 149.7 154.7 80 680 
2BT 8.08 148.8 153~8 70 725 
2BM 8.40 148.2 153.5 
2BB 8.23 149.6 154.7 70 50S 
2CT 7.96 149.4 154.3 N/A N/A 

, 
L 

2CM 8.44 
2CB 8.98 148.7 154.3 50 5;80 
3AT 8.11 148.8 153.9 50 465 
3AM 7.96 
3AB 8.64 149.5 154.9 70 515, 
3BT 8.47 147.8 153.1 30 465 
3BM 7.74 150.3 155.2 
3BB 8.37 150.1 155.4 60 505 
3CT 8.40 148.7 153.9 40 50S 
3CM 7.81 
3CB 8.14 145.7 150.8 60 570 
4AT 6.64 150.6 154.8 60 635 
4AM 7.30 
4A'B 7.26 151.8 156.3 80 365 
4BT 6.34 150.8 154.7 80 706 
4BM 5.72 152.0 155.6 
4BB 5.22 152.5 155.8 60 695 
4CT 7.61 149.5 154.2 70 635 
4CM 6.40 
4CB 5.78 151.7 155.3 40 740 
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APPENDIX F 

DEVELOPMENT OF FIGURES 

During the actual casting and vilration of the concrete slats and after 

viewing the hardened slats and retrieving the core samples, it was noticed that 

during the conc;oljdation procedure the concrete contained m the first slab of 

the forms did not receive the same degree of vilration as the concrete m the 

fallowmg s1.ats. Identical problems were also encountered m the last. slab of the 

forms. These problems could be realized best by examining what occurred as the 

concrete was vilrated Figure 30 depicts the consolidation procedure. 

Fjgure 30. The consolidation procedure. 

Direction of Travel. -> 

(1) (2) (3) (4) 

Concrete 
Level. 

As the tests were performed the vilratoIs were lowered into slab #1 and 

allowed to remain for a few seconds, until. the concrete appeared fluid. They 

wE!l:'e then moved toward the end of the forms at a rate of about 12 to 14 fpm. 

When the other end of the forms was encountered, the vilratoIS wE!l:'e slowly 

raised from the concrete and set aside. As could be noted by the shaded regions 

m Figure 28, these areas were found to contain excesB.ve honeycombing due to 

a lack of adequate consolidation. The problems encountered m slab # 1 could be 

attriooted to the fact that the concrete had received no initial vilration, 
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however small it might l:e, from the vilratars as they app::oached the slab. 

Normally, the concrete had already undergone the :initial slumping before the 

vi1::ratars actually passed through. This slab, however, received no .initial 

slumping and all of the consolidation had to occur while the vilratem were in 

place. It would have l:een impcssi.bl..e for this problem to be eliminated without 

krowing exactly how long the vfrrators should remain in place in this slab to 

give a co~tion effort equal to that imparted on the other slats. 

The problems encountered in slab # 4 were inherent to the way the test 

was designed. After the vil:ratoIs entered Slab # 4 the back of the vitratoIs 

came in contact with the back of the forms. Since the maximum forces created 

by the vilrator are projected only from the f:iJ:st half of the head (See Fjgure 1, 

p. 10) it was impocBihl.e to adequately consolidate the back portion of this slab 

without removing the vil:rators and replacing them turned in the other direction. 

This problem can l:e 8S3Ociated with the problem encountered in the fuM. as the 

paving machine app:-oaches a construction:Pint, where the \.Be of manually 

cperated spud vilrators is required. 

When the core samples were taken from the hardened concrete these 

problems l:ecame so apparent that it. was soon realized that the data 

accumulated from batches 1 and 4 could not l:e \.Eed to dea:ribe the achieved 

consolidation. Two problems led to this conclusion. Fmrt:, ASTM C642 could not 

l:e used to determine the void content or the unit weight of some of the core 

slices. The concrete was so honeycoml:ed that the test waild not adequately 

yield true SSD weights of the samples. It is also stated in ASTM C642 that test 

specimens mlEt l:e free from ob3ervahle cracks, fissures, or shattered edJes, and 

therefore l::atch 1 and 4 specimens could not be tested under the terms of this 

standard test. This.left no option but to seek another way of determining the 

void content of the samples. A number of methods were considered: 
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1. Measuring the dimensions of the samples to determine their actual. 

valume. 

2. Placing a rubJ::er memtrane around the concrete while saturated in 

order to make an acdurate measurement of the satrirateCH3Urface dry condition. 

3. Using paraffin to fill all of the voids so that the void content could be 

cetermined. 

This was when the second p:oblem had to be considered. If the void 

content of these poody cona:ilidated S3mples could be determined, would this 

yield any beneficial information relating' to the consolidation of the concrete? 

Since the reasons for the inadequate consolidation in batches 1 and 4 had 

already been determined, the decision was made that the concrete contained in 

slats 1 and 4 of each teEt. did not refl..ect the type of information desired. The 

problems were deemed unavoidable, and restricting them to slats 1 and 4 only 

enhanced the reliability of data retrieved from slab:; 2 and 3. 

Development of the Fjgules 

while the data accumulated from slab:; 1 and 4 of each test could not be 

used when determining the consolidation of the concrete, it was found that it 

could be uged, in most instances, to determine the relationship of void content 

to splitt:ing tensile strength. The excessively honeycombed specimens were still. 

broken to determine their splitting tensile strength. C are was taken to place 

each of the core slices under the load so that they woold treak along a solid 

plane of concrete. This proved to be quite successful., and therefore reliable 

splitting tensile strength data was recorded in most cases. The void content of 

these samples had already been determined under the terms of ASTM C642 
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(even though the specimens did not meet the requirements cL. the t.est:). 

Realizing that this test would not y.ield the actual void content: of the samples, 

it woold suffice to reveal the void content of the <llQllcret:e QtheF thal'l the 

excessively large voi.d;. Since the concrete in the plane of the splitting tensile 

strength fracture contained no large voids, AST M C642 adequate1y determined 

the void content of the concrete in that plane. This was verified by plQtting. the 

data point.$ of sp1.i.tting tensile strength w. vai4 content for Patches 1 ~d 41-,. 

and for batches 2 and 3 separately. The analysis of the linear r~ession lines 

through these points showed that they were extreme1y c:lose to present:in~ tIl.e' 

same information. Every figure of splitting tensile stremcgtb .VB. void conteAt that 

contains lineal:' regression lines was, therefore, created by using <iJa.ta points 

from all of the concrete core sections .in aU of the slabs of each test (See: 

Fjgures 13, p. 44; 15, p. 4'9; 16, p. 54; 17, p. 56; 18, p. 58~ and 19, p. 61)., The 

ally data r;x:rlnts that were omitted were these that were found to be 

:irrepresentative of the vitrated concrete. 

The data used to derive the mean and standard deviation values used to 

construct the boxes in the figures of- splitting tensile strenCjth VS~ void oontent. 

was taken from slabs 2 and 3 only (See Fjgures 13, p. 44; 15, p. 49; 16, p. 54; 

17, p. 56-; 18, p. ~8; and 19, p. 6U. This information could more accurately be 

used to cEscribe the degree of consolidation attainable for a given viJ:ratory 

effort. The samples taken from these slabs did not contain excessive voids, cmd. 

AST M C 642 could be used to adequately determine their void content. 
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APPENDIX G 

DATA AND STATISTICS FOR SELECTED FIGURES 

Results of the linear mgzemion analysis. 
\ 

Correlation Degree:; of SJope of the Y-intercept of 
Test No. Coefficient FreeCbm Reg. Line Reg. Line 

1 -0.84 20 -136 1nO 
2 -0.80 20 -120 1630 
3 -0.69 10 -148 1860 
4 -0.019 8 -1.10 515 
5 -0.66 19 -131 1750 
6 "'0.78 14 -117 1560 
7 -0.83 20 -87.0 1300 
8 -0.68 20 -61.3 1100 
9 -0.68 18 -106 1490 
10 -0.48 20 -114 1520 
11 -0.46 20 -51.5 991 
XT +0.43 10 0.0713 8.25 
XB +0.096 10 0.0138 7.25 

Note: Results were taken from analysis of selected data points in batches 1 
through 4 of each test:.. Tests XT and XB denote the linear regressions for the 
tests that oompared distance· from the vilrator to void content (XT for the 
analysis of the top section of concrete, and XB for the analysis of the bottom). 
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Mean and standard deviation valDeS fer sp1:Jtt:ing tensile st:iength. 

Test:. 
No. 

1 
1A 
2 
2A 
3 
3A 
4 
4A 
5 
6 
7 
8 
9 
10 
11 

overall Tq> Tq> st:d. 
Mean (psi) Mean (¢) Dev. (psi) 

670 

630 

675 

510 

580 
565 
555 
570 
690 
650 
560 

570 
560 
520 
525 
540 
515 
490 
500 
480 
455 
465 
485 
685 
600 
565 

40 
40 
30 
15 
85 
95 
60 
65 
110 
70 
35 
60 
25 
30 
125 

Bp:tom Bottom std. 
Mean (¢) Dev. (psi) 

770 
800 
735 
745 
815 
875 
530 
575 
730 
670 
645 
655 
700 
705 
560 

70 
55 
40 
45 
125 
100 
120 
120 
115 
80 
70 
90 
160 
150 
70 

,6te: Res.llts were taken from analysis of an data in batches 2 and 3 of each 
teSt:, except for tests lA., 2A, 3A, and 4A. For these four tests, an core "C" 
data was omitted from the analysis to aid in the comparison of vi.br:ator spacing. 
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Test Overq]l Tcp Tcp St:.d. Bc:t.tom B<::JbtGm', ~ 
No. Men ( %,) Mean (%) Dev. (t) Mean ( %) Dev .. (%J 

1 8.36 8.78 0.19 7.54 0.29 
1A 8.76 0.17 7.49 0~36 
2 8.43 9.07 0.34 7.33 0.37 
2A 9.17 0.40 7.36 0.47 
3 8.29 8.69 0.46 7.31 0.33 
3A 8.74 0.56 7.28 0.33 
4 7.04 7.97 0.99 5.85 1.22. 
4A 8.33 1.18 6.49 1.17 
5 8.74 9.38 0.29 7.92 0.,3:1 
6 8.77 9.44 0.58 7.8'1 (l.55' 
7 8.79 9.51 0.19 7.72 0.30 
8 9.00 9.82 0.21 7.77 0;26 
9 7.34 7.86 0.18 6.4S 1.31 
10 7.25 7.73 0.53 7.29' OSO 
11 8.22 8.25 0.22 8.40 0.36 

Note: Results were taken from analysis of an data in batches, 2 and 3. of each 
test:, except for tests lA, 2A, 3A, and 4A. F·or these fQut' tests" an core "C'" , 
data was omitted from the analy.ais to aid in the comparison of vil:cator. SJiBdng. 
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APPENDrX B 

VIBRATOR MONITORING SYSTEM 

The Vibrator Monitoring System (VMS) was developed to detect and 

indicate the faUure of one or more concrete vilratoIs. A specially deS.gned 

sensor .is attached to each vilrator on the pavinJ machine. The sensor contains 

a hermetically sealed reed switch which.is normally open. As the vil:rator .is 

o~ating, the reed switch .is set into cscilJation, alternately clcsi.ng and opening 

the contacts at the rate of the vil:rator. The sensor output signals are sent to 

the main control unit via shielded cables. 

The control unit, shown in Fjgure HI contains the detector circuit 1:x:ard, 

power supply,indicator lamp; and the audio alarm. The circuit board contains 

fifteen comparator circuits, one for each vilrator sensor. A group of four 

typical circuits are shown and each circuit .is identical, us:iIxJ an o~ational 

amplifier as a comparator to compare the rectified and smoothed sensor pulses 

to a reference voltage. If all sensor contacts are vilrating open and ck::f;ed, the 

voltage to the negative input of the comparator will. be high producing a zero 

output keeping the indicator lamp; and alarm off. If a vilrator should quit the 

respective input voltage to the comparator be zero. The level .is less than the 

reference voltage producing a positive voltage output. This voltage turns on the 

aESOCiated transistor, Dluminating the lamp. The pa3i.tive signal .is also sent to 

the audio alarm through the "or" network. ThlB, jf any vilrator stop; operating, 

the audio alarm wm sound and a light or lights on the control unit indicates the 

defective unit or units. Also, while the concrete .is being liquified the audio 

alarm .is activated periodically until complete liquifaction has been obtained. 
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Figure 32. Schmetic Diagram of the VMS Control Unit. 



a. Control Unit 

b. Sensors 

Figure 33. VMS Control Unit and Sensors. 
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