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DISCLAIMER

The information contained herein was deweloped on Research Study
2-8-83-341 titled "Consolidation of Concrete Pavement" in a coo'peratiive
research program with the Texas State Department of Highways and Public
Transportation and the U.S. Department of Transpartation, Federal Highway
Administration.

The contents of this report reflect the views of the authors who are
responsible for the facts and the accuracy of the data presented herein. The
contents do not necessarily reflect the official views or policies of the Federal
Highway Administration. This report does not constitute a standard,

specification, or regulation.
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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 consalidation practices 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 consalidation of
CRCP were performed. Also studied were varations in consolidation throughout
the depth of CRCP dlabs and acceleration as a method of monitoring the
consolidation process.

The laboratory investigation consisted of batching sidewalk-sized CRCP
dlabs, and each test was given the same vilratory effort. Analysis was made on
cores taken from the slabs for the relation of splitting tensile strength, to give
reference to the resulting strength of the concrete, vs. woid content, to
determine the degree of consalidation achieved. Because consalidation was
found to vary throughout the depth of the slabs, the cores were sectioned so
that a separate analysis could be conducted for both the top and bottom of the
dlabs,

The results of the study revealed that a maximum coarse aggregate factor
of 0.80, a maximum aggregate size of 1-1/2 in., and a maximum vikrator 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 superplasticizers were found to have detrimental
effects on oconsolidation. The slabs were found to be mare dense in the bottom
than in the top, and acceleration measurements were found to be a valuahle

method of monitaoring consalidation as it occurs.
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A prototype Vikrator Monitoring System (VMS) has been developed. This
system can monitor a total of 15 vikrators simuitaniously and detect if one or

¥s are not funchioning properly and when Hguefaction in the fresh

more vikrat
concrete has taken place (Appendix H), This system is ready to be ficld tested
by the. Department. A first generation single sensor VMS was tested in a project
on State Highway 288 in Houston. Based on this field strengthening of the
sensors and wiring as well as minor modifications to the alarm system has been

Further tesearch should be conducted a method of determining the
consalidation of extremely honey-combed concrete, o further the use of
acceleration measurement as a oontrol of consalidation, to determine if
guidelines can be ve]o whereby plasticizing admixtures can be used to

increase the strength of CRCP while maintaining the void content, and to

advance the understanding of the effects of mounting paving vikrators

perpendicular to the direetion of travel.
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CHAPTER I

INTRODUCTION TO THE PROBLEM

Definition of the Prohlem

According to the Texas State Department of Highways and Pukllic
Transportation (SDHPT), there is immediate concern for the inadequacies of
current construction methods to properly consalidate concrete pavements., The
prohlem appears to be more prevalent in continuously reinforced concrete
pavements (CRCP) where slip-form pavers are wed. The dlip-form pavers
require a very low slump concrete, and it is apparently difficult to achieve
adequate consalidation beneath the heavy mats of reinforcing steel.

Presently, the specification being utilized by the SDHPT in the
construction of CRCP is found in Item 366 "Concrete Pavement (Continuously
Reinforced)" of the Texas Highway Department's "Standard Specifications for

Construction of Highways, Streets and Bridges” (1).

Objective of This Study

This study was designed to examine the current state-of-the-art in
vibrating freshly placed CRCP concrete and develop procedures and guidelines
whereby the optdmum consalidation of CRCP can be achieved.



Scope of This Study

This study consisted of extensive research into the theory and principles
of consalidation by internal vilkration, a determination of the present
state-of-the-art regarding the consolidation of CRCP by internal vilxation, and
a laboratory investigation of certain test parameters to determine their effect
on the achieved consolidation of CRCP.

The parameters chosen for study in the laboratory investgation
included: (1) coarse aggregate factor, (2) maximum allowahble coarse aggregate
size; (3) spacing of the paving vikrators; (4) method of mounting the paving
vikrators; (5) superplasticizers with and without set retarders; (6) analysis of
variations in consolidation through the depth of the CRCP sdlab; and (7)
acceleration measurement as a method of monitoring consalidation by vibration.
Each of these parameters of study are discussed in detail in the fdllowing

Chapters,




CHAPTER II

LITERATURE REVIEW
Background Description of Consalidation

Consalidation is defined as a purposeful action taken to remove the
-entrapped air from a freshly placed hydraulic-cement concrete mixture (2). A
mass of fresh concrete, when initially placed in a form or mald, contains air
voids, primarily entrapped air, and usually does not conform intimately to the
shape of the form and to the reinforcement. Since strength, durahility, bond to
the reinforcement, deformation, and appearance of surfaces are all cdlosely
related to the denseness of the concrete, it is both necessary and economical to
do wark on the concrete mass to remove most of the entrapped air (3).

Today, most concrete is consalidated by vibration. Vibration subjects the
fresh concrete to very rapid impulses which temporarly liquify the mixture and
cause the concrete level to subside (slump). The entrapped air, being the
lightest in the mix, rises to the surface where it escapes (4). Vibration per se
does not improve the properties of concrete; however, it removes large air voids
‘and permits placement of concrete at a lower water-cement ratio than is
possible with hand placement, Thus, the improvement of properties attributable
to vilration reflects the relationship between woids in the concrete and
water-cement ratio (2).

Consalidation by vibration is a two stage process. The initial stage
comprises the major subsidence, or "slumping®, of the concrete. This subsidence
is essentially a vertical settling, During this stage, the mixture becomes
unstable and the solids, particularly the coarse aggregate particles, seek a
lower position, therefare densifying the mass (2,5). Popovics has suggested that
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the shape of the coarse aggregate particles is of decisive importance during this
stage (2). The first stage of consalidation is completed when the overwhelming
méjority of the coarse aggregate particles stop moving downward.

After the initial stage of consalidation, honeycomhing is essentially
eliminated, and the large voids among the coarse aggregate particles are filled
with mortar (2,5). The martar still contains numerous entrapped air bubhles as
large as 1 in. and amounting to several percent by volume of the concrete (2,5).

In the second stage of consadlidation, the mortar assumes the major rale of
transmitting pressure waves moare efficiently (2). This causes the entrapped air
to rise to the surface and escape. Because of their greater buoyancy, larger
bubhbles are mare easily removed than smaller ones (2). Air voids near the
vibrator are released before those further away from the vibrator, near the
fringes of the radius of action. There is also some indication that vibration
itself creates small bubkes, probahly by dividing larger ones (2). The removal of
voids is a continuous process; rapid at first and then diminishing, It is possilble,
however, given the proper vikrator, concrete mixture, and amount of time, to
remove most entrapped and, to a lesser extent, entrained air vaids (2).

Consalidation imparts many benefits upon the properties of the concrete:

1. Tt reduces the undesirahle air vaids (entrapped air).

2, It allows for a lower water content of the mix (6).

3. It reduces the permeahility of the hardened concrete (2).

4, Tt increases the bonding to and reduces the corrosion of the
reinforcement (6,7, 8).

5. It reduces drying shrinkage (6).

6. It increases freeze/thaw resistance (even if some air-entrained voids
are removed) (2).

7. It is mandatory at construction joints or where there is a congestion of
4



reinforcing steel (2).

Since internal vilration is the most popular means of mechanical
consolidation, an understanding of the internal vilrator is imperative. An
internal vitwrator consists of a head containing an unbalanced weight (eccentric)
which is driven by a motor and caused to rotate at very high speeds (4,9). The
forces transmitted to the concrete during vilration act at right angles to the
head of the vikrator. An internal vilrator must efficiently consclidate the
concrete mixes used on the job. 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 amplitude
(which determines the radius of action) (4,5). Consideration should also be made

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

State-of-the-Art for Internal Vibration of CRCP

In an effort to determine the state-of-the-art in research of CRCP
consalidation, an extensive literature review was conducted, With the aid of the
Texas A &M University Lilrary, searches were made using the Highway Research
Information Service (HRIS), the National Technical Information Service (NTIS),
the Geodex System-S, and a review of the card catalogues. These searches
provided over 200 possible references pertaining to the topic of consdlidation.
Of these 200 references, 67 were located and secured. About 20 of these 67
references provided valuakle information that was used in the literature review.
Information from the other references was either non-applicakle to this
particular subject, or served only to restate or reinforce what was included in

other sources.

A review of the literature concerning the study of CRCP consolidation
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revesals a congiderahle amount of information on the subject. Recent years have
seen an influx of numerous studies aimed at finding ways to improve the
consalidation process. While the amount of research has been quite extensive,
there still remain very serious prohblems that need immediate attention. The
fallowing paragraphs give a short review of the most current agreed-upon facts
regarding the consolidation of CRCP,

Researchers have found that vilrator spacing on gang-mounted paving
machines is a function of the radius of action, which is determined by head
size, frequency, acceleration, type of reinforcement, vitration time, and degree
of consalidation required (2,4,10,11). Vikrators are typically spaced from 14 to
24 in., resulting in 97 percent consaclidation based on rodded unit weight
(AASHTO T121) (2,4,10,11,12). Air entrainment has not been found to be
substantially affected by the level of consclidation, and the benefits attained by
adding air entrainment remain intact (2,11,13).

Aggregate size, shape, and unifarmity have been found to influence the
percentage of entrapped air voids for a given level of consalidation (10,14). No
research could be found regarding a variation of the coarse aggregate factor
and its subsequent effect on consolidation. Frequency of the internal vikrators,
while in fresh concrete, should be maintained between 8,000 and 12,000 vpm .
with an optimum level at 10,800 vpm (2,4,11,12,13,15,16,17,18). The amplitude in
air should be held between 0,025 and 0,050 in, (4,12).

Acceleration is the cause for the loss of internal frictdon during
vibration, but there seems to be no accepted level of acceleration for achieving
optimum consdlidation (13). The ACI Committee 309 reports that for a
water-cement ratio of 0.40 the compaction effect increases linearly when the
acceleration is increased from 9.8 to 39.2 m/sec’ (1 to 4 g's) (10). Further
increases in acceleration do not aid consalidation (10). Far more information on
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acceleration and its rale in the consalidation process see the sectmn in this
Chapter entitled "Consalidation vs Acceleration”.

Slump must be maintained in the range of 1 to 2-1/4 in. and optimally
should lie between 1-1/2 and 2 in. (2,11,12,13,15,16,19). Segregation has been
found to be of little concern during even pralonged periods of vikration on stiff
mixes, but if it should become critical, then a lowering of the slump value is
recommended (20). Continued vibration has been determined to have very little
effect on strength, other than directly in the path of the vikrator (11,13). While
vibration of the reinforcing steel has been found to aid in the bonding of the
concrete to the steel, the net result can be reversed if the vibration of the
steel is performed excessively (7,20).

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 variahle frequency (2,4,15). It
should be noted, however, that the physical properties of the concrete have
mare influence on consclidation than the properties of the vibrator (16). A
paving machine should be operated between 10 to 20 fpm, and optimally
maintained between 12 to 14 fpm (12,13,16). Vikrators should be mounted
horizontally above the reinforcement and as close to mid-depth as feasible
(2,11,13). No research could be found concerning the influence of the position of
the vibrators within the horizontal plane or with respect to the direction of
travel of the paving machine.

It has been determined that the presence of chemical or mineral
admixtures will affect the rheclogical properties of a concrete mixture. With
the advent of superplasticizers there is a lack of information concerning their
implications in the CRCP industry. There is a need for an understanding of
their benefits and limitations.

While there has been a tremendous growth of research concerning
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consclidation of concrete pavements in the past several years, there has been a
lot of redundant research and contradictory findings. The major problems in
salving the mysteries of corisolidation have been in the methods and approach of
research. Currently, much is known about each of the contributing parameters
surrounding consalidation of CRCP; however, since these parameters are so
interrelated, it becomes mandatory to study them simultaneoudly in the most

practical situations attainahle within laboratory conditions.

Review of the Test Parameters

A review of available literature 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 dlarity and

convenience, each of the test parameters has been discussed separately.

Consolidation vs. Depth in Pavement: It has long been the concern of

those interested in the consalidation of CRCP that the concrete in the bottom
of the CRCP slabs was not receiving adequate consolidation when compared to
the concrete in the top of the slab. This concern is based on the fact that a
CRCP dlab contains a heavy mat of reinfarcing steel at mid-depth which only
allows the paving vikrators to be submerged to a position above this plane, Far
this reason, the vilbratars are located in the top half of the CRCP glabs. Many
researchers also believe that the reinforcement tends to dampen the effect of
the vilrations as they are transmitted to the bottom partion of the slab.

The SDHPT appears to be interested in knowing if the concrete below the
reinforcing steel is being adequately consalidated. Some research in the area
tends to reinforce this concern, A study released by the United States
Department of Transportation's Federal Highway Administration in March of
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1977 stated that the top of the CRCP pavements was consalidated better than
the bottom (18). However, also included in the 1977 study was that the use of a
mesh depressor was found to contribute to the consalidation process. Since the
mesh depressor pushes the steel down through the top of the CRCP slab to
mid-depth, this influence would be mare prevalently detected in the top partion
of the concrete slab. The degree of the mesh depressor's contribution was not
presented, therefare, the conclusion that the top of the slab was consolidated
better than the bottom due to better vilxration could be subject to question.

While concerns for the effectiveness of consalidation in the bottom of
CRCP sdlabs are valid, there are also reasons to believe that, in fact, the
concrete in the lower portion of the slab is subject to better consalidation than
that in the top. It is generally accepted that concrete in the lower portion of a
structure, such as that of a calumn, results in higher strength than the concrete
above it. This is due to the loading produced by the overburden which aids in
the consolidation of the concrete under it. The upper C9ncrete's weight helps to
farce the solid material down and either move the air up or compress it into
smaller voids, This same effect can be applied to what happens during the
consalidation of a concrete pavement,

Another factor to consider, during the consalidation of CRCP, is that the
vibrators move horizontally through the concrete. As they pass over an area, all
of the solid material begins to seek a lower position, and the air tends to move
upward, As the air moves up to the surface, the vikrators move ocut 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 trapped in the
upper portion of the slab. It would only stand to reason that, if the bottom was

subject to adequate vilration while the vibrators were present, then it would
have a lower vaid content than the concrete above it.



A look at the information contained in Figure 1 presents yet another

interesting phenomenon.
Figure 1. Farce pattern surrounding a paving vilkrator.
Fm/
;Eccentng)

/1IN

Forces

As can be seen from this Figure, a paving vibrator produces forces at right
angles to its head. Understanding that the vilrator is submerged in the top
section of the CRCP leads to the conclusion 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 consalidation process. Once again, it can be concluded that
this effect would inhikit consolidation and tend to produce a greater
concentration of voids in the concrete above the vibrator,

Also of importance is the fact that the vilkrators 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 probahly very
slight and is extremely dependent on the paving speed, it could help in
determining why the void content varies with the depth of the CRCP dlab.

There is also documented information contained in a study released by the
Texas Highway Department in 1969 that shows that the bottom of a CRCP had
lower bulk densities and higher sglitting tensile strengths than the top (7). While
this was not a conclusion of the report, the information presented in the study

documents this finding.
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Consalidation vs, Vibratar Spacing: Numerous research studies have

determined that vikrator spacing on gang-mounted paving machines has a
pronounced effect on the degree of consdlidation attained in CRCP (2,4,11,13,
20). The radius of action of a vilrator is defined as the distance away from a
vibrator that the concrete can be adequately consalidated during the time
period the vilrator remains in a particular position.

When investigating the spacing requirements of paving machine vilrators
it is not enough to simply study the radius of action of a single vikrator
submerged in fresh concrete. This method of study makes it impossible to
determine the overlapping effect of the vilbratory patterns experienced when
two vikrators are mountéd at various spacings. For this reason, a practical
laboratory investigation designed to depict actmal field conditions must
incorporate the same vikratory patterns emitted by gang-mounted paving
vibrators; thus, two ar mare vibrators must be studied simultaneously at various
spacings. Ancther factor of importance is to insure that the vibratars used be
of the same design and produce practically identical vilrations in the fresh
concrete. This will aid in the coordination of the vilratory patterns as they
overlap in the center of the space between the two vilrators.

Research has shown that consalidation and strength decreases with an
increase in the distance away from a single vikrator (2,11,13). Feor this reason,
it can be assumed that the warst possible condition for consalidation effort will
be located at the centerline between the spacing of two vikbrators. Therefore,
when studying the effects of various spacing requirements, data should be
gathered at the center of the space between the vilbrators, and an analysis
made to determine if the reduction of void content is great enough to require a

smaller spacing.
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idation ve., Method of Mounting Paving Vibrators: The SDHPT
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currently specifies a vilbrator spacing of no mare than 24 in, on CRCP sdlip—form
paving machines, It should be noted that the 24 in. maxmum spacing
requirement is intended to be applied to the spacing of paving vilwators when
mounted so that they are parallel to the direction of travel, see Figure 2a.

Figure 2, Methods of paving vibratars,

P;rawlnf %/ Vibrators
)

(@) —_— (b)

Presently, many CRCP paving contractors mount their vibrators
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 if the SDHPT's specifications should include a separate
enhry for the two methods of mounting.

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 hy a paving vilrator act at
right angles to the head. This is of impartance in that no vilkrational forces are
produced beyond the head of the paving vikrator, Also depicted in this Figure is
the effect of where the eccentric weight is located within the head of the

vibrator. It is this eccentric weight that produces the forces of vibration. Since
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the eccentric is located in the front half of the vikrator, the majority of the
farces it produces are emitted from this part of the vikrator. The back half of
the vibrator's head does transmit some of the vikbrational forces, but they are of
a smaller magnitude than those emitted from the front half of the vikrator's
head. Therefore, paving vikrators mounted perpendicular to the direction of
travel should be mounted at a maximum spacing equal to the length of their
head. Ideally, vilwators mounted in this fashion should be mounted so that they
overlap half of the length of the vilkrator's head.

Another factor due consideration invalves the effect of the speed of the.
paving train when vibrators are mounted perpendicular rather than parallel to

the direction of travel (see Figure 3).

Figure 3. Force patterns for different vibrator mounting methods,
(Vih:ata:s \

1

= . ()0

Figure 3b shows that the speed of the paving train is a function of the
léngth of the effectlve part of the vikrator (the eccentric). Research has shown
that for this method of mounting the optimum paving speed is between 12 to 14
fpm (12,13,16). By turning the vikrators perpendicular to the direction of travel,
the paving speed is a function of twice the effective radius of action (Giameter
of action) of a single vikrator submerged in fresh concrete (see Figure 3a).
Since this diameter of action is probahbly different than the length of the
effective part of the vibrator (the eccentric), it could be expected that the

13




paving speed would need to be reduced when the vibrators are turned
perpendicular to the direction of travel in order to achieve the same level of
consalidation. If the paving train speed was kept the same, it would be assumed
that the concrete consclidated by the vikrators mounted perpendicular would be
of lower quality than that vibrated by the conventional method. The diameter of
action of a single vibrator moved through fresh concrete must be determined in
order to recommend a for a paving train with vikbrators mounted
perpendicular.

Ancther difference in the effect of the two mounting methods can also be
suwggested, When the vibrators are mounted parallel to the direction of travel
the concrete will receive varying degrees of vikbration across the width of the
pavement, depending on where it is between two vilratars. The concrete
directly under a vilwator will receive the greatest amount of vikrational force,
and this amount will decrease with an increase in the distance away from the
vibrator. & would then be expected that the concrete would be consclidated in
varying degrees across the width of the pavement.

When the vikbrators are turned perpendicular to the direction of travel,
this effect is not seen. If the vilratars are sufficiently overlapped and the
paving speed properly set, then all of the concrete across the pavement
receives the maximum vibrational farces that can be emitted. In effect, this
mounting procedure attempts to produce an eccentric weight the width of the
pavement that is broken into small sections, each producing a vilkratiocnal 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 will have to be answered to entirely understand these two very

different methods of attempting to achieve the same result.
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Consalidation vs. Coarse Aggregate Factor: The coarse aggregate factar

is one way of describing the composition of a concrete mix. It is defined as the
ratio of the bulk valume of coarse aggregate to the total valume of concrete,
and it depends on the maximum size of the aggregate and on the grading of the
fine aggregate (9). The shape of the coarse aggregate particles does not
directly enter the relation since, for instance, a crushed aggregate has a
greater bulk volume for the same weight (ie. lower bulk density) than va
wdll-rounded aggregate. Thus, the shape factor is automatically taken into
account in the determination of the bulk density (9). ;

When designing a concrete mix, the optimum ratio of the bulk valume of
coarse aggregate to the total valume of concrete (coarse aggregate factor) is
chosen based on the maximum size of the aggregate and the grading of the fine
aggregate (fineness modulus). However, when the degree of consolidation, aor 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 contained in a given concrete volume will influence the
subsequent void content of that mix., This can be described by examining the

properties of a fine and coarse grained mixture (see Figure 4) (21).

Figure 4. Various fine and coarse grained mixtures (21).
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Figure 4 (p. 15) represents three comhbinations of a fine and
coarse grained mixture, A mixture that contains little or no fines (Fig. 4a, p.
15) has stahility due to the grain-to-grain contact of the coarse materials (21).
However, 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
valume 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
coarse grains will still gain its strength from grain-to-grain contact, but with
increased shear resistance (Fig. 4b, p. 15) (21). A concrete mix with the
optimum coarse 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 assure that the fines are allowed to flow
into all of the waids between the coarse grains, Once the concrete has
undergone the initial dlumping, dwring the consalidation process, it will be
impartant to continue vibration until the entrapped air present in the mortar
has been allowed to escape. This conditon should lead to the optimum
consalidation attainahble for a given set of concrete materials.

A mixture that contains a large amount of fines, or too low a coarse
aggregate factor, has no grain-to-grain }:ontact, and the coarse aggregate
merely "floats" in the mixture (Fig. 4c, p. 15) (21). A concrete mixture under
these conditions will have a low density and a higher void content due to the
entrapped air contained in the fines. Consclidation of this mix would 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 carries the vikration 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 discussion, it is obvious that there is an optimum coarse
aggregate factor for a given set of concrete materials in order to achieve the
highest degree of consdlidation. Therefare, the degree of consdlidation desired
should also be considered, in addition to the maximum aggregate size and the
fineness modulus, when choosing a coarse aggregate factor in the mix design
procedure,

There presently exists one possible method for predicting the optimum
coarse aggregate factor based on the materials to be used. 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 among various sizes, usually
expressed in terms of cumulative percentages larger or smaller than each of a
series of seive opening sizes or the percentage of material callected between
two seive opening sizes. Standard seive 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 r:e]ative
aggregate proportions (coarse aggregate factor and fine aggregate factor) as

well as cement and water requirements, warkahility, economy, porosity,

‘shrinkage, and durahility of the concrete. In general, aggregates that do not

have a large deficiency or excess of any size and give a smooth grading curve
will produce the most 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 seives 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. Fineness modulus is

17



useful in estimating proportions of fine and coarse aggregates in concrete
mixtures, By knowing the fineness modulus of a given set of aggregates, the
optimum coarse and fine aggregate factors can be determined and this should
yield the best strength and porocsity results.

Consalidation vs. Coarse Aggregate Size: The choice of the maximum size

of the coarse aggregate is usually 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 must also be considered when chocsing
the maximum coarse aggregate size.

It has generally been considered desirahle to use as large a maximum 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
(9). This can be verified 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 surface area to be wetted per umt weight
(9). Thus, extending the grading of aggregate to a larger maximum size lowers
the water requirement of the mix, so that, for a specified warkability and
richness, the water/cement ratio can be lowered with a consequent increase in
strength (9). This behavior has been verified by tests with aggregates up to
1-1/2 in, maximum size. Experimental 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 valume changes in
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the paste cause larger stresses at interface) and of discontinuities introduced by
the very large particles, particularly in rich mixes (9).

Therefore, as the maximum aggregate size increases to 1-1/2 in,, it
appears to add to the strength of the concrete. The problem now becomes one
of determining the effect of this phenomenon on achieved consalidation. It has
been determined in experiments funded by the SDHPT that a reduction of the
maximum size of the aggregate from 2-1/2 to 1-1/2 in., will enhance
consolidation of the concrete (7). Currently, the SDHPT specifies a maximum
size of 1-1/2 in. coarse aggregate. It should now be determined if this
specification should be modified further.

Consalidation vs. Superplasticizers: Superplasticizers are a relatively new

family of admixtures which can either be used as high-range water reducers or
be incorporated to produce "flowing" concrete. They were introduced into Narth
America in 1976 and since then a number of research laboratories have been
developing data on their effect on hardened concrete (22).

There are three possible ways in which superplasticizers may be used in
concrete (22):

1. To produce concrete with 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 superplasticizing agent.

2. To produce concrete with 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 workability is
compensated for by the superplasticizing agent.

3. To produce flowing concrete (22). Superplasticizers may be added, with
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no change in the mix proportions, simply to increase the slump and produce a

more flowable mixture, |

Since, in dlip-form paving construction, the slump of the concrete mixture
must be maintained, the only other advantage in using superplasticizers would
be to either conserve cement and produce equally strong concrete (as in method
2) or lower the water content and produce stronger concrete (as in method 1),

While research has shown that superplasticizers cause no increase in
segregation or hleeding, no significant influence on the setting time of the fresh
concrete, and no alteration of the freeze/thaw durahility of the hardened
concrete, they do promote a high rate of glump loss (22). This rapid rate of
glump loss in superplasticized concrete is a serious disadvantage and research is
being conducted to find a solution to the problem. Presently, concrete
containing a superplasticizer will provide a large increase in slump, but this
increase is of short duration, and within 30 to 60 min. the concrete reverts
back to the original consistency (22). This phenomenon is accentuated with
elevated temperatures,

Currently, there are various methods availahle for counteracting the
problems of rapid slump loss caused by the addition of superplasticizers. One
sdlution involves the use of set retarding admixtures that can be comhbined with
the superplasticizers, The purpose of these set retarders is to retard the rate of
hardening of the concrete, therefore reducing the rate of slump loss,

Consolidation vs. Acceleration: Most references cited tend to agree that

acceleration is the most significant parameter affecting concrete compaction by
vibration (13,16,18). This, however, is not surprising; as can be noted by a close
examination of what acceleration really denotes,

The vibrations produced during the consolidation process are most
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conveniently depicted by uniform harmonic oscillations. For simple harmonic
motion the fadllowing fundamental relation exists between acceleration,

frequency, and amplitude of vikration:
Acceleration = (2 x )2 X (Frequency)2 x (Amplitude)

Therefore, if it can be determined that a given concrete mix requires a
certain level of acceleration to overcome the internal friction and consequently
produce optmum consolidation, then a vibration can be produced by varying
either the frequency, amplitude, or both, in order to obtain this level of
acceleration, Since the frequency on some vikrators produced today can be
adjusted, and since acceleration is most sensitive to the frequency (since the
frequency is a squared value), it should be a simple matter to obtain a desired
acceleration value. Amplitude of a given vikrator will always remain the same
since the amplitude is a functon of the eccentricity, the weight of the
eccentric, and the weight of the vikrator itself.

This idea coincides with what has been the theory of many concrete
researchers over the years. Many investigators believe that there is an optimum
frequency and amplitude level for each different mix of concrete (23). They
have not, however, been ahle to agree on a method for predicting these values.

The problem 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 vikbrated in mass quantities to
determine the amount of acceleration necessary to produce optimum
consolidation, Since most concrete used in the construction of CRCP is of
similar mix characteristics, this level of acceleration needs to be investigated
and determined. It needs to be determined if acceleration can be used as a todl
to determine the frequency level needed of a group of vibrators to produce the
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best compaction effort. This method of approach will give researchers a
scientific basis for study rather than the historical trial and error method of
investigation,

Accelerometers have been used successfully in research to determine the
patterns of acceleration present in concrete subject to vikration (16). Mare
research using accelerometers in CRCP concrete during vibration waild help to
determine exactly what is happening and what can be done to improve the level
of consolidation obtained. By taking various acceleration readings in different
positions above and below the path of a vilrator as it moves through fresh
concrete, a three-dimensional acceleration pattern could be constructed. The
coordinates wauld include: time, distance, and acceleration. This could be the
best method availahle to determine the radius of action of a given vibrator at a

constant frequency level.
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CHAPTER Il

DEVELOPMENT AND PERFORMANCE OF THE

LABORATORY INVESTIGATION
Purpose of the Laboratory Investigation

The purpose of the laboratory investigation was to determine the effect
of the fallowing variables on achieved consalidation:

a. Coarse Aggregate Factor

b. Coarse Aggregate Size

c. Vibratar Spacing

d. Superplasticizers with and without set retarders

e. Position of vibrators with respect to the direction of travel.

Also of importance during the laboratory study was an analysis of the
varahility of consdlidation with the depth of the CRCP s€lab and the
determination of whether CRCP consalidation could effectively be predicted
and contralled by measuring the accelerations present during the consalidation
process, The remainder of this Chapter describes the perfarmance 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 vadahles outlined in the Purpose of the Laboratory
Investigation. In an effort to determine if the maximum allowahble 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.

23



coarse aggregates. To compare the effects of varying the coarse aggregate
factor, tests were incorporated to incdlude coarse aggregate factors of _0.85,
0.80, and 0.76. Tests 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 superplasticizers (both with and without
set retarders) would benefit the CRCP. Finally, tests were developed to
determine the effect of spacing variations on consalidation. Currently, the
SDHPT specifies a maximum spacing of 24 in.; therefore, spacings of 24, 18, and
12 in, were examined,

For the 5 varables listed in the Purpose there are 162 different
comhbinations that could be studied. However, to maintain a reasonahle program
size, 11 of these possihle test comhinations were sclected (Tahkle 1, p. 25). To
measure the degree of varahility 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 thixrd step involved the development of the 6 basic mix designs (Tahle
1, p. 25) necessary for the implementation of the 11 tests previoudly described,
Design values were selected from the Texas Highway Department’s "Standard
Specifications for Construction of Highways, Streets and Bridges" (Tahle 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

24




Tahble 1. Test comhinations and mix designs.

Coarse Aggregate Max. Size (in.) 1-1/2 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 1l
t 24 in, Spacing /
h 2
le]
d 1
Perpendicular to Travel Direction /
o} {without plasticizer) 4
£
M 6
o 18 in, Spacing (with plasticizer) /
u 9
n
t 6
Perpendicular to Travel Direction /
(with plasticizer) 10
| 6
Perpendicular to Travel Direction /
(with plasticizer/retarder) 11

Note: The numbers within the tahble signify the batch design numbers and the
test numbers used in the laboratory investigation. A / B denotes that A is the
batch number and B is the test number.
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Tahle 2. Selected SDHPT specifications for CRCP.

em Specification

Cement Factor . . . v o e 0o v , Unless otherwise specified on the plans the
concrete shall contain not less than 5 sacks of
cement per cubic yard.

Air Content . . . v oo eese Entrain 5% air +/~ 1% based upon measure-
ment made on concrete immediately after dis-
charge from the mixer,

Coarse Aggregate Factor ... Shall not exceed 0.85

Water/Cement Ratio ...... Shall. not exceed 6.25 gal/sk or 0.553 1b/lb.

SIUMP ¢ ¢ ¢ ¢ o e 000 coeeoe . Shall not be less than 1 in. or more than 3 in.,
designed to be 1-1/2 in.

Flexwal Strength ........ Shall not be less than 575 psi at 7 days.

Note: These selected specifications were taken from Item 366 (1).
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mixing 1.5 cu.ft. trial batches to determine whether or not the mix designs met
the SDHPT's specifications for CRCP concrete (Tahle 2, p. 26). During the
mixing 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 éuperpil.asti.cizing admixture used were recorded
along with the amount of water necessary for a 1-1/2 in, slump and the
subsequent air content of the concrete. One beam (ASTM C192—81)1 and two
cylinders were cast for each batch, and they were cured for 28 days in a 95%
relative humidity, 77°F, environmentally-contralled room. After 28 days the
cylinders were tested for compressive strength and the beams tested for
Modulus of Rupture. When a batch was prepared that had an acceptable slump
and air content, it was considered a "successful" batch design. The 6
"successful" batch designs may be found in Appendix B. (Strength did not turn
out to be a critical design factor, which was probably due to the use of a
higher cement factor than the recommended minimum 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 laboratqry investigation invalved the development
of a testing program that could be perfarmed within the laboratory under
contrdlled conditions, Of vital importance in the development of this stage was
the consideration given to see that the laboratory test closely simulated what
would be expected to occur in the field.

1A ASTM citations are included in reference (24).
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R was decided that the laboratory test would consist of the batching of
sidewalk—sized, simulated CRCP dlabs. To cast the CRCP dlabs, a set of metal
forms was used that could be connected to produce 4 identical 27 in. x 24 in. x
10 in, slabs in one single casting (Figure 5, p. 29). In an effort to simulate the
hot, dry climate experienced in parts of Texas, the slabs were to be cast in a
104°F environmentally controlled room. A 4 in. layer of compacted gypsum was
constructed on the floar of the environmental room to simulate the damping
effect of a base material. The metal farms were then placed on top of the base
material, The forms were lined with a closed-cell foam pad to dampen any
vibration that might have been transmitted through the metal forms. A steel
mat of #4 and #6 bars was placed in each of the 4 dlab forms at approximately
mid-depth (Figure 6, p. 30).

Two Maginniss HPV-3 paving vikrators, which meet the performance
requirements mentioned in Chapter 2, were mounted on an adjustable frame
constructed to simulate mounting on a paving machine (Tahle 3, p. 31; Figure 7,
p. 32). The frame allowed for the spacing of the vibrators to be varied, the
height of the vibratars to be altered, and the vibratars to be mounted parallel
ar perpendicular to the direction of travel. A high—cycle generator was obtained
to power the vikrators during operation.

Within the third slab of the farms, 4 accelerometers were used to
measure the accelerations occurring in the fresh concrete during vikration
(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 consdlidation process. The

values were stored on a computer disc for later evaluation,
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Figure 6. Entire simulated CRCP form design.

(a) Plan view.
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I-——S]ab #1—.—-'- Slab #2 ——-l—Slab #3

Location A..... Accelerometer #1 above and #2 below.
Location B..... Accelerometer #3 above and #4 below.

(b) Section A-A
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Tahle 3. Specifications of the Maginniss HPV-3 Hicycle Paving Vibrator.

Ttem Specification
Head DIamMeter « ¢ v v vttt et e o eecencceteoecons 2-3/8 in.

Head Length ... i e vovvveoovseeosossossncncnnas 18 in.

Total Welght . & v v ettt te et teeeeseeccccacee 41 1b.

Eccentric Assemhly Welght .« o ¢ vt t et et e e e e enees 5 1b.

. 1101 & T .. 0.0480 in,
FreQUENCY ¢ « o ¢ e o ¢ e o oo et e e oececcccccesose ese 9600 - 11,000 vpm
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Figure 7.

Mounting of the vibrators.
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Figure 8. Mounting of the 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 cuft. mixer, A time frame of 30 to 45 min. was
allowed for the entire mixing and placenent of the 4 batches.

Shamp was the contralling factor in the batching process, and water was
added so that a 1-1/2 in. slump was achieved, One test cylinder was cast per
batch, and a beam was cast from each of 2 randomly selected batches, Also, the
air content, unit weight, and temperature was measured and recorded for each
batch. The actual 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 contralling the
accelerometers was activated, and the vibrators were moved through the length
of the forms at an approximate rate of 12 to 14 fpm,

After consaolidation, the surface was hand troweled and steel sheet
dividers were placed between each of the 4 slabs. Finally, the slabs were
covered with a curing compound and allowed to cure at 104°F for 24 hours. At
the end of this 24 hour peri.od, each of the slabs 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. At the end of this 24 hour period they were moved to a
95% RH, 77°F, 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 far
compressive strength, and the beams were tested for Modulus of Rupture. The
results of these tests can be found in Appendix D.

At this same time, the slabs were cored at locations shown in Figure 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 sglitting tensile strength were determined for each of the top and
bottom dlices. 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 dlices
that contained no reinforcing steel. Finally, the void content was determmed
faor the middle dlices that did contain reinforcing steel. The results of these
tests can be found in Appendix E.
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(a) Coring pattern.

Figure 9. Coring pattern and labeling technique.
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(b) Core sectioning.
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CHAPTER 1V
DISCUSSION OF THE RESULTS
Introduction

This Chapter presents the results of the extensive testing and analysis
program conducted as part of the laboratory investigation, Conclusions are
drawn in accordance with the effects of each of the parameters tested on the
achieved consalidation of the CRCP s€labs. The results are categorized

according to the parameter being investigated.

Consalidation vs, Depth in Pavement

This study incorporated an analysis of the data to determine if the
bottom of the simulated CRCP slabs was receiving less consalidation 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 sglitting tensile strength tests,
it was quickly noted that the concrete in the lower portions of the slabs was
stronger than that in the top. Figure 10 (p. 38) shows a plot of the splitting
tensile strengths determined for the upper and lower portions of each care
taken from batches 2 and 3 within 8 of the tests performed (the tests using
superplasticizers were omitted from this secton due to the ermratic results
obtained). The reason for using data from batches 2 and 3 only is explained in
Appendix F. The plots for each test were normalized since the relative strength
of one test to ancother was of no concern in this analysis. The mean values for
the splitting tensile strength of all core sections kroken within each test were
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Figure 10. Normalized splitting tensile strength for each test.
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plotted on the same coordinate, X, along the vertical axis. About the mean, in
each test, were plotted the average splitting tensile strength values for the
upper and lower sections of the cores taken, along with their respective
standard-deviations,

Every test performed, where the vibrators moved parallel to the direction
of travel, resulted in the lower portions of the concrete being indisputably
stronger than the upper portions. None of these tests even had an overlapping
of the standard deviations. This data alone would prove very conclusive in
suggesting that consolidation was better in the lower portions of the CRCP.
Even the test performed where the vikrators were moved perpendicular to the
direction of travel showed that the splitting tensile strengths were better in the
bottom 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, Figure 11 (p. 40) presents the results of these tests, where once again
the mean values for the percentage of coarse aggregate fractured in all of the
cores w:i:hm each test were narmalized to lie at the same coordinate, X, on the
vertical axis. While this data is very subjective and was recorded salely at the
discretion of the laboratory assistant, it is rather condlusive in its findings. Of
the 8 tests conducted, only 4 had an overlapping of the standard deviation
values, and none of these overlaps were significant enough to dispute the fact
that the bottom of the simulated CRCP dlabs had a higher percentage of broken
aggregate in the faﬂeci core sections.

The existence of lroken aggregate in the failed samples could suggest one
of two things. An excess of fractured particles might suggest that the
aggregate was too weak. However, if it is known that a good, strong aggregate
was being utilized, then an excess of kroken aggregate suggests that
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Figure 11. Normalized coarse aggregate fracture for each test,
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consalidation allowed the mortar to completely engulf the aggregate and caused
it, being weaker than the mortar, to break first. The coarse aggregate used 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 suggested
by the high specific gravity of the coarse aggregate (approx. 2.8). It could,
therefore, be implied once again that the consalidation in the lower portions of
the slab was more extensive than that in the upper portions.

Perhaps the most conclusive evidence of where consolidation was the best
could be determined from an examination of the void content of the various
tests, Figure 12 (p. 42) shows a plot of the void content determined for the
upper and lower portions of each core taken from batches 2 and 3 within the 8
tests performed. Again, the plots for each test were normalized. As seen in the
results of 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 indisputahly mare consalidated than the upper
portions. The bottom of these dlabs can be stated as being statistically more
consalidated than the top since there is no overlap 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 this test the overlap was S0 dlight that the

conclusion still holds,

Consalidation vs., Vibrator Spacing

This study incorporated three tests designed to compare the effects of
consalidation efforts imparted at different vibrator spacings. Each test
consisted of vikrators spaced at either 24, 18, or 12 in. It was the objective of
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Figure 12. Normalized void content for each test.
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this segment of the study to determine if a significant reduction of void content
could be realized by reducing the maximum spacing requirement specified by the
SDHPT,

The three tests were conducted with identical concrete mixes; the only
variable employed in the tests was that of vilkrator spacing., It would, therefore,
be assumed that the relationship of void content to splitting tensile strength
would be the same in all three cases. Analysis of these tests required only
examining data taken from the centerline of the spacing between the two
vibrators used. Probahly the best method of comparing the tests with regard to
their effects on consclidation 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 consolidation achieved. Figure 13 (p. 44) presents the relation of
splitting tensile strength vs, void content. Appendix F explains how this figure
was developed, and Appendix G contains the data and statistics used in its
creation,

Included in Figure 13 (p. 44) are linear regression lines prepared for each
test to show the relation of splitting tensile strength vs. void content. Also
included are the data and statistics from each test, depicted by the boxes on
the Figure. 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 consdlidation found in the top and bottom sections of the
simulated CRCP dlabs, each test consists of two boxes; one to describe the
concrete in the top and one to describe the concrete in the bottom sections of
the cores. It was necessary to include the data infarmation (the boxes) on the
Figure since a change in test parameters could result in different degrees of
consolidation for the same vilratory effort., This effect cannot be seen by
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Figure 13. Effect of vibrator spacing on splitting tensile strength vs. void
content.
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merely examining the linear relationship of strength vs. woid content, It has to
be determined where along the linear relationship a given consolidation effort
will produce results.

As expected, the linear regression lines seen in Figure 13 (p. 44) were -
almost 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 vikrator spacing. With the
statistical overlap 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 incdluded to determine the relation of varying the distance from the
vibrator to the centetrline of the space between the two vikrators.

Figure 14 (p. 46) depicts the relation of vaid contents cbserved as the
distance from the vilrator was increased, and it consists of a plot of the mean
void contents plus and minus one standard deviation. From this Figure it could
be noted that the void content decreased as the distance from the vikrator 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 within this range. However, due to the increases in consalidation
realized by a decrease 'in the distance from the vikrator in the top of the slabs,
it could be concluded that the closer the vikrators are, the better the achieved
consalidation 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 order of only about 0.5% wvoid content in the warst case.

Therefore, care should be taken when making the judgement of whether one
spacing is significantly better than another,
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Figure 14. Effect of distance from the vibrator on void content.
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What could be determined from these data was that smaller spacings
provided increased consdlidation over larger spacings within the teﬁted range.
This finding coincided with what was assumed at the onset of the investigation.
What remained to be determined was if a decrease in vitrator spacing from 24
in, would result in enough increase in consalidation to constitute lowering the
maximum allowable spacing reguirement,

The findings of this study did not present a reduction in vaid content
large enough to constitute a reduction in the maximum allowahle vibrator
spacing. It should be noted that a decrease in spacing from 24 in, to 12 in,
wauld necessitate the implementation of almost twice as many vikrators on the
paving machine. Along with this increase in the number of vikratars would be an
increase in cost atiributable to the cost of the new vikrators, the additional
maintenance costs, the additional equipment testing and monitoring costs, the
additional operational costs, and the increased replacement expenses. Intuitively
one would conclude that a 24 in. spacing is adequate far the consalidation of
the CRCP. An analysis of the long term maintenance and replacement costs of
the CRCP waould be necessary to determine if a small reduction in void content

is really warth the increase in construction costs necessary to provide it.

Consalidation vs. Method of Mounting Paving Vibrators

This study incorporated one test designed to simulate the effects of
mounting a paving vibrator perpendicular to the direction of travel. Due to
limitations on the size of the testing program, not all information necessary to
make a comprehensive analysis could be obtained. The overlap of two vikratars
mounted perpendicular to the direction of travel could not be simulated in the
size of forms that were available. Thereforfa, a single vikrator was placed in the
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fresh concrete and moved perpendicular to the direction of travel at an
approximate rate of 12 to 14 fpm.

The results of this test could be compared to the results obtained from
the three tests perfarmed to analyze the effects of variations in the vibrator's
spacing requirements. The concrete used in these four tests was of the same
mix design making it to determine which method of mounting the paving
vibrators was supericr under the testing conditions,

First, a comparison of the quality of concrete cbtained in the four tests
was necessary. Far this comparison, the results of the test perfarmed with the
vibrators placed perpendicular to the direction of travel were superimposed on
the Figure displaying the results determined by varying the vilkrator spacings
(see Figure 15, p. 49). As determined in the section dealing with the effects of
vibrator spacings, it would be assumed that the data gathered from the test
where the vikrators traveled perpendicular would lie along the same linear
regression lines as the data gathered from the other three tests, Figure 15 (p.
49) revealed that this was not the case.

Since it has been proven that there is a direct relationship between vaid
content and splitting tensile strength for a given mix design, and since all of

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

could be concluded that there was a definite problem with the results disglayed.

In this case there was no coardination in the relationship between void content
and splitting tensile strength far the two mounting methods. Due to the
increased amount of data and more precise results obtained in the three tests
where the vikrators were moved parallel to the direction of travel, this problem
must be traced to the test where the vilrator 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 vs. void content.
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The actual mix design values (see Appendix C) revealed that, other than the
test with the vilrator mounted perpendicular having a dlightly 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
beams cast during the batching 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 f the
test specimens during casting procedures.

Probahly, the most identifiable problem that could have been linked to
the poor results of this test was observed while the concrete was being
vibrated. It was noticed during the consolidation procedure that the concrete
was not behaving as fluidly during vikration as it had during the tests where the
vibrators were mounted parallel to the direction of travel. &t 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 subject to maximum
vibrations from the eccentric at only one instant as the vilkrator passes
overhead, the concrete received very little vikbration 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 pass overhead. However,
Figure 3a (p. 13) showed that the concrete vibrated by a perpendicular vikrator
was subject to maximum vibrations from the eccentric for only a short instant

as it passed overhead. Therefore, the forces emitted from the vilrator when
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mounted perpendicular had to be great enough to overcome the internal friction
of the mix and cause the initHial slumping of the concrete so that the mcrtar
could begin transmitting the vilrations and allow the air to rise to the surface.

The greatest task of a vibrator dwring the consclidation procedure
occurred 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 vibrataor's radius of action are so low compared to the forces near the head,
it was very hard for the initial slumping of the mix to occur as the vibrator
moved perpendicular to the direction of travel until the vibrator was almost
directly above an area. This effect will be seen mare clearly in the section
dealing with acceleration. Also, since the concrete never really became liquid,
the damping effect the mix put on the vilrator was tremendous and never
allowed it to vibrate to its full potential.

With an understanding of how a problem with consalidation could have
occurred 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 within 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 perfarming 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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properly determined for the care sections due to their void distributions. The
problems with this test are discussed in Appendix F, but are not thought to
apply to this situation since a visual examination of the concrete slabs revealed
that there was no significant concentration of voids along the inner walls of the
holes where the cores were extracted.

Since the nature of the problem associated with the performed where
the vibratars moved perpendicular to the direction of travel could not be
reliahly determined, it was hard to draw any significant conclusions., R could be
seen in Figure 15 (p. 49) that thlE“: concrete, while appearing to have a low vaid
content, was of very poor quality in terms of strength. If, in fact, the test
results were accurate, then the low splitting tensile strengths suggested that
the voids were of such a size and distribution that they produced a very weak
concrete, This would also suggest that problems might be encountered due to
frost susceptibility and low durability. It would, therefaore, be concluded (with
some reservations) that mounting the vikratars perpendicular to the direction of
travel is not beneficial to the effects of consalidation on concrete pavements if
the same paving speed as used for parallel mounted vikrators is employed.

The problem of abtaining liquefaction of the concrete when mounting the
vikrators perpendicular to the direction of travel was not verified in the field
project on State' Highway 288 in Houston. Although this type of mounting
creates blind spots in the top of the concrete with very little vikrational effort
transferred to the fresh concrete, the' fdlow-up by a vikbrating pan type
vibrator immediately fallowing the spud vikrators apparently provide adequate
vikration in the concrete which slump value vared between 7/8 and 3 inch.
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Conso]jdationva.Supezp}asticizem(wgthandeSetRetarders)

This study incorporated three tests to determine the effects of adding
superplasticizers to a concrete batch in an effort to increase their subsequent
strengths while maintaining the void content. In each case the cement contents
were held consistent to pre;?ious tests (5.5 sk/cy) and the water was reduced in
order to meet the dlump requirements of dlip-farm paving. Two of the three
tests were perfarmed @ng a superplasticizing agent only, while the
third test incorporated the use of a superplasticizer that also contained a set
retarding agent. The two tests conducted with only a superplasticizing agent
were vibrated differently; one test had two vilrators spaced at 18 in. and the
other had one vilwator turned perpendicular to the direction of travel. The test
that used the set retarder with the superplasticizer had a vilrator mounted
perpendicular to the direction of travel.

The basis for comparison was again to determine the relationship of void
content vs, splitting tensile strength. Since the concrete was vikrated
differently in these three tests (one with the vilrators spaced at 18 in. and the
others with a vibrator perpendicular to the direction of travel) two analyses had
to be made.

Figure 16 (p. 54) depi.cts the relationship of sphttmg tensile strength vs.
void content for the test with superplasticizer and an 18 in, spacing. The
results of this test have been compared to test no. 1 where no plasticizing
admixture was used and the vibrators were also spaced at 18 in. As noted in
Figure 16 (p. 54), the linear regression lines had a very similar slope, however,
the concrete that contained the superplasticizer appears to have a dlight shift
of the line toward the crigin. This finding is completely contrary to what should
be expected. The test using the superplasticizer allowed fgx: a significant
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Figure 16, Effect of superplasticizers on splitting tensile 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 would expect the linear
regression line to shift outward from the origin rather than inward.

A visual examination of the concrete dlabs containing the superplasticizer
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 D), it had not received adequate consalidation, and large
honeycombs were visible throughout the slabs. The problem was traced to the
incredible slump loss experienced during the batching procedure. By the time
the fourth batch was mixed and placed in the forms, the first batch was nearly
too stiff to vibrate. It took comparably mare force to pull the vikrators through
this concrete than any of the concrete that had not been subject to
superplasticizer.

Figure 17 (p. 56) reveals the relationship of splitting tensile strength vs.
void content for the tests using superplasticizer with and without a set retarder
and a vikrator 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 vibrator also traveled perpendicular to the direction of travel.

Once again it was found that this method of mounting the vilrators vields

‘very erratic results, The linear regression lines showed very little information

since the data was all grouped so closely, and the correlation coefficients were
low., A visual examination of the concrete in the two tests where
superplasticizer was used (both with and without a set retarder) revealed that
the vaid content data was once again suspect. It appeared that, due to the
large honeycombing visible throughout the slabs, the void contents should have

been much higher than found by the ASTM test,
The set retarder did appear to aid in the vibration of the concrete,
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Figure 17. Effect of superplasticizers with and  without set retarders: on
splitting tensile strength vs. void content.
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however, the farms could not be removed for nearly a week. The concrete
would not set and could easily be chipped and defarmed. It was apparant that
the proportion of set retarder to superplasticizer used was much too high.

The inherent problem of using superplasticizers, the rapid rate of slump
loss, was the key to the failures of this portion of the testing procedure. The
concrete simply would not remain warkable long enough for it to be placed and
vibrated. The addition of the set retarders appeared to help, but since the
proportioning was so poor, the degree of this aid cannot be determined.

In summary, mcre needs to be learned about contralling the effects of
superplasticizers before they can be incorporated into dip-form paving
construction. Superplasticizers, even with set retarders do not aid in
consolidation. They may be used to create stronger concrete at a given vaid
content, but from these tests do not show any potential for allowing the

concrete to be better consolidated at a fixed level.

Consalidation vs, Coarse Aggregate Factar

Curently, the SDHPT 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 consolidation. Coarse aggregate factors of 0.76, 0.80, and 0.85
were used to measure this variahility.

Figure 18 (p. 58) presents the relationship of splitting tensile strength vs.
vaoid content for the three tests perfarmed with the different coarse aggregate
factors mentioned. A close examination of the linear regression lines revealed
that they had the same basic dlope, meaning that tests with each coarse

aggregate factor experienced approximately the same change in splitting tensile
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Figure 18. Effect of coarse aggregate factor on splitting tensile strength vs.

void content.
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strength for a given change in vaid content,

Also of importance from Figure 18 (p. 58) was the position of the linear
regression lines with respect to one ancther. The lines moved ocutward from the
origin as the coarse aggregate factor was decreased. This meant that for a
given level of consalidation (void content) the 0.76 coarse aggregate factor
yielded the highest splitting tensile strength, then the 0.80, and finally 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 regression lines fall very close 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 yvielded no
infarmation about the degree of consolidation attainahle far a given coarse
aggregate factor. Far 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 Figure 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 vikxration.
The 0.76 and 0.85 coarse aggregate factors yielded almost identical void
content results (with the 0.76 coarse aggregate factar having a higher strength
than the 0.85 coarse aggregate factor)., This is interesting and perhaps could be
traced back to the theary discussed in relation to Figure 4 (p. 15). According to
this principle, the 0.85 ¢oarse aggregate factor might correspond to Figure 4a
(p. 15), the 0.80 coarse aggregate factor might correspond to Figure 4b (p. 15),
and the 0.76 coarse aggregate factar might correspond to Figure 4c (p. 15). This
would lead one to believe that the 0.80 coarse aggregate factor is the optimum
ratio of the bulk valume of coarse aggregate to the total valume of concrete
for the gradation shown in Appendix A. If the gradation of the coarse and fine
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aggregate is changed a different optimum coarse aggregate factor might result,
Any coarse aggregate factor less than 0.80 would lead to an abundance of fines
and the problems associated with this, and any coarse aggregate factor greater
than 0.80 would lead to a concrete mixture lacking enough fines to fill the
voids between all of the coarse aggregate.

The use 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 factar should produce the best
concrete, This method of choosing the optimum coarse aggregate factor appears
to be the most practical procedure for predicting the best proportions of the

aggregates to use.
Consolidation vs, Coarse Aggregate Size

The testing program for this study included a compatrison of concrete
tests that incarporated maximum sizes of the coarse aggregate of 1-1/2, 1, and
3/4 in. The objective of this comparison was to determine the relation of void
content to splitting tensile strength for the various maximum aggregate sizes,
and to determine which aggregate size resulted in the highest degree of
consalidation for a given consalidation 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, First, there was
a definite dope change from one aggregate size to the next. As the maximum
aggregate size was increased, the resulting splitting tensile strength was
increasingly influenced by changes in the void content. A change in the void
content would influence the strength of the concrete containing the larger
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| J Figure 19. Effect of coarse aggregate size on splitting tensile strength vs. void

content.
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aggregate much more than it would concrete made with smaller aggregate.

The second important relation that could be taken from the linear
regression lines included in Figwre 19 (p. 61) was the relative position of the
regression lines to one another. It was clear that below a void content of about
9% the 1-1/2 in. aggregate resulted in the highest splitting tensile strength for
a given vaid content. This could be attributed to the phenomenon mentioned
earlier, in that the larger aggregate mix required less water than the mixes
made with the smaller aggregate. Furthermare, the amount of data scatter made
it impossible to determine what differences in strength occurred between coarse
aggregate sizes of 1 and 3/4 in,

To determine the effects of a given consalidation effort it was necessary
to examine the position of the data concentrations (the boxes) along the linear
regression lines. From this information, it could be seen that the consalidation
effort imparted on the various test conditions resulted in relatively the same
degree of consolidation regardless of the maximum aggregate size. Most all of
the data fell in the same place along the vaid content axis, Consolidation was
not influenced by aggregate size within the range of 3/4 in. to 1-1/2 in. The
important thing to note was that almost all of the data fell below a 10% wvoid
content, By combining this information with that already discussed, it could be
concdluded that the 1-1/2-in. maximum size aggregate was the most dQesiralile.
This choice of aggregate should result in the maximum consdlidation and the
highest strength attainable.

One argument could possibly be presented in an attempt to refute this
concdlusion, Since the slopes of the linear regression lines revealed that the
concrete containing the 1-1/2 in, aggregate was mare sensitive to strength
change due to a change in void content and had mare data scatter, it would be

mare reasonahle to limit the maximum allowahle coarse aggregate size to 1 in.
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While this argument has its merit, it does not appear to be significant enough,
within the range of the findings, to offset the initial condlusion to choose the
larger aggregate. An increase in vaids in the bottom of the dlab of about 1%
void content would be necessary in the concrete containing the 1-1/2 in.
aggregate in order to achieve strengths similar to the concrete containing the
smaller aggregate,

Additional consideration of the economic effects invalved in chocsing an
appropriate maximum aggregate size, also led to the conclusion that the 1-1/2
in., aggregate was the most desirahle. Since the aggregate used in these tests
was crushed aggregate, a reduction of the maximum size would have resulted in
an increase in production costs due to the increased amount of crushing

necessary.

Consalidation vs. Acceleration

This study incorporated in its testing program a method of determining
the levels of acceleration applied to the concrete by the vibrators as they
moved 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
consolidation process, andifthege readings cotﬂdbeusedtod&scdbethe

effects of a given consalidation effart on a concrete mix. The results of the

acceleration readings for tests 2, 3, 4, 6 and 7 can be found in Figures 20
through 29 (pp. 64-73).
A few problems were encountered in the recording of the acceleration

data. During a number of the tests, problems were experienced in the elaborate
netwark of instruments necessary to record the data. Due to a lack of sufficient
personnel available to insure that the instruments were in proper working order,

63



%9

Figure 20,

20

18

16

14

12

10

Output (g's)

Accelerometer readings for test 2 (above and below no reinforcement).

4
+
4
t | i : . + - - -
0 10 20 30 40 50 60 70 80 90 " 100

Time (seconds)




<9

- o 7

Figure 21, Accelerometer readings for test 2 (above and below the crossing of two reinforcing bars),
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Figure 24,
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Figure 25.
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Figure 26,
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Figure 27,

Output (g's)

10

Accelerometer readings for test

6 (above and below the crossing of two reinforcing bars).

/-Bottom
| - Top
+ t t } t — t 1 t -
10 20 30 40 50 60 70 80 90 100

Time (seconds)




Figure 28, 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 ahility 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 most of the curves; especially the
graphs of the tests where consalidation was noticed to occur with the greatest
ease dwring the casting operation (See Figures 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 vilrator approached a
position almost directly above, ar below, the accelerometers. At this time the
acceleration of the concrete particles increased almost immediately to the peak.
Afterwards, it appeared that the curves toock on some type of wave farm,
probahly associated with the vikbrational waves transmitted through the mortar
in the mix.

This finding can be related to what is known to occur during the
consolidation process. As the vibrator approaches, the concrete remains stiff
until the forces become great enough to overcome the internal friction of the
mix. At this time, the martar begins to transmit the vilbrations and allows the
sdlids 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
mix 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 impartance in determining how much air
was allowed to escape. The results of the test performed where the vibrators
were spaced at 24 in. (see Figure 21, p. 65) probably depicted the effect best.
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It could be seen in this Figure that the bottom of the dlab was receiving the
highest degree of acceleration. This was not surprising since the particles being
accelerated had to overcome the acceleration of gravity in arder to register a
reading on the accelerometer mounted on the top of the slab., The next item of
interest on Figure 21 (p. 65) was the shape of the curves. Both of them peaked
very rapidly, and they appeared to pick up a wave farm. Since each point on
this graph was an average of six recorded data points, the exact shape of the
wave form could not be shown.

Exactly what infarmation could be derived from this graph had to be
determined. Since the accelerometer was actnally 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 velocity of

the particles in motion: 4
2

L(t)dt = v(t)
t

[}
The linear momentum (p) of a particle is defined as the product of its

mass (m) and its velocity (v(t)); therefore:
p=m * y(t)

The total energy of a particle in motion (E) is equal to the sum of its

kinetic energy and its potential energy; therefaore:
E=(/2*m*vit)?) +(m *g*y)

By assuming mass, gravity (g), and vertical distance (y) to remain constant
from one mix to ancther, it could be said that the energy imparted on the
concrete by a vikrator 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 vikration.

Tahle 4 shows the results of the relative energy produced on the concrete
mixes under vikration and the degree of consalidation achieved for test numbers
1 through 7 and number 9 in the laboratory and for tests 1 and 2 in the field
(State Highway 288 in Houston). In Figure 30 the Degree of Consalidation
(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 relative energy. A vardation of the degree of consclidation between 99.4
percent and 95.3 percent is observed with a decrease in energy producing a
decrease in degree of consolidation as expected. From the results of the study
performed by the Calaorado Division of Highways, Planning and Research Division
(11) it was shown that cares from pavements with poor abrasion records had
densities less than 97 percent of rodded unit weight (AASHTO T121). Based on
this finding the State of Cdalorado uses direct nucdlear transmision density
measurements to enfarce a requirement that the concrete be vikrated to no less
than 96 percent of the maximum theoretical field density. From Figure 30 and
Tahle 4 it can be seen that only two care samples did not meet this requirement
(tests 1 and 5). In addition the results shown in Figure 30 indicate that a
minimum relative energy of approximately 300 ft-1b is required to yield a degree
of consalidation of no less than 97 percent. Based on this conclusion five out of
eight sensors in the field tests registered a relative energy input of less than
300 ft-1b (Tahle 4). The concrete is therefare suspected of lack of consalidation
in those five cases (Tests Fl1, F12, F13, F14 and F22). From the results of the
split tensile strength tests of the cores from these locations, field test number
1 has a mean strength of 453 psi and field test number 2 a mean strength of
365 psi. Since the standard deviations far the tests were only 6 and 35 psi
respectively, this difference in mean strengths are significant enough to
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TabTe 4. Relative Ener‘gy1 (ft - 1b) Produced on Concrete Mixes Under
Vibration and Degree of Conso]idationz.

o 1 0 =

Relative Energy (ft-1b) | Degree of Consolidation
Test # Position No Steel Steel No Steel Steel
. ! Top 4.1 96.8 96.6
[J Bottom 85.4 259.5 96.4 95.3
- ) Top 145.6 143.0 97.0 96.4
ﬁJ Bottom 332.2 631.9 97.1 99.3
B
3 Top 653.2 350.7 97.2 98.3
{M; Bottom 916.8 637.3 99.4 98.4
= . Top 375.4 483.7 97.3 97.7
- Bottom 456.8 368.7 98.7 98.7
.
B
= 5 Top 59.9 95.4 96.9
= Bottom 216.0 164.1 96.0 96.8
{7 : _
L] 6 Top 111.0 96.3 96.7
Bottom 227.5 189.5 97.4 98.2
a’
|| 7 Top 97.8 95.8 9.3
. Bottom 261.9 269.5 98.0 97.0
9 Top 190.8 97.4 96.0
L Bottom 353.0 264.3 97.8 97.6
[ F1I1 | Bottom 262.2 95.6
’ F12 Bottom 251.1 96.5
P F13 Bottom , 177.0 |- 95.5
-~ F14 Bottom 41.8 9.4
F21 Bottom 789.5 98.1
F22 Bottom 212.1 97.2
F23 Bottom 430.6 96.9
F24 Bottom 441.8 96.3

(1) Relative Energy = 1/2 (1 1b)v(t)2
(2) Based on AASHTO T121 (y4/v.)

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
achieved consalidation levels, however, were greater in section number 2 (in
average 97.1 percent versus 95.8, from Table 4). The requirement of 300 ft-1b
as minimum relative energy amount seems therefare reasonable. Furthermore,
based on the comparison with the data obtained in Cadlorado (1l) field test
section number 2 is expected to outperfarm field test section number 1 provided
that the average splitting tensile strength of 365 psi 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 far the test where
the vikrator was mounted perpendicular to the direction of travel (See Figures
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 tailing 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 vilkrator passed over and the
meortar never picked up the vikrations necessary to allow the air to escape. It
appeared from this graph that the internal friction of the mix was either never -
overcome or was returned very quickly after the vikrators passed. This finding
supports the findings included in the section of this' Chapter that dealt with
consalidation vs. the method of vikrator mounting.

Another interesting observation depicted by Figwres 20 through 29 (pp.
64-73) was that the concrete particles in the top of the dab were being
accelerated upward. This is not beneficial to the consalidation procéss, since
the objective of consolidation is to accelerate the solid material downward. This
effect was discussed in the section of this Chapter that dealt with consalidation
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versus depth in the pavement, but it should once again be emphasized. Perhaps,
consideration should be given to maintaining an overburden of concrete around
the vilrators and raising them ébove the intended depth of the dlab. In this
manner, all of the forces will be transmitted downward on the concrete being
consalidated, and no particles will be accelerated upward. Care would have to
be taken, however, to ensure that the bottom of the dab was stll vikrated

adequately.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The fallowing presents a summary of the conclusions made from an
analysis of the literature review and the labaratory 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. AIl 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 used in a concrete mix in arder to achieve
maximum consolidation,

2. Of the three coarse aggregate factors tested, none appeared to be

more influenced toward strength change due to a change in the vaid content,

Each of them had approximately the same relationship between splitting tensile

strength and void content.

3. Although not statistically verifiable, of the three coarse aggregate
factors tested, the lower the coarse aggregate factor the higher the anticipated
splitting tensile strength for a given void content.,

4. A given consdlidation effort resulted in different levels of
consalidation for various coarse aggregate factors.,

5. A 0.80 coarse aggregate factor appeared to be the optimum value
(within the range tested) for the materials used and the consdlidation effort
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imparted in this testing program. For concrete made with differing materials,
the Fineness Modulus Method of mix design should be employed to determine the

coarse aggregate factor to be used.

Coarse Aggregate Size: The fallowing conclusions were based on the

results of the literature review and three tests designed to compare the effects
of a consalidation 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 is 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
choosing the maximum size of coarse aggregate due to its influence on the
resulting void content of a mix,

2. Research indicated that increases in the maximum 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 aprplied.

3. Research determined that a maximum aggregate size of 1-1/2 in. was
more desirahble than 2-1/2 in. in terms of achieved consolidation.

4. This study showed that a change in void content affected the strength
of the larger aégregate much more than that of the smaller aggregate.

5. Within the range of achieved vaoid content, the 1-1/2 in, aggregate had
the highest strength far a given void content.

6. Far the degree of consalidation 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 with void

contents almost equal to the smaller aggregates, is mare desirable in terms of
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consalidation than larger aggregates, results in higher strengths (for a given

void content) than the smaller aggregates tested in this study, and is mare

' economical to produce, it can be concluded that the 1-1/2 in. aggregate is an

optimum size for best consalidation results.

Spacing of the Vibrators: The fallowing conclusions were based on the

literature review and three tests designed to compare the effects of a
consolidation effort on concrete vikrated by paving vibrators spaced at 12, 18,
and 24 in. Al 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 vibrator spacing benefits the CRCP is the wvoid content found
exactly between the paths of two vikrators.

2. There was little statistical difference between the vaoid content of the
concrete consolidated with any of the three vibrator spacings studied, but it
could be said that the smaller the spacing the higher the degree of
consolidation.

3. Unless there is a long term cost saving associated with reducing the
maximum allowable spacing requirement from 24 in., due to a slight reduction in
void content, to balance the increased construction costs, 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 four tests designed to compare the effect of
a consolidation effort on concrete vitrated with a paving vikrator that traveled

perpendicular to the direction of travel versus that vikrated at three different -
spacings (12, 18, and 24 in.) where the vilrators traveled parallel to the

direction of travel. All of the mix design requirements and other test conditions
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were held constant between the four tests.

1. The SDHPT's specifications contain no provisions devoted to the use of
a vikrator mounting procedure cother than parallel to the direction of travel of
the paving machine. '

2. Paving vikratars mounted perpendicular to the direction of travel
should be mounted so that they are at least end to end, and they should ideally
be overapped almost half the length of the vikrator's head.

3. Requirements on paving train speed must vary between different
mounting methods.

4. Proper use of vikrators mounted perpendicular to the direction of
travel should eliminate the varying degrees of consclidation across the width of
the CRCP found when the vibkrators travel parallel to the direction of travel.

5. Preblems with this study in reaching the expected relationship between
vaid content and splitting tensile strengths on the test where the vikrator
traveled perpendicular to the direction of travel could have been associated
with:

a. The inahility of the vikrator to liquefy the concrete and
consolidate it at the paving speed used.

b. The size and distribution of the voids and their subsequent effect
on strength.

c. Problems in the performance of ASTM C642 on determining the
-vaid content of the mix, although this was not thought to be the case.

6. The graph of acceleration output 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 consalidated.

7. The concrete consalidated in the laboratory with one vikrator that
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moved perpendicular to the direction of travel was of generally poarer quality
than that consalidated with the conventional mounting method.

In the field, however, adequate consdlidation was observed with the
perpendicular mounting. This is attributed to the extra vikrating effart provided
by the pan vilrator immediately fallowing the gang mounted spud vilkrators.

Superplasticizers with and without Set Retarders: The fallowing
concll.si.ons\ were made based on the literature review and an analysis of the
results of the two tests perfarmed during the laboratory investigation.

1. In CRCP construction there is only one possible benefit to be gained
by the use of superplasticizing admixtures. They can be used to add to the
strength of the concrete at a given vaid content level.

2. Superplasticizers tend to cause a tremendous increase in the rate of
slump loss far low | dlump the concrete at elevated temperatures, therefore
making it very difficult to vikrate and subsequently consalidate.

3. Set retarders tend to diminish the rapid dlump loss caused by the
superplasticizers, however, they also have a remarkable effect on prolonging the
setting time of the concrete.

4. The use of the superplasticizers, both with and without, set retarders
had detrimental effects on the consdlidation of the simulated CRCP dlabs,

Variations in Consalidation with Pavement Depth: The fallowing

conclusions were made based on the literature review and an analysis of the
results of all 8 tests performed during the labaratory investigation.

1. There has long been concern that the bottom of CRCP dlabs is not
receiving adequate consalidation when compared to the top of the slabs.

2. The concrete found in the bottom of the simulated CRCP dlabs was of
significantly higher quality than that found in the top of the dlabs. The
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evidence found dwring the laboratory investigation (based on strength, coarse
aggregate fracture, and void content) was almost totally conclusive of this
finding.

3. The reasons for finding the top to be less cor

idated than the bottom
may include:

a. The weight of the overburden of concrete may aid in the
consalidation of the bottom partion of the CRCP slab,

b, Air moving upward from the bottom of the CRCP slab while the
concrete is in the liquid state during vibration may become trapped in the upper
of the slab when vilkration is stopped and the internal friction of the
mix restored.

c. The upward forces produced in the concrete above the vikrators
may counteract the gravitational farces necessary to adeguately consalidate the

d. Dragging the vilrators through the upper portion of the CRCP
glab may inherently lead to a higher void content in their paths, particularly if
the paving speed is excessive.

4. Consideration should be given to trying to raise the vikrators to a
position above the desired level of the concrete in order to maintain all
vikratory forces downward on the concrete/ being consalidated (this conclusion. is
based on infarmation derived from the results of the study on the acceleration
readings).

5. The problems associated with the consalidation of CRCP are probahly
not due to a lack of consdlidation in the bottom of the slabs; at least not when
the concrete is vikrated with current dlip-form paving vikrators. Tt can,
therefore, be concluded that the concrete is only as good as the top section of
the CRCP dlab.
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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 not available for all tests; however, general conclusions could still
be drawn.

1. Many researchers agree that acceleration is the most significant
parameter affecting consalidation during vilbration.

2. Acceleration is a function of frequency and amplitude.

3. The accleration of a vikrator can be set to almost any level by varying
either the frequency or the amplitude. Since acceleration is most sensitive to
changes in frequency, and since most vikrators today allow for changes to be
made in their frequency, this is the easiest method of altering the acceleration
produced by a vikrator.

4. A plot of acceleration cutput vs. time revealed that the concrete
remained stationary until the vikrator approached. T then had a peak
acceleration reading (probably 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 along the time axis,
the more likely it would be that the entrapped air was given enough time to
rise to the surface and escape.

6. A review of particle dynamics revealed that, while the linear
momentum and the energy imparted on the mix could not be determined per se,
a reference-for predicting if one test received more momentum or energy of
particles could be determined by integrating the acceleration curve with respect
to time,
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7. A relative energy of no less than approximately 300 ft-1b is necessary
to achieve a degree of consclidation (based on A ASHTO T121) of greater than
or equal to 97 percent,
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Recommendations

Based on the results of the literature review, the laboratory investigation
and analysis, and a limited field study, the fdlowing recommendations for
improving the consclidation of CRCP can be made: |

1. Specify a maximum allowahle coarse aggregate factar of 0.80 and
recommend that this coéxse aggregate factor be used (if the gradation of
aggregates used is similar to those used in this test). If materials with different
gradations are used, then the Fineness Modulus Method of mix design should be
used to determine a coarse aggregate factor.

2. Specify a maximum allowahle coarse aggregate size of 1-1/2 in. and
recommend that this coarse aggregate size be used.

3. Specify a maximum allowahle 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 consalidation when the

- dump of the fresh concrete is less the 1-1/2 inch and the spud vilxators are

mounted perpendicular to the direction of travel of the paving machine.

5. Do not allow superplasticizing admixtures to be used 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
CRCP 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 vikration is
administered.

7. Evaluate the Vibrator Monitoring System (VMS) on one or more field
projects.

8. Specify a relative vilrator energy input of no less than 300 ft-1b into
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the fresh concrete or a dry unit weight of no less than 97 percent of the
maximum field unit weight (AASHTO T121).
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Recommended Areas for Future Research

The fallowing list of possible 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 consalidation in
general and as it applies to CRCP construction.

1. A simple test procedure needs to be designed to determine the vaid
content of concrete with visible honeycomhing. 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 possible 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 vikration. Most 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 some 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 if CRCP in general has been found to lack consalidation in
the bottom of the dlab. The concern that the concrete in the bottom of the
CRCP dlab is less consalidated than the top needs to be either confirmed or
refuted. This concern could be based on concrete examined at failure areas,
especially near construction joints where it has been proven that the concrete

will lack consalidation in the bottom. This study presents reasons why concrete
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near a construction joint does not receive adequate consalidation, especially in
the bottom of the slab. There is enough research on record, that includes core
analysis results, to draw a well substantiated conclusion to this problem.

4. Further research needs to be conducted to determine exactly what is
occurring when vibrators are moved through a pavement perpendicular to the
direction of travel. The single test in this study was simply not enough to
produce any conclusive results. A comprehensive study of this topic needs to be
pexrformed in arder to consider all of the aspects surrounding its implication. A
recommended paving speed needs to be determined for its wse. T would be
assumed, from the findings of this study, that the paving speed would be greatly
reduced from that of the conventional method. Also, the spacing requirements
of vilbrators mounted in this fashion need to be determined,

5. Research should be conducted to determine if raising the vikrators
above mid-depth will result in better consalidation in the top of the dslab, and if
this will affect the consolidation achieved in the bottom of the slab. Perhaps
moving the vibrators above the intended depth of the dslab will allow the top
partion of the dlab to receive better consalidation with very little loss in
consalidation in the bottom.

6. Research needs to be conducted in developing superplasticing
admixtures that can be used effectively when low slump concrete is being
placed. The benefits that they can provide in the areas of strength are such
that this problem is of immediate concern. The prohlem of the rapid slump loss

needs to be eliminated, and the use of set retarders may not be the answer,
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APPENDIX A

AGGREGATE TEST RESULTS

Coarse agyregate information.
Item Value
Rw@d my Um.at Wa‘ght e o [ ] ® o e o ® o e o o e o o L] ® © o o o o o o o o L] 102.6 M
Rwded SSD Ur]it Wa’gl‘lt ® & & © & & & O o & 6 0 6 6 S O 8 O 0 0 0 0 o ® o o o 83.3 M
smvw SSD Urﬁat Wa’gklt ....... L] ® & o o o o ® o ® © & o o 0o o o o L] LN 78.2 ﬁ
Blﬂk Sm'j-c Gra.m.ty ......... ® & o o o o L] ® o L J L ) L] L] LI * o LN ] 2.74
Bulk Specific Gravity (SSD) v « ¢ ¢ ¢« ¢ e e s e e s s ceseeseaanse oo 2.79
Apparent Specific Gravity .. .. ceceeeeeee oo cesseccaasa 2.8
Absarption Percentage .« « « o« o ¢ o« ceeceasaas ces e eeee 130 8%
Seive analysis:
Cumulative %

Seive Size Retained

l in. e o o ® o & o o o o o o ® & & o & & o & & o o 14.2

34in. . .. .. .. ceeeaes e s e ea e 44.2

1/2 in ------ ® o & 0 0 0 00 0 0 o o e o o o o 74-4

4 | o e 89.9

# 4 I EEEEEEEEEE R EEE T 99.7

Pan ® & & & & o & & o 6 & 0 S o O S 0 0 o 0 S 8 9 100.0
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Fine aggregate information.

tem Value

Rodded SSD Unit Welght & 4 o o v v v e s vt v nennaconnnn e o.. 101.6 pcf
Shoveled SSD Unit WEIGNE & o v v v o oo oo s e sevoeeonnnmeneas N/A
Bulk Specific Gravity ..« « e e e oo s v e e o s e oo er e eeese. 259
Bulk Specific Gravity (SSD) v« oo oo v oo v v o s eeeeaeees 263
Apparent Specific Gravity ... e e oo e e evsccsosnsesccssas 2.71
Absorption Percentage + s e e o oo v o v e oo csevos cee e 1.70 &

Seive analysis:

Cumulative %
Seive Size Retained

¢ 8 & & & & ¥ 5 % & & ¥ A B T 0" W S 60N 0.18

4

- I P - R
30 L I T T I T T T O I O O L A 37‘6
50 e T - 1 I
#100 ... it iiie e, .. 986
#200 ...ttt ittt e 999
Pan ..t vt enenscessesss 1000
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APPENIDIX B

PRELIMINARY MIX DESIGNS
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Batch Design 1.
Fine Aggregate Maisture Content ......... +0.59 %
Coarse Aggregate Maisture Content .. ...... -0.85 %
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Val Abs Vdl Spec SSD Wt Adjst  Btch Wt Adjst Btch Wt SSD Wt Abs Val Abs Val
Mat'l (%) (cuft.) Grav 1b) ab) ab) ab) ab) ab) (cu.ft.) (%)
Cem. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.90
Water 12.39 0.19 1.00 11.60 +0.72 12.32 -0.02 12.30 11.58 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.% 0.73 49.55
Air 5.00 0.08 0.08 3.40
Totals 100.00 1.50 223.80 223.80 223.79 223.79 1.47 100.00
Actual Air Content ............ 3.40 % Calculated Unit Weight ... .. 151.73 pcf
SIUMD ¢ o e o e eneoccccancnccses 1-1/4 in. Measured Unit Weight ...... 154.12 pcf
Actual Coarse Aggregate Factor .. .. 0.8l
Air Entrainment .............. 18 mL

Note: This concrete was batched with a 1-1/2 in, maximum size aggregate, and it was used in Tests 1, 2, 3, and 4.
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Batch Design 2.

Fine Aggregate Maisture Content .. ....... +3.58 %
Coarse Aggregate Moisture Content ........ -0.72 &

Design Design Design Water Design Weight Actual Actual Actual Actual

Abs Val Abs Val Spec SSD Wt Adjst Btch Wt Adjust Btch Wt SSD Wt  Abs Val Abs Vd
Matl (%) (cu.ft.) Grav b) (b) ab) (Ib) b) (b) (cu.ft.)) (%)
Cem. 9.74 0.15 3.15 28.70 28.70 28.70 28.70 0.15 9.89
Water 12.29 0.18 1.00 11.50 -0.88 10.62 -0.02 10.60 11.48 0.18 12.46
F.A. 21.20 0.32 2,59 = 51.40 +1.84 53.24 -0.04 53.20 51.36 0.32 21.53
C.A. 51.78 0.78 2.74 132.79 0.9 131.84  -0.04 131.80  132.75 0.78 52.61
Air . 5.00 0,08 0.08 3.50
Totals- 100.00 1.50 224.39 224.39 224,29  224.29 1.48 100.00
Actual Afr Content .. .eeeeeeeas 3.50 % Calculated Unit Weight .. ... 151.97 pcf
SHIMP « e e e s e oo oeoeccocccnss 1-1/2 in. Measured Unit Weight . ... .. 155.72 pef
Actual Coarse Aggregate Factor ... . 0.86
Air Entrainment . ... .. 0cceeea. 18 ml
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 Design 3.
Fine Aggregate Mdisture Content ......... +5.46 %
Coarse Aggregate Moistare Content ........ -0.76 %
Design Design " Design Water Design Weight Actual Actual Actual Actual
Abs Val Abs Vd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vdl
Mat'l (%) (cuft.) Grav o) 1b) ab) ab) ab) ab) (cuft.) (%)
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 -0.03 117.80 118.70 0.69 46.70
Air 5.00 0.08 0.08 4.50
Tctals 100.00 1.50 223.14 223.14 222.80 222.80 1.49 100.00
Actual Air Content ... ¢ e e e oo e e 450 % Calculated Unit Weight . ... . 149.86 pcf
(51171111 o SN 1-1/4 in, Measured Unit Weight ...... 154,12 pcf
Actual Coarse Aggregate Factor .... 0.76
Air Entrainment ... .. 0000 18 mlL

Note: This concrete was batched with a 1-1/2 in. maximum aggregate size, and it was used in Test 5.
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Batch Design 4.

Fine Aggregate Moistwre Content ......... +1.90 &
Coarse Aggregate Maistuwre Content .. .. .... ~0.88 %

Design Design Design Water Design Weight Actual Actual Actual Actual

Als Vd AbsVd Spec  SSD Wt Adjuwst  Btch Wt Adjwsst Btch Wt SSD Wt Abs Vdl Abs Vdl
Matl (%) (cu.ft.) Grav (b) " (b) (b) (b) (b) (b) (cu.ft.) (%)
Cem. 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 11.80 -0.17 11.63 -0.23 11.40 11.57 0.19 12.45
F.A. 26.36 0.40 2.59 63.91 +1.21 65.12 -0.02 65.10 63.89 0.40 26.54
C.A. 46.30 0.69 2,74 118.73 -1.04 117.69 +0.01 117.70 118.74 0.69 46.62
Air 5.00 0.08 0.08 4,60
Totals 100.00 1.50 223.14 223.14 222.90 222.90 1.49 100.00
Actual Air Content ........ eeee 460 % Calculated Unit Weight .. ... 149.62 pcf
SIUMD ¢ v o e e o ceveccoeeancaes 1-1/4 in, Measured Unit Weight . ... .. 153.72 pcf
Actual Coarse Aggregate Factor ... . 0.77
Air Entrainment ....c.ccc0 e 18 mlL
Note: This concrete was batched with a 1 in. maximum aggregate size, and it was used in Test 7.
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Batch Design 5.
Fine Aggregate Maistwre Content ......... +2.64 %
Coarse Aggregate Maisture Content ... ... .. -0.64 %
Design Design Design Water Design  Weight Actual Actual Actual Actual
Abs Val Abs Val Spec  SSD Wt Adjuwst  Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs vd
Matl (%) (cu.ft.) Grav b) b) (b) ab) b) ab) (cu.ft.) (%)
Cem. 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 11.80 -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 2,74 118.73 -0.76 117.97  +0.03 118.00 118.76 0.69 46.29
Air 5.00 0.08 0.08 5.00
Totals 100.00 1.50 223.14 223.14 223.20 223.20 1.50 100.00
Actual Air Cotent .. .ceeeveees 5.00 % Calculated Unit Weight . .. .. 148.73 pct
SIUMD ¢ o e v o v e oveeccececascse "o 1-1/2 in., Measured Unit Weight . ... .. 152.12 pcf
Actual Coarse Aggregate Factor .. .. 0.76
Alr Entrainment .. ....ccceeeee 18 mlL,

Note: This concrete was batched with a 3/4 in. maximum aggregate size, and it was used in Test 8.



Batch Design 6.

Fine Aggregate Maistwre Content ......... +1.88 %
Coarse Aggregate Moistuare Content . .. ... . . -0.81 %
Design Design Design Water Design Weight Actual Actual  Actual Actual
, Abs Vd AbsVal Spec ~ SSD Wt Adjst  Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs vd

Matl (%) (cu.ft.) Grav @b) b) @b) ab) (b) (b) (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 9.86 -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 -l1l.01 123.97  +0.03 124.00 125.01 0.73 49.35

Air 5.00 0.08 0.08 3.80
s Tctals 100.00 1.50 226.57 226.57 226.60 226.60 1.48 100.00

Actual Air Content ... .00 eeeeee 3.80 % Calculated Unit Weight ..... 152,95 pcf

SIUMD ¢ v v v oo v eseessveesssss 1lin, Measured Unit Weight . ..... 156.92 pcf

Actual Coarse Aggregate Factor .. .. 0.81
AirEmamment % ® & ® ® & & 5 e P s larxﬂd }/

Superplasticizing Agent . .. .. ..... 100 mL

Note: This concrete was batched with a 1-1/2 in, maximum aggregate size, and it was used in Tests 9, 10, and 11, Test
11 used a superplasticizing agent with a set retarder included; the amount of the agent remained the same.
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ACTUAL MIX DESIGNS
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: S S ks S Sl N DRSO U B L
Test 1, Batch 1.
Date . v e e v e e eccvcncan 04/16/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Maisture Content .... +L20 % Cem, Factor . ... 5.50 sk/cy Cem. Factor ...... 5.56 sk/cy
C.A. Mgisture Content .... -1L03 % Air Content . ... 5.00 & Air Content ...... 4,00 %
Ajr Emaj-rn.m Agerlt e s s e @ 66 Inl. C.A- FaCtOr e e o @ 0080 C'A- FaCtOr o o o o o0 0.81
Air Temperatilre ........ 75°F W/C Rato .. ... 0.40 W/CRato....... 0.40
Max, C.A. Siz€ v v e e v « e e. 1-1/2 in, SIUMP ¢ ¢ e e 0o o 1-1/2 in. SIUMD ¢ e e e v e oeee 1in,
Unit Weight ... 149.20 pcf Calc. Unit Weight .. 150.77 pcf
Meas. Unit Weight .. 156.12 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Vdl Abs Vd Spec  SSD Wt Adjst  Btch Wt Adjst Btch Wt SSD Wt Abs Vd Abs Va
Matl (%) (cu.ft)) Grav (b) db) (b) (b) (b) (db) (cu.ft)) (%)
Cem. 9.74 0.54 3.15 105.24 105.24  -0.04 105.20  105.20 0.54 9.83
Water 12.39 0.68 1.00 42,53 +2.15 44.68 +0.02 44.70 42.55 0.68 12.53
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 =0.40 453.50 458.22 2.68 49.24
Air 5.00 0.28 0.22 4.00
Totals 100.00 5.50 820.61 820.61 820..6_0 820.60 5.44 100.00

Note: Vikrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 1, Batch 2.

DAtE < v v oo v o v s oensons 04/16/83 Design Values Actual Values
Mix Design Number .. ..... 1
F.A. Madistwre Content .... +1.20 % Cem, Factor . ... 5.50 sk/cy Cem. Factor .. .. 5.55 sk/cy
C.A. Moistwe Content .... -1.03 % Air Content .. .. 5.00 & Air Content .. ... 4.40 3
Air Entraining Agent ..... 66 _ml C.A. Factor .... 0.8 C.A. Factor .. ... 0.81
Air Temperatire ........ 75°F W/C Ratio ..... 0.40 W/C Rato....... 0.39
MaX. C.A. SiZ€ v e v o e 0 o o o 1-1/2 in. SIUMD « e e 0 0o .. 1-1/2 in. SIUMP ¢ o e e 0o ewew. 1 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.50 pcf
Meas. Unit Weight . . 154.12 pcf
Design Design - Design Water Design Weight Actual Actual Actual Actual
Abs Val Abs Val Spec SSD Wt  Adpst Btch Wt Adjust Btch Wt SSD Wt  Abs Val Abs Va
Mat'l (%) (cu.ft.) Grav ab) ab) (b) (b) (b) ab) (cu.ft)) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.83
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 21458  +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
Air 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: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
- - - I = s I G S "




801

Test 1, Batch 3.

Date v v v v e e eeeseeas.s 04/16/83 Design Values Actual Values
Mix Design Number . ...... 1 .
F.A. Moisture Content .... +1.20 % Cem, Factor .. .. 5.50 sk/cy Cem. Factor ...... 5.57 sk/cy
C.A. Maisture Content .... -1.03 % Air Content . ... 5.00 & Air Content .. .... 4.20 %
Air Entraining Agent ..... 66 mlL C.A. Factor .... 0.8 C.A,Factor ...... 081
Air Temperatre ........ 75°F W/CRatio..... 0.40 W/CRatio....... 0.39
Max. C.A. Siz€ v e v e e e e+ 1-1/2 in, SUmp oo oo v v v 1-1/2 in, SIIMP + e o 0o evsess Llin,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.87 pcf
Meas. Unit Weight .. 156.12 pcf
Design  Design Design  Water Design  Weight Actual Actual Actwal Actual
Abs Val AbsVdl Spec  SSD Wt Adjusst  Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Vdl
Mat'l (%) (cuft.) Grav ab) ab) ab) b) b) b) (cuft.) (%)
Cem. 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 +2.15 44.68 -1.48 43.20 41.05 0.66 12.12
F.A. 2414 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 -0.40 453.50 458,22 2.68 49.36

Air 5.00 0.28 0.23 4.20

Totals 100.00 5.50 820.61 820.61 819.10 819.10 5.43 100.00

Note: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 1, Batch 4.

Date v« v oo v s v o s oo n oo 04/16/83 Design Values Actual Values
Mix Design Number ... .... 1
F.A. Maisture Content .... +1.20 % Cem. Factor . . . 5.50 sk/cy Cem, Factor . ... 5.56 sk/cy
C.A. Maisture Content .... -1.03 % A Content . ... 5.00 % Ax Content . .... 4.30 %
Air Entraining Agent ..... 66 ml, C.A. Factor ... . 0.80 C.A. Factor .. ... 0.81
Air Temperature ........ 75CF W/C Ratio ... .. 0.40 W/CRatO e v v e v o« 0.39
Max, C.A. Siz€ e v o0 00 a0 1-1/2 in, SINMP ¢4 et a0 v e 1-1/2 in, SIUMD v v et v 0 e ewe 1 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.66 pct
Meas. Unit Weight . . 154.12 pcf
Design Design Design Water Design Weight Actual Actual  Actual Actual
Abs Val Abs Vd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Val
Mat'l (%) (cuft.) Grav ab) b) b) (b) b) b) (cuft.) (%)
Cem. 974 0.54 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: Vilkrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 2, Batch 1.

Date « v v e v v eeevccanes 04/23/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Moisture Content .... +154 % Cem. Factor . ... 5.50 sk/cy Cem, Factor .. .... 5.51 sk/cy
C.A. Mdistiwre Content .... -1.05 % Air Content .... 5.00 % Air Content . . .... 4.80 %
Air Entraining Agent ..... 66 _ml C.A. Factor .... 0.8 C.A,Factor v .. ... 0.80
Air Temperature ........ 75°F W/C Ratio..... 0.40 W/CRatio....... 0.40
Max. C.A. SiZe e v o v v e e v 1-1/2 in. (11511,) o S 1-1/2 in. SIUMD v oo o0 eeeas 1-3/4 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 149.53 pcf
Meas. Unit Weight .. 154.92 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abls Val Abs Val Spec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Vdl
Matl (%) (cuft.) Grav (b) ab) ab) ab) b) ab) (cuft)) (%)
Cem. 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 1.33 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
Air 5.00 0.28 0.26 4,80
Totals 100.00 5.50 820.61 820.61 820.60 820.60 5.49 100.00

Note: Vibrators spaced at 24 in. and moved parallel to the direction of travel.
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Test 2, Batch 2.

Date v v v vttt et noeaan 04/23/83 Design Values Actual Values

Mix Design Number ....... 1 ,

F.A. Mdisture Content .... 4154 % Cem. Factor .. .. 5.50 sk/cy Cem, Factor ...... 5.53 sk/cy

C.A. Moisture Content .... -1L05 % Air Content . ... 5.00 % Air Cotent .. .... 450 %

Air Entraining Agent ..... 66 mL C.A.Factar. ... 0.80 C.A.Factor . ..... 0.8

Air Temperatre ........ T5°F W/C Ratio..... 0.40 W/C Ratio....... 0.40

Max. C.A. SiZz€ v e e v v v« .. 1=1/2in, SIIMD « ¢ e 0 0 e v 1-1/2 in, SIUMP v+ e v v eeese. lin,,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.00 pcf

Meas. Unit Weight .. 154.12 pcf

Design Design Design Water Design Weight Actual Actual Actual Actual

Als Vol Als Val Spec SSD Wt  Adpst Btch Wt Adjust Btch Wt SSD Wt Abs Vvd Abs vd
Matl (%) (cu.ft.) Grav ab) ab) b) ab) ab) (b) (cu.ft.) (%)
Cem, -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 +1.51 44.04 -0.04 44.00 42.49 0.68 12.465
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
Air 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: Vilkrators spaced at 24 in. and moved parallel to the direction of travel.
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Test 2, Batch 3.
Date « e v e e e e v ioeanas 04/23/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Maisture Content .... +1.54 % Cem, Factor .. .. 5.50 sk/cy Cem. Factor ...... 5.53 sk/cy
C.A. Mgisture Content .... -1.05 % Air Content .. .. 5.00 % Air Content . ..... 410 %
Air Entraining Agent ..... 66 ml C.A. FPactor.... 0.8 C.A.PFPactor ...... 0.80
Air Temperatire ........ 75°F W/C Rato..... 0.40 W/CRato....... 0.41
Max. C.A. Size .. . e .. ... 1-1/2 in. SMp .. o0 v ... 1-1/2 in. 1101 111 0 X 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
Abs Val Abs Vd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vd Abs Vdl
Mat'l (%) (cwft.) Grav (b) (b) ab) ab) ab) (b) (cu.ft)) (%)
Cem. 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
Air 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: Vibrators spaced at 24 in. and moved parallel to the direction of travel.
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Test 2, Batch 4.

Date ..... ceseeesseas. 04/23/83 Design Values Actual Values
Mix Design Number ...... . 1
F.A. Moisture Content .... +154 % Cem, Factar . ... 5.50 sk/cy Cem. Factor .. .... 5.53 sk/cy
C.A. Maistire Content .... -1.05 % Air Content . ... 5.00 % Ar Content ...... 4.50 %
Air Entraining Agent ..... 66 ml C.A. Factor .. .. 0.8 C.A, Factor ...... 0.8
Air Pemperatwe ........ 75°F W/C Ratio..... 0.40 W/C Rado ....... 0.40
Max. C.A. Size......... 1-1/2in, SHIMD « v e o oo o 1-1/2 in, SHIMP o o e o e 0 0 s oo 1-1/21in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.00 pcf
Meas. Unit Weight .. 154,52 pcf
Design Design Design  Water Design Weight Actual Actual Actual Actual
Abs Va Abs Vad Spec SSD Wt Adjwst Btch Wt Ad}.st Btch Wt SSD Wt Abs Va. Abs Vdl
Matl (%) (cuft)) Grav (b) ab) ab) b) ab) ab) (cuft) (%)
Cem., 9.M4 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 12.45
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
Air 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: Vikrators spaced at 24 in. and moved parallel to the direction of travel
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Test 3, Batch 1.
Date v v v v vt et e e ce e 04/29/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Maisture Content .... +1.42 % Cem, Factor . ... 5.50 sk/cy Cem, Factor . ..... 5.53 sk/cy
C.A. Mdisture Content .... -1.04 % Air Content .... 5.00 % Air Content . ..... 4.80 3
Air Entraining Agent ..... 66 _ml. C.A. Pactor .. . . 0.80 CA.Factor .. « . .« 0.80
Air Temperatire ........ 75°F W/C Rato..... 0.40 W/C Rato....... 0.40
Max. C.A.Siz€ .o v v v e nw 1-1/2 in. SUMp « v v v e 1-1/2 in, SIUMD ¢ v e o0 vewenn 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
Abs Vd AbsVd Spec  SSD Wt Adjwst  Btch Wt Adjwst Btch Wt SSD Wt Abs Vd Abs vd
Matl (%) (cuft) Grav . (b) (b) (1b) (b) ab) ab) (cu.ft)) (%)
Cem. 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  -0.02 217.60 214.56 133 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
Air 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: Vikrators spaced at 12 in. and moved parallel to the direction of travel.
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Test 3, Batch 2.

DAt v v e v e e voos s oese 04/29/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Madisture Content .... +1.42 % Cem. Factor . ... 5.50 sk/cy Cem. Factor ...... 5.57 sk/cy
C.A. Moisture Content .... -1.04 % Air Comtent .... 5.00 % Air Content .. .... 450 %
A.k. Emairn‘lg A%m ..... 66 mL CQA‘ Fm - ® & » 0 80 C.A’ Faaﬁor . * & e o » 0.81
Air Temperatre ........ 75°F W/C Ratio..... 0.40 W/CRato....... 0.38
Max, C.A. Size . .. ...... 1-1/2in. SUMP ¢ o oo v . 1-1/2in. SIUMP o e v oo ne 1-3/4 in.
Unit Weight .... 149.20 pcf Cale. Unit Wenght .. 150.70 pcf
Meas. Unit Weight .. 153.12 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Vi Abs Vdl Spec  SSD Wt Adjst  Btch Wt Adjmst Btch Wt SSD Wt Abs Val Abs Vd
Matl (%) (cu.ft.) Grav b) ab) 1b) b) (b) ab) (cuft) (%)
Cem. 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., 2414 1.33 2.59 21458  +3.05 217,62  ~0.02 217.60  214.56 1.33 24.46
C.A. 48.73 2.68 2.74 458.26 ~4.77 453.49 +0.01 453.50 458.27 2.68 49.38
Air 5.00 0.28 0.24 4.50
Totals 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.
Date ¢ v vt v v v e e eennns 04/29/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Mqaisture Content .... +1.42 % Cem, Factor . ... 5.50 sk/cy Cem. Factor . ..... 5.58 sk/cy
C.A. Maisture Content .... -1.04 % Air Content.... 5.00 % Air Content...... 4.60 %
Air Entraining Agent ..... 66 _ml C.A,.Factor .... 0.8 C.A. Factor .. .... 0.81
Air Temperature ........ 75°F W/C Ratio ..... 0.40 W/CRatio....... 0.37
Max. C.A. Siz€ v v e e 0 e v v 1-1/2 in. SIUMD ¢ e o 000w 1-1/2 in. SIUMD ¢ ¢ o0 0o eeas 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
Abs Val Abs Val Spec  SSD Wt Adjwst  Btch Wt Adjust Btch Wt SSD Wt Abs Vd Abs vd
Matl (%) (cu.ft.) Grav (b) (b) (b) (b) (1b) (1b) (cu.ft.) (%)
Cem. 9.74 0.54 3.15 - 105.24 105.24 -0.04 105.20 105.20 0.54 9.88
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
Air 5.00 0.28 0.25 4.60
Totals 100.00 5.50 820.61 820.61 817.11 817.11 5.42 100.00

Note: Vikrators spaced at 12 in. and moved parallel to the direction of travel.
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Test 3, Batch 4.

DAte v v v vt e s eeveen.. 04/29/83 Design Values Actual Values

Mix Design Number . ...... 1 :

F.A. Maisture Content .... +1.42 % Cem. Factar .. .. 5.50 sk/cy Cem, Factor ..... . 5.61 sk/cy

C.A. Mdaistare Content .... =104 % Air Content .. .. 5.00 & Air Content .. .... 430 %

Air Entraining Agent ..... 66 mL C.A. Factar .. .. 0.80 C.A. Factar ...... 0.82

Air Temperature ........ 75°F W/C Ratio ..... 0.40 W/CRatio....... 0.37

Max. C.A.Size ¢ v v 000 oo. 1-1/21in, SIUMD @ e e 0 0 v v« 1-1/2 in. SIMP v e v e eeee.. lin.
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 151.41 pcf

Meas. Unit Weight .. 154.12 pcf

Design Design Design Water Design Weight Actual Actual Actual Actual

Abs Val Abs Vol Spec  SSD Wt Adjust Btch Wt Adjwst Btch Wt SSD Wt Abs Vdl Abs vdl
Matl (%) (cuft.) Grav by  d ab) ab) ab) ab) (cuft.) (%)
Cem. 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 -3.95 40.30 38.58 0.62 11.46
F.A., 24.14 1.33 2.59 214.58  +3.05 217.62  -0.02 217.60  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
Air 5.00 0.28 0.23 4.30
Tctals 100.00 5.50 820.61 820.61 816.61  816.61 5.39 100.00

Note: Vikratars spaced at 12 in. and moved parallel to the direction of travel.
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Test 4, Batch 1.
Date v v v s oo s oo neoeoees 07/09/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Mgoisture Content .... +2.67 % Cem. Factor . ... 5.50 sk/cy Cem. Factor ...... 5.56 sk/cy
C.A. Maisture Content .... -1.17 % Air Content . ... 5.00 % Air Content ...... 4.00 %
Air Entraining Agent ..... 66 ml C.A. Factar .... 0.8 C.A. Factor ...... 0.81
Air Temperature ........ 88%F W/C Ratio..... 0.40 W/CRaHo....... 0.40
Max. C.A. Siz€ v e v v v v v 1-1/2 in, 1100111 o Y 1-1/2 in. 1100111 o SR 1-1/4 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 150.76 pct
Meas. Unit Weight .. 156.51 pcf
Design Design Design Water Design Weight Actual Actwal Actwal Actual
Abs Vd AbsVd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Va
MatTl (%) (cu.ft.) Grav (b) b) (b) b) b) (b) (cu.ft)) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 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
Totals 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.
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Date v e e e e v eo s eecnoese 07/09/83 Design Values Actual Values

Mix Design Number ....... 1

F.A. Mqoisture Content .... +2.67 % Cem. Factor . ... 5.50 sk/cy Cem.Factor ...... 5.54 sk/cy

C.A. Madisture Content .... -1.17 % Air Content ... .. 5.00 & Air Content . ..... 4,20 %

Air Entraining Agent ..... 66 mlL C.A.Factor .... 0.8 C.A. Factor ...... 0.81

Air Temperatre .. ...... 88°F W/CRato ..... 0.40 W/CRato....... 0.40

Max, C.A. Siz€ v v e e e e v o 1-1/2 in. (1150111 o SRR 1-1/2 in. SIUMD ¢ e oo 00 eeew 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

Abs Val AbsVal Spec  SSD Wt Adjsst  Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vd
Matl (%) (cu.ft) Grav (b) (b) ab) (b) (b) (b) (cuft)) (%)
Cem. 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 21458  +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
Air 5.00 0.28 0.23 4.20
Totals 100.00 5.50 820.61 820.61 820.59  820.59 5.45 100.00

Note: Vilrator moved perpendicular to the direction of travel.
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Test 4, Batch 3.
Date . v v e v v vttt e na s 07/09/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Maisture Content .... +2.67 % Cem. Factor . ... 5.50 sk/cy Cem. Factar .. .... 5.57 sk/cy
C.A. Mgisture Content .... =117 % Air Content .... 5.00 % Air Content .. .... 3.80 %
Air Entraining Agent ..... 66 _mil, C.A. Factar .. .. 0.80 CA.Factar . ..... 0.81
Air Temperature ........ 88°F W/C Rato ..... 0.40 W/C Ratio....... 0.40
Max.C.A. Size v e v e e e v .. 1-1/2 in, SIUMP @ o o0 0 vwve. 1-1/2 in. SIUMP ¢ e ¢ e oo veeo 2 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 151.08 pcf
Meas. Unit Weight .. 154.13 pcf
Design Design Design Water Design Weight Actual Actual  Actwal Actual
AbsVd AbsVd Spec  SSD Wt Adjst  Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs vdl
Matl (%) (cuft.) Grav (b) (b) (b) (b) (b) (b) (cu.ft.)) (%)
Cem, 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 -0.01 220.30 214.57 133 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
Totals 100.00 5.50 820.61 820.61 820.59  820.59 5.43 100.00

Note: Vibrator moved perpendicular to the direction of travel.
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Test 4, Batch 4.

Date @ v v v v et v e s e oo 07/09/83 Design Values Actual Values
Mix Design Number ....... 1
F.A. Mcisture Content .... +2.67 & Cem, Factor . ... 5.50 sk/cy Cem. Factor ..... 5.57 sk/cy
C.A. Mqaisture Content .... =117 % Air Content .... 5.00 % Air Content ...... 3.80 %
Air Entraining Agent ..... 66 mlL C.A. Factor .... 0.8 C.A,Factar . ..... 0.81
Air Temperature ........ 88°F W/C Ratio..... 0.40 W/CRatio....... 0.40
MaxX. C.A. SiZ€ v v e v v o o o™ 1-1/2 in, SIUMP . ¢ 2 e e e e 1-1/2 in. 51101111 o S 1-1/2 in,
Unit Weight .... 149.20 pcf Calc. Unit Weight .. 151.08 pcf
Meas. Unit Weight .. 154.35 pcf
Design Design Design Water Design Weight Actual Actual Actwal Actual
Abs V& Abs Vdl Spec  SSD Wt Adjusst Btch Wt Adjst Btch Wt SSD Wt Abs Vdl Abs Vd
Matl (%) (cuft.) Grav b) b) ab) ab) b} ab) (cu.ft.) (%)
Cem. 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
Totals 100.00 5.50 820.61 820.61 820.59 820.59 5.43 100.00

Note: Vikrator moved perpendicular to the direction of travel.
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Test 5, Batch 1.
Date v v v vt e v e v o oo e 05/19/83 Design Values Actual Values
Mix Design Number ....... 3
F.A. Maisture Content .... +3.66 % Cem. Factor .. .. 5.50 sk/cy Cem. Factor .. .... 5.55 sk/cy
C.A. Maisture Content .... -0.66 % Air Content . ... 5.00 % Air Content . ..... 5.50 %
Air Entraining Agent ..... 66 ml. C.A.Factar .... 0.76 CA.Factor . ..... 0.77
Air Temperatire ........ 76°F W/C Ratio .. ... 0.41 W/C Ratio . ...... 0.36
Max. C.A. Size . oo v v 1-1/2 in SIMD « oo v vuw. 1-1/2 in. SIMP « oo v v ennnn 6-1/2 in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 149.35 pcf
Meas. Unit Weight .. 149.42 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Vd Abs Vd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vd
Matl (%) (cuft)) Grav ~({b) (b) (b) ab) ab) ab) (cu.ft.) (®)
Cem. 9.74 0.54 3.15 105.24 105.24  -0.04 105.20 105.20 0.54 9.83
Water 12.61 0.69 1.00 43.27 -5.70 37.56 -4.96 32.60 38.31 0.61 11.27
F.A.  26.36 1.45 2.59 234.34  +8.58 242,91 -0.01 242.90 234.33, 1.45 26.63
C.A. 46.30 2.55 2.74 435.35  -2.87 432.47  +0.03 432.50 435.38 2.55 46.77
Air 5.00 0.28 0.30 5.50
Totals 100.00 5.50 818.19 818.19 813.21 813.21 5.44 100.00

Note: Vibrators spaced at 18 in, and moved parallel to the direction of travel
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Test 5, Batch 2.

Date o o v o evevcecees .. 05/19/83 Design Values Actual Values
Mix Design Number .... . ee 3
F.A. Mgisture Content .... +3.66 % Cem. Factar . ... 5.50 sk/cy Cem. Factor .. .... 5.68 sk/cy
C.A. Maoistwre Content .... -0.66 % Air Content . ... 5.00 % Air Content . ..... 4.80 %
Air Entraining Agent ..... 66 _ml. C.A. Factor .... 0.76 C.A. Factor . ..... 0.78
Air Temperature ...... . 76°F W/C Ratio . .... 0.41 W/C Ratio....... 0.32
MaX., C.A. SiZ€ v e v e e v v v 1-1/2 in, SIIMD o s oo s aao 1-1/2 in. Smp « s vee.... 1-3/4in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 151.79 pcf
Meas. Unit Weight .. 151.01 pcf
Design Design Design Water Design Weight Actual Actwal  Actual Actual
Abs Val Abs Va Spec SSD Wt Adjsst Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Val
Mat'l (%) (cuft.) Grav (b) - ab) (b} b) ab) (b) (cuft.) (%)
Cem. 9,74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 10.05
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
Air 5.00 0.28 0.26 4.80
Totals 100.00 5.50 818.19 818.19 808.59  808.59 5.33 100.00

Note: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
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Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 5, Batch 3.
Date v v v v e v evoenecans 05/19/83 Design Values Actual Values
Mix Design Number ....... 3
F.A. Moisture Content .... +3.66 % Cem. Factor . ... 550 sk/cy Cem,Factor ...... 5.66 sk/cy
C.A. Maisture Content .... -0.66 % Air Content .... 5.00 % Air Content . ..... 4.20 %
Air Entraining Agent ..... 66 ml C.A. Factor.... 0.76 C.A. Factor . ..... 0.78
Air Temperatwre ........ 76°F W/C Rato..... 0.41 W/CRatio....... 0.35
Max. C.A.Size . e e ve e 1-1/2 in. SIUMP @ v eovese 1-1/2 in. SIUMD e eo eooewee 1-1/4 in.
Unit Weight .... 148.76 pcf Calc, Unit Weight .. 151.95 pcf
Meas. Unit Weight .. 151.54 pcf
Design Design Design Water Design Weight Actual Actwal Actual Actual
‘AbsVad AbsVd Spec  SSD Wt Adjwsst  Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vd
Mat'l (%) (cu.ft.) Grav (b) b) b) ab) (b) (b) (cuft)) (%)
Cem. 9.74 0.54 3.15 1105.24 105.24 -0.04 105.20 105.20 0.54 10.02
Water 12.61 0.69 1.00 43.27 -5.70 37.56 —6.86 30.70 36.41 0.58 10.93
F.A. 26.36 1.4 2.59 234.34  +8.58 242.91 -0,01 242.90 234.33 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
Air 5.00 0.28 0.22 4.20
Totals 100.00 5.50 818.19 818.19 811.31 811.31 5.34 100.00
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Test 5, Batch 4.

1 = S 05/19/83 Design Values Actual Values
Mix Design Number ....... 3
F.A, Maisture Content .... +3.66 % Cem. Factor .. .. 5.50 sk/cy Cem. FPactor .. ... 5.61 sk/cy
C.A. Mqgisture Content .... -0.66 % Air Content .. .. 5.00 $ ArX Content . . ... 4.00 $
Air Entraining Agent ..... 66 _ml. C.A. Factor . ... _0.76 C.A. Factor ...... 0.78
Air Temperature ........ 76°F W/C Ratio ..... 0.41 W/CRatio....... 0.38
Max. C.A. SiZ€ v v e v e v e v 1-1/2 in. SIUMP o ¢ e e 0o o 1-1/2 in. SIUMP ¢ o oo 000 v s 1 in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 151.27 pcf
Meas. Unit Weight .. 153.16 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Val Abs Vd Spec SSD Wt Adjwst Btch Wt Adjust Btch Wt SSD Wt Abs Vad Abs Vd
Mat'l (%) (cu.ft.) Grav ab) (b) b) (b) b) ab) (cu.ft.) (%)
Cem. 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 +8.58 242.91 -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
Air 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. and moved parallel to the direction of travel.
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Test 6, Batch 1.

Date v v v v v e e encocacen 05/23/83 Design Values Actual Values

MlxDeﬂ.gnNumber creee. 2
F.A. Maisture Content .... +5.60 % Cem, Factor .. .. 5.50 sk/cy Cem. Factor ...... 5.59 sk/cy
C.A. Maisture Content .... -0.79 % Air Content . ... 5.00 % Air Content . ..... 3.40 %
Air Entraining Agent ..... 66 mlL C.A.Factor .... 0.8 C.A.Factar ...... 0.8
Air Temperatwre ........ 80°F W/C Ratio ..... 0.40 W/C Raio . ...... 0.40
Max. C.A. Siz€é . ev o v ue.. 1-1/21in, Sump . ... . ee. 1-1/21in, SIUMD «o v v v nnan 1in,

Unit Weight .... 149.59 pcf Cale. Unit Weight .. 152.10 pcf

Meas, Unit Weight .. 155.94 pcf

Design Design Design  Water Design Weight Actual Actual Actual Actual

Abs Vd AbsVd Spec  SSD Wt Adjuwst  Btch Wt Adjwst Btch Wt SSD Wt Abs Vdl Abs vd
Matl (%) (cu.ft.) Grav ab) ab) ab) ab) ab) ab) (cu.ft) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20  105.20 0.54 9.89
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
Alr 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: Vibratars spaced at 18 in, and moved parallel to the direction of travel.
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Test 6, Batch 2.

Date « oo eevssesansss. 05/23/83 Design Values Actual Values
Mix Design Number ....... 2
F.A. Maisture Content .... +5.60 % Cem. Factor .... 5.50 sk/cy Cem. Factor .. .... 5.57 sk/cy
C.A. Maisture Content .... -0.79 % Afr Content .... 5.00 % Ar Content ...... 3.80 %
Air Entraining Agent ..... 66 mL C.A.Factor.... 0.8 CA.Factar . ..... 0.86
Air Temperatwe ........ 80°F W/C Ratio..... 0,40 W/CRatio....... 0.40
Max. C.A.Size......... 1-1/2in, slump ..... ee. 1-1/21in, Smp o v v eeeee.. 3in,
Unit Weight .... 149,59 pcf Calc. Unit Weight .. 151.47 pcf
Meas, Unit Weight .. 152.94 pcf
Design  Design Design  Water  Design  Weight Actual Actuwal Actual Actual
Abs Vd Abs Val Spec SSD Wt Adjust Btch Wt Adjust Btch Wt S$SD Wt Abs Val Abs vdl
Matl (%) (cuft) Grav ab) ab) (b) b (b) (b} (cuft) (&)
Cem. 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 2.8 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
Tctals 100.00 5.50 822.76 822.76 822.80 822.80 5.43 100,00

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 6, Batch 3.
Date « v v e v oo s eeseee. 05/23/83 Design Values Actual Values
Mix Design Number ....... 2
F.A. Moistire Content .... +5.60 % Cem. Factor . ... 5.50 sk/cy Cem. Factor .. ... 5.62 sk/cy
C.A. Maisture Content .... -0.79 % Air Content .... 5.00 % Air Content .. .... 280 %
Air Entraining Agent ..... 66 ml. CA.Factar.... 0.8 C.A,.Factor..... 0.87
Air Temperatre ........ 80°F W/C Ratio .. ... 0.40 W/CRatio....... 0.40
Max. C.A. Siz€ . e v e v e e 1-1/2 in. 153101110 J 1-1/2 in. (1151 11) o J 1-1/4 in.
Unit Weight .... 149.59 pcf Calc. Unit Weight .. 153.05 pcf
Meas. Unit Weight .. 155.14 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Va Abs Vd Spec SSD Wt Adjust Btch Wt Adjwt Btch Wt SSD Wt Abs Vd Abs Va
Mat'l (%) (cu.ft.) Grav ab) ab) ab) ab) ab) ab) (cu.ft.) (%)
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 -6.71 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 1.17 21.69
C.A. 51.78 2.8 2,74 486.90 -3.85 483.05 +0.05 483.10 486.9% 2.85 52.98
Air 5.00 0.28 0.15 2.80
Tokals 100.00 5.50 822.76 822.76 822.80 822.80 5.38 100.00

Note: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 6, Batch 4.

Date v oo e et e e e eceannsa 05/23/83 Design Values Actual Values
Mix Design Number ....... 2
F.A. Maisture Content .... 4560 % Cem, Factor . ... 5,50 sk/cy Cem. Factor . .... 5.60 sk/cy
C.A. Maistwe Content . ... -0.79 & Air Content .. .. 5.00 % Arr Content . . ... 3.20 %
Air Entraining Agent ..... 66 ml. C.A.Factor .... 0.8 C.A. Factor ..... 0.87
Alr Temperatwre ........ 80°F W/C Ratio ..... 0.40 W/CRatio....... 0.40
Max. C.A.8ize v v v v e vn v 1-1/2 in. SIIMP e v v e 0o 1-1/2 in. Shamp .o oo v eeen 1-1/4 in.
Unit Weight .... 149.59 pcf Calc. Unit Weight .. 152.42 pcf
Meas. Unit Weight .. 156.90 pcf
Design Design Design Water Design Weight Actual Actual  Actual Actual
Abs Vd AbsVal Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vd Abs vd
Mat'l (%) (cu.ft.) Grav b) (b) b) b) ab) (ib) (cuft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.91
Water 12,29 0.68 1.00 42,17 -6.71 35.46 +0,04 35.50 42,21 0.68 12,53
F.A. 21.20 1.17 2.59 188.45 +10.55 199.01 -0.01 199.00 188.44 1.17 21.60
C.A. 51.78 2.8 2,74 486.90 -3.85 483.05 +0.05 483.10 486.95 2.85 52.76
Air 5.00 0.28 ’ 0.17 3.20
Totals 100.00 5.50 822.76 822.76 822.80 822.80 5.40 100.00
Note: Vikrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 7, Batch 1.

|27 o' 06/02/83 Design Values Actual Values
Mix Design Number ....... 4
F.A. Mdisture Content .... +2.65 % Cem. Factor . ... 5.50 sk/cy Cem.Factor ...... 5.59 sk/cy
C.A. Maistwre Content .... -0.73 % Air Content . ... 5.00 % Air Content . ..... 4.60 %
Air Entraining Agent ..... 66 ml, C.A.Factor .. .. 0.76 CA.Factor .. .... 077
Air Temperature .. ...... 87°F W/C Ratio..... 0.41 W/CRato ... ... . 0.37
Max, C.A. Siz€ v e e v e v e v 1 in, SIUMD v e v o0 v 1-1/2 in. SIIMP « o e o0 0 eeee 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
Abs VA Abs Vd Spec  SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vd
Mat'l (%) (cu.ft.) Grav _ (b) b) (b) b) ab) ab) (cu.ft.) (%)
Cem. 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
Totals 100.00 5.50 818.19 818.19 814.30 814.30 5.41 100.00

Note: Vilkrators spaced at 18 in. and moved parallel to the direction of travel.
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Pest 7, Batch 2.

Date « v oo ceceeesoceas 06/02/83 Design Values Actual Values
Mix Design Number ....... 4
F.A. Maisture Content .... +2.65 % Cem. Factor . . .. 5.50 sk/cy Cem.Factor . ..... 5.59 sk/cy
C.A. Mgisture Content .... -0.73 8 Air Content . ... 5.00 & Air Content . ..... 3.80 ¢
Air Entraining Agent ..... 66 ml. C.A. Factor .. .. 0.76 C.A.Factor . . .... 0.77
Air Temperatwre ........ 87°F W/C Ratio..... 0.41 W/C Ratio....... 0.40
Max. C.A. Size v o v e v v v .. 1 in. 51100111 o SN 1-1/2 in. Sump . v . ve e 1-1/2 in,
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 151.04 pcf
Meas. Unit Weight .. 154.18 pcf
Design Design - Design Water Design Weight Actual Actual Actual Actual
Abs Va Abs Vd Spec SSD Wt Adjust Btch Wt Adjwst Btch Wt SSD Wt Abs Val Abs vad
Mat'l (%) (cu.ft.) Grav b) ab) b) (b) ab) ab) (cuft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 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
Air 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: Vilrators spaced at 18 in. and moved parallel to the direction of travel.
- — r r r— o
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Test 7, Batch 3.

Date v e e evevcoeces .. 06/02/83 Design Values Actual Values
Mix Design Number . ...... 4
F.A. Maisture Content .... +2.65 % Cem. Factor .. .. 5.50 sk/cy Cem. Factor . ... 5.59 sk/cy
C.A. Moisture Content .... -0.73 % Air Content . ... 5.00 % Air Content .. ... 4.20 %
Air Entraining Agent ..... 66 mlL C.A.Factor.... 0.76 C.A. Factor .. ... 0.77
Air Temperatwre ........ 87°F W/C Ratdo ..... 0.41 W/C Ratio ....... 0.38
Max. C.A. Size . v 0e e eee 1 in, SIUMD o v e o ae e 1-1/2 in. SIUMP ¢ v e v e o eewee 1-1/2 in.,
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 150.80 pcf
Meas. Unit Weight .. 153.12 pcf
Design Design Design Water Design Weight Actual. Actual Actual Actual
Abs Va Abs Vad Spec SSD Wt  Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Va
Matl (%) (cuft.) Grav ab) ab) ab) ab) ab) ab) (cuft.) (%)
Cem. 9,74 0.54 3.15 . 105.24 105.24 -0.04 105.20 105.20 0.54 9.90
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
Air 5.00 0.28 0.23 4.20
Totals 100.00 5.50 818.19 818.19 815.40 815.40 5.41 100.00

Note: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 7, Batch 4.

Date v v e v v e v o s e oe oo 06/02/83 Design Values Actual Values
Mix Design Number .... ... 4 ‘
F.A. Mcdistwre Content .... +265 % Cem. Factor .. .. 5.50 sk/cy Cem. Factor ...... 5.56 sk/cy
C.A. Maisture Content .... -0.73 % Air Content . ... 5.00 & Air Content...... 4.00 %
Air Entraining Agent .. ... 66 ml. C.A. Factor .... 0.76 C.A. Factor . ..... 0.77
Afr Temperatire ........ 87°F W/C Ratio ..... 0.41 W/C Rato....... 0.41
Max. C.A. Size . ........ 1 in. SIump ¢« oo 0o s 1-1/2 in. Slamp . ... 00 .. 1-1/4 in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 150.34 pcf
Meas. Unit Weight .. 153.43 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs V. AbsVd Spec  SSD Wt Adjst  Btch Wt Adjwst Btch Wt SSD Wt Abs Vd Abs Vdl
Mat'l (%) (cu.ft.) Grav b ab) (b) ab) (1b) 1b) (cu.ft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.83
Water 12.61 0.69 1.00 43.27 -3.03 40.23 -0.03 40.20 43.24 0.69 12.73
F.A. 26.36 1.45 2.59 234.34 +6.21 240.55 +0.05 240.60 234.38 1.45 26.65
C.A. 46.30 2.55 2.74 435.35 ~-3.18 432.17 +0.03 432.20 435.38 2.55 46.79
Air 5.00 0.28 0.22 4.00
Totals 100.00 5.50 818.19 818.19 818.20 818.20 5.44 100.00

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel.

o
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Test 8, Batch 1.

1__,,_. | CUS——

Date v o v e eeeessscenan 06/16/83 Design Values Actual Values
Mix Design Number ....... 5 y
F.A. Maisture Content .... +2.29 % Cem. Factor .. .. 5.50 sk/cy Cem, Factor ...... 5.51 sk/cy
C.A. Maisture Content .... -0.91 % Air Content . ... 5.00 % Air Content ...... 4.80 %
Air Entraining Agent ..... 66 _ml. C.A. Factor .... 0.76 C.A.Factor . ..... 0.76
Air Temperatwe ........ 89°F W/C Ratio ..... 0.41 W/C Ratio.....,. 0.41
Max. C.A. SiZz€ v v v e v e v 3/4 in, SIUMD v oo vewvwee 1-1/2 in, SIUMD « oo oo e vwews 1-1/2 in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 149.06 pcf
Meas. Unit Weight .. 153.47 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abls VdL Abs Vd Spec  SSD Wt Adjst  Btch Wt Adjusst Btch Wt SSD Wt Abs Val Abs Vd
Matl (%) (cuft.) Grav (b) (b) (b) (b) (b) (b) (cuft.) (%)
Cem, 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.75
Water 12.61 0.69 1.00 43.27 -1.40 41.86 +0.04 41.90 43,31 0.69 12.64
F.A. 26.36 1.45 2.59 234.34 +5.37 239,70 +0.00 239.70 234.34 1.45 26.42
C.A. 46.30 2.55 2.74 - 435.35 -3.96 431.39 +0.01 431.40 435.36 2.55 46.39
Air 5.00 0.28 0.26 4.80
Totals 100.00 5.50 818.19 818.19 818.20 818.20 5.49 100.00

Note: Vikrators spaced at 18 in. and mowved parallel to the direction of travel.
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Test 8, Batch 2.

DAte v e e e ceveconocnan 06/16/83 Design Values Actual Values
Mix Design Number ....... 5
F.A. Maisture Content .... +2.29 % Cem. Factor . ... 5.50 sk/cy Cem.Factor .. .... 5.53 sk/cy
C.A. Maisture Content .... -0.91 % Air Content . ... 5.00 % Air Content . ..... 4,40 %
Air Entraining Agent ..... 66 ml C.A.Factar.... 0.76 C.A. Factor . ..... 0.76
Air Temperatire ........ 89°F W/C Ratio..... 0.4l W/CRaHO .. oo ... 0.41
Max, C.A. Siz€ e e e 0o e e e 0™ 3/4 in., SImp o e o 00 . 1-1/2 in. [1155: 1) o SR 2 in.
Unit Weight .... 148,76 pcf Calc, Unit Weight .. 149.69 pcf
Meas. Unit Weight .. 152.24 pcf
Design  Design Design  Water Design  Weight Actual Actual Actual Actual
Abs Va Abs Val Spec SSD Wt Adjst  Btch Wt Adjusst Btch Wt SSD Wt Abs Val Abs Val
Mat'l (%) (cu.ft.) Grav ab) ab) b) ab) ab) (b) (cu.ft)) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.79
Water 12.61 0.69 1.00 43.27 -1.40 41.86 +0.04 41.90 43.31 0.69 12.70.
F.A. 26.36 1.45 2.59 234.34 +5.37 239.70 +6.00 239.70 234.3¢ L4 26.53
C.A. 46.30 2.55 2.7 435.35 -3.96 431.39 +0.0I - 431.40 435.36 2,55 46.58"
Air 5.00 0.28 0.24 4,40
Totals 100.00 5.50 818.19 818.19 818.20. 818.20 5.47 100.08

Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 8, Batch 3.

Date ...... e e eseceenn 06/16/83 Design Values Actual Values

Mix Design Number ....... 5

F.A. Maisture Content .... +2.29 % Cem. Factor . ... 5.50 sk/cy Cem.Factor . ..... 5.54 sk/cy

C.A. Maisture Content .... -=0.91 % Air Content . ... 5.00 % Air Content . ..... 4.30 %

Air Entraining Agent ...,. 66 mL C.A. Factor .. .. 0.76 C.A.Factor...... 0.77

Air Temperatre ........ 89°F W/C Ratio..... 0.41 W/CRato . ...... 0.41

Max. C.A. Siz€ .. eeveu.. 3/4 in. Shamp .. .. .. e. 1-1/2 in, SIIMP @ v e e o0 eewosw 1-1/4 in.
Urit Weight .... 148.76 pcf Calc. Unit Weight .. 149.85 pcf

Meas. Unit Weight .. 152.50 pcf

Design Design Design Water Design Weight Actual Actual Actual Actual

Abs Vdl AbsVd Spec  SSD Wt Adjust  Btch Wt Adjuist Btch Wt SSD Wt Abs Vdl Abs vdl
Mat'l (%) (cu.ft.) Grav ab) ab) (b) ab) ab) ab) (cuft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.80
Water 12.61 0.69 1.00 43.27 -1.40 41.86 +0.04 41.90 43.31 0.69 12.71
F.A. 26.36 1.45 2.59 - 234.34 +5.37 239.70 +0.00 239.70 234.34 1.45 26.55
C.A. 46.30 2,55 2.74 435.35 -3.9% 431.39 +0.01 431.40 435.36 2.55 46.63
Air 5.00 0.28 0.23 4.30
Totals 100.00 5.50 818.19 818.19 818.20 818.20 5.46 100.00

Note: Vikratars spaced at 18 in. and moved parallel to the direction of travel.
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Test 8, Batch 4.

|07 o =S 06/16/83 Design Values Actual Values
Mix Design Number ....... 5 _
F.A. Maisture Content .... +2.29 % Cem. Factor .. .. 5.50 sk/cy Cem.Factor ...... 5.53 sk/cy
C.A. Maisture Content .... -0.91 % Air Content .. .. 5.00 % Air Content . ..... 4,40 %
Air Entraining Agent ..... 66 ml C.A. Factor.... 0.76 C.A. Factor ... ... 0.76
Ajr Temperatlre .. ...... 89°F W/C Ratio ..... 0.41 W/CRato....... 0.41
Max. C.A.Size . v oo ve e 3/4 in. SIump ....c.... 1-1/2 in. SIUMP v e v oeeeean 1-1/2 in.
Unit Weight .... 148.76 pcf Calc. Unit Weight .. 149.69 pcf
Meas. Unit Weight . . N/A
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Vdi AbsVd Spec  SSD Wt Adjust Btch Wt Adjst Btch Wt SSD Wt Abs Vd Abs vd
Mat'l (%) (cu.ft.) Grav b) b) b) b) (b) b) (cu.ft.) (%)
Cem., 9.74 0.54 3.15 105.24 ) 105.24 -0.04 105.20 105.20 0.54 9.79
Water 12.61 0.69 1.00 43.27 -1.40 41.86 +0.04 41.90 43.31 0.69 12.70
F.A. 26.36 1.45 2.59 . 234.34 +5.37 239.70 +0.00 239.70 234.34 1.45 26.53
C.A. 46.30 2.55 2.74 435.35 -3.96 431.39 +0.01 431.40 435.36 2.55 46.58
Air 5.00 0.28 ' 0.24 4.40
Totals 100.00 5.50 818.19 818.19 818.20 818.20 5.47 100.00
Note: Vilrators spaced at 18 in. and moved parallel to the direction of travel.
- e S
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Test 9, Batch 1.

Date . v v v vt e v s acoaann 05/25/83 Design Values Actual Values

Mix Design Number ....... 6 '

F.A. Maisture Content .... +2.64 % Cem. Factor .. .. 5.50 sk/cy Cenm, Factor . . .... 5.66 sk/cy
C.A. Maisture Content .... -0.94 % Air Content ., ... 5.00 % Air Content . ..... 3.20 %
Air Entraining Agent ..... 66 mL C.A.Pactor.... 0.8 C.A. Factor .. .... 0.82

Air Temperature ...... .. 8°r W/C Ratio ..... 0.34 W/CRato....... 0.31
Max. C.A. Size .. v e e ve ™ 1-1/2 in. Smp 4 vvae.. 1-1/2 in. SIMMP ¢ v v v eeee.. 1=1/41in.
Superplas. Agent .. ... ... 365 ml Unit Weight .... 151.05 pcf Calc, Unit Weight .. 154.91 pcf

Meas. Unit Weight . . 156.24 pcf

Design Design Design Water Design Weight Actual Actwal  Actual Actual

AlsVd AbsVd Spec  SSD Wt Adjust  Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs vdl
Matl (%) (cu.ft.) Grav (b) ab) (1b) ab) ab) ab) (cu.ft.) (%)
Cem. 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
Air 5.00 0.28 0.17 3.20
Totals 100.00 5.50 830.76 830.76 827.31 82731 5.34 100.00

Note: Vikrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 9, Batch 2.

Date .o eoveveeeecennn 05/25/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Moisture Content .... +2.64 % Cem. Factar . ... 5.50 sk/cy Cem, Factor ..... 5.63 sk/cy
C.A. Maisture Content .... -0.94 % Air Content . ... 5.00 % Air Content . .... 3.40 &
Air Entraining Agent ..... 66 ml. C.A.Factor .... 0.8 C.A. Factor . .... 0.82
Air Temperature ........ 82°F W/C Ratio .. ... 0.34 W/CRato....... 0.32
Max. C.A. Siz€ v v e e o0 v v 1-1/2 in. Shamp « v e v e v « 1-1/2 in. SIMP v v oo eeeeee 2 in,
Superplas. Agent .. ...... 365 mlL Unit Weight .... 151.05 pcf Calc. Unit Weight .. 154.21 pcf
Meas. Unit Weight .. 155.89 pcf

Design Design Design Water Design Weight Actual Actual Actual Actual

Abs Val AbsVd Spec: SSD Wt Adjst Btch Wt Adjust Btch Wt SSD Wt Abs Val Abs Vdl
Mat'l (%) (cu.ft.) Grav 1b) (b) 1b) 1b) (b) Ib) (cu.ft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.9
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
Air 5.00 0.28 0.18 3.40
Totals 100.00 5.50 ~ 830.76 830.76 827.31 827.31 5.37 100.00
Note: Vibrators spaced at 18 in. and moved parallel to the direction of travel.
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Test 9, Batch 3.

™

Date v e o v e eveveooanes 05/25/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Maisture Content .... +2.64 % Cem. Factor .. .. 5.50 sk/cy Cem. Factor . ... 5.61 sk/cy
C.A. Mqgisture Content .... -0.94 % Air Content . ... 5.00 % Air Content . .... 3.40 %
Air Entraining Agent ..... 66 mlL C.A, Factor.... 0.8 C.A.Factor ..... 0.82
Air Temperature . ....... 82°F W/C Ratio . . ... 0.34 W/C Ratio....... 0.33
Max. C.A. Siz€ v v e v v v v e 1-1/2 in. SIUMP v e v oo ve e 1-1/2 in. SIUMpP + o v e e v ewews. 1-1/4 in.
Superplas. Agent . . ...... 365 ml Unit Weight .... 151.05 pcf Calc. Unit Weight .. 153.89 pcf
Meas. Unit Weight .. 154.92 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Als Vd Abs Vdl Spec SSD Wt Adjst Btch Wt Adjwst Btch Wt SSD Wt Abs Vadl Abs Vad
Matl (%) (cu.ft.) Grav (b) (b) (b) (b) (@b) b) (cuft.) (%)
Cem. 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
Air 5.00 0.28 0.18 3.40
Tctals 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.
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Test 9, Batch 4.

Date v v v e v e v e vn ceeee. 05/25/83 Design Values Actual Values

Mix Design Namber ....... 6 ~

F.A. Mgisture Content .... +2.64 % Cem. Factor . ... 5.50 sk/cy Cem, Factor .. .... 5.58 sk/cy
C.A. Maisture Content . ... -0.94 % Air Content . ... 5.00 & Air Content . ..... 3.60 %
Air Entraining Agent ..... 66 mL C.A. Factar .... 0.80 C.A.Facter ...... 0.8l

Air Temperature ........ 82°F W/C Ratio..... 0.34 W/C Ratio....... 0.34

Max. C.A. Sizée . v v ev... 1-1/21in, SHIMP « v e v e 0w 1-1/2 in. Shimp « v v eevee.. 2in,
Superplas. Agent . .. ... .. 365 mL Unit Weight .... 151.05 pcf Calc. Unit Weight .. 153.26 pcf

Meas. Unit Weight .. 156.26 pof

Design Design Design Water Design Weight Actual Actual Actual Actual

Als Vad Abs Va Spec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Vd Abs Val
Matl (%) (cu.ft)) Grav ab) ab) ab) ab) ab) ab) (cuft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24  -0.04 105.20  105.20 0.54 9.87
Water 10.53 0.58 1.00 36.15 -1.79 34.36 +0.04  34.40 36.19 0.58 10.70
F.A. 26.00 1.43 2.59 231,10 +6.10 237,20  +0.00  237.20  231.10 1.43 26.38
C.A. 48.73 2.68 2.74 458.26 -4.31 453.95 40,05  454.00 458.31 2.68 49,45
Air 5.00 0.28 0.20 3.60
Totals 100.00 5.50 830.76 830.76 830.81 830.81 5.42 100.00

Note: Vikrators spaced at 18 in. and moved parallel to the direction of travel.




el

b R — A G S S S SN N SN S OSSN B SR
Date v v v e v e e e oo e oo 05/26/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Maisture Content .... +45.23 % Cem. Factor . ... 5.50 sk/cy Cem. Factor .. .... 5.52 sk/cy
C.A. Maisture Content .... -0.9 % Air Content .. .. 5.00 % Air Content ...... 4.60 %
Air Entraining Agent ..... 66 ml. C.A.Factor .. .. 0.80 C.A.Factor .. .... 0.80
Air Temperatre ... ..... 83°F W/C Rato . ... 0.34 W/C RaHO « v v v ... 0.34
Max. C.A.Siz€ . e e v ve .. 1-1/2 in. SIMP « oo o eee 1-1/2 in, (5115111 o J 1-1/2 in.
Superplas. Agent .. .. ... 365 mL Unit Weight .... 151.05 pcf Calc. Unit Weight .. 151.67 pcf
Meas. Unit Weight .. 155.58 pcf
Design ‘ Design Design Water Design Weight Actwal Actual Actual Actual
Abs Val AbsVd Spec  SSD Wt Adjwst  Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Va
Mat'l (%) (cuft) Grav ab) ab) ab) ab) ab) ab) (cu.ft.) (%)
Cem. 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
Air 5.00 0.28 : 0.25 4.60
Totals 100.00 5.50 830.76 830.76 830.80 830.80 5.48 100.00

Note: Vikrator moved perpendicular to the direction of travel.
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Test 10, Batch 2.

DALE v v v e e e ne e neen 05/26/83 Design Values Actual Values
Mix Design Number .. ..... 6
F.A. Maisture Content .... +5.23 % Cem. Factar .. .. 5.50 sk/cy Cem. Factor ...... 5.57 sk/cy
C.A. Mqisture Content .... -0.96 % Air Content . ... 5.00 & Air Content ,..... 3.80 &
Air Entraining Agent ..... 66 ml C.A. Factor.... 0.8 C.A.Factor...... 0.81
Air Temperature ........ 83°F W/C Ratio..... 0.34 W/CRatio....... 0.34
Max.C.A.Size . e v v e v e 1-1/2 in. SHIMD ¢ e e e v v e o 1-1/2 in, SUMD ¢ e v e veeens 1-1/2 in,
Superplas, Agent . . ...... 365 mL Unit Weight .... 151.05 pcf Calc. Unit Weight .. 152.95 pcf
' Meas, Unit Weight . . 157.61 pcf
Design Design Design Water Design Weight Actual Actual Actual Actual
Abs Vol Abs Vval Spec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt  Abs Val Abs Va
Mat'l (%) (cu.ft.) Grav ab) ab) ab) ab) ab) ab) (cuft.) (%)
Cem. 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
Totals 100.00 5.50 830.76 830.76 830.80 830.80 5.43 100.00

Note: Vikrator moved perpendicular to the directon of travel.
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Test 10, Batch 3.
107 | o < 05/26/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Maisture Content .... +5.23 % Cem. Factor .. .. 5.50 sk/cy Cem. Factor ...... 5.57 sk/cy
C.A. Maisture Content .... -0.9 % Air Content .... 5.00 % Air Content . ..... 3.80 %
Air Entraining Agent ..... 66 _ml. C.A. Factor .... 0.80 C.A. Factor ...... 0.81
Air Temperatire ........ 83°F W/C Ratio..... 0.34 W/CRaio . .. .... 0.34
Max. C.A. SiZ€ « v e oo v v v 1-1/2 in. SIUMD « v o v v oo 1-1/2 in., SIUMD ¢ v oo o avean 2 in.
Superplas. Agent . . .. ... . 365 mL Unit Weight .... 151.05 pcf Cale. Unit Weight .. 152.95 pcf
Meas. Unit Weight .. 155.14 pcf

Design Design " Design Water Design Weight Actual Actual Actual Actual

Abs Val Abs Val Spec SSD Wt Adjwst  Btch Wt Adjsst Btch Wt SSD Wt Abs Vd Abs vdl
Matl (%) (cuft.) Grav ab) ab) ab) ab) ab) ab) (cu.fr.)) (%)
Cem. 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 23L.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
Totals 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.
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Test 10, Batch 4.

Date v v e oo eveeseesss. 05/26/83 Design Values Actual Values

Mix Design Number ....... 6

F.A. Mcisture Content .... +5.23 % Cem. Factor . ... 5.50 sk/cy Cem. Factor . . . ... 5.56 sk/cy
C.A, Maisture Content .... -0.96 % Air Content . ... 5.00 & Arr Content . ..... 4.00 %
Air Entraining Agent ..... 66 mL C.A. Factor .... 0.8 C.A, Factor ...... 0.8l

Air Temperatwe ........ 8°F W/C Ratio..... 0.34 W/CRatio....... 0.34
Max. C.A.Siz€ s e e v 00 e.. 1-1/21in, SIIMP « e e 0 o.. 1-1/2 in, SIUMD o v o eo e evww 1-1/2 in.
Superplas., Agent . ... .... 365 ml. Unit Weight .... 151.05 pcf Calc. Unit Weight .. 152.63 pcf

Meas. Unit Weight .. 155.45 pcf

Design Design Design Water Design Weight Actual Actual  Actual Actual

Abs Val Abs Vd Spec  SSD Wt Adjst  Btch Wt Adjst Btch Wt SSD Wt Abs Val Abs Val
Matl (%) (cu.ft.) Grav (b) (b) (b) ab) ab) ab) (cu.ft.) (%)
Cem. 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
Totals 100.00 5.50 830.76 830.76 830.80 830.80 5.44 100.00

Note: Vikrator moved perpendicular to the direction of travel.
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Test 11, Batch 1.
Date ¢ e« e e e e e e eseoncee 07/16/83 Design Values Actual Values
Mix Design Number ....... 6
F.A, Maisture Content .... +3.90 % Cem. Factor .. .. 5.50 sk/cy Cem. Pactor ...... 5.44 sk/cy
C.A. Maisture Content .... +0.34 % Ajr Content .. .. 5.00 % Air Content . ..... 5.40 %
Air Entraining Agent ..... 66 mL C.A.Factor.... 0.80 C.A.Factor ...... 0.79
Air Temperatre ........ 80.6°F W/C Ratio ..... 0.34 W/C Ratio....... 0.36
Max. C.A. SiZ€ ¢ e e e e o o o » 1-1/2 in. SIUMD @ e e o v oo 1-1/2 in. 11511110 SN 1 in.
Super/Retarder Agent .. ... 365 mL Unit Weight .... 151.05 pcf Calc. Unit Weight .. 149.87 pcf
Meas. Unit Weight .. 154.35 pcf
Design Design Design Water Design Weight Actual Actual Actual Actwal
Abs Vad Abs Va Spec SSD Wt Adjust Btch Wt Adjust Btch Wt SSD Wt Abs Va Abs va
Matl (%) (cuft.) Grav (b) b) (b) b) b) b) (cuft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 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  -0.01 240.10 231.09 1.43 25.74
C.A., 48.73 2.68 2.74 458.26  +1.56 459.82  -0.02 459.80 458.24 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: Vibrator moved perpendicular to the direction of travel.
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Test 11, Batch 2.

Date .. v v v et eeeoecnnn 07/16/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Maistwre Content .... +3.90 % Cem, Factor . ... 5.50 sk/cy Cem. Factor . . ... 5.54 sk/cy
C.A. Maisture Content .... +0.34 % Air Content . ... 5.00 & Air Content . . ... 5.00 %
Air Entraining Agent ..... 66 ml. C.A.Factor.... 0.80 C.A.Factor..... 0.81
Air Temperatire ........ 80.6°F W/C Ratio..... 0.34 W/C Ratio....... 0.32
Max. C.A. Size .. .o ve.. 1-1/2 in, (51151111 o JUURIRR 1-1/2 in. SHIMD o« e o o oo voee 2-1/2 in.
Super/Retarder Agent .. ... 365 ml Unit Weight .... 151.05 pcf Calc. Unit Weight .. 151.75 pcf
' Meas. Unit Weight .. 154.18 pcf
Design Design Design Water Design Weight Actual Actwal Actual Actual
Als Vdl Als Vdl Spec SSD Wt Adjst | Btch Wt Adjust Btch Wt SSD Wt Abs Vdl Abs Vd
Matl (%) (cu.ft.) Grav (b) (b) b) b) b) (b) (cu.ft.) (%)
Cem. 9.74 0.54 3.15 105.24 105.24 -0.04 105.20 105.20 0.54 9.81
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
Air 5.00 0.28 0.27 5.00
Tctals 100.00 5.50 . 830.76 830.76 828.21  828.21 5.46 100.00
Note: Vikrator moved perpendicular to the direction of travel.
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Test 11, Batch 3.
Date v v e oo eooeenoceas 07/16/83 Design Values Actual Values
Mix Design Number ....... 6
F.A. Maisture Content .... +3.90 & Cem, Factor . ... 5.50 sk/cy Cem, Factor ...... 5.53 sk/cy
C.A. Maisture Comtent .... +0.34 % Air Content .... 5.00 % Air Content . ..... 5.60 &
Air Entraining Agent ..... 66 ml. C.A,.Factor.... 0.8 C.A.Factor...... 0.81
Air Temperatre ... ..... 80.6 W/C Rato..... 0.34 W/CRato....... 0.30
Max, C.A.Sizé v v e e v v v 1-1/2 in SIUMP v ¢ e v e v 1-1/2 in. SIUMP ¢ v o o0 owewns 3-1/2 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
Abs Val Abs Vd Spec  SSD Wt Adjust Btch Wt Adjsst Btch Wt SSD Wt Abs Vdl Abs vd
Matl (%) (cwft)) Grav ab) ab) ab) ab) ab) ab) (cu.ft)) (%)
Cem. 9.74 0.54 315  105.24 105.24 -0.04 105.20 105.20  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
Air 5.00 0.28 0.31 5.60
Totals 100.00 5.50 830.76 830.76 826.51 826.51 5.46 160.00

Note: Vilrator moved perpendicular to the direction of travel
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Date v v veveenveenocees 07/16/83 Design Values Actual Values

Mix Design Number ....... 6 :

F.A. Maisture Content .... +3.90 % Cem. Factor . ... 5.50 sk/cy Cem. Factor . ..... 5.46 sk/cy
C.A. Maistwre Content . ... +0.34 % Air Content . ... 5.00 % Arr Content . .... . 5.60 %
Air Entraining Agent ..... 66 ml. C.A.Factor .... 0.80 C.A. Factor ...... 0.79

Air Temperatuwre ........ 80.6°F W/C Ratio..... 0.34 W/C Ratio....... 0.34

Max. C.A. Size e .. c0 v ... 1-1/21in, Sump ........ 1-1/2in, Sump v e vvvve... 1-3/41in,
Super/Retarder Agent ..... 365 ml Unit Weight .... 151.05 pcf Calc. Unit Weight .. 150.09 pcf

Meas. Unit Weight .. 153.25 pcf

Design Design Design Water Design Weight Actwal Actual  Actual Actual

Abs Vdl Abs Vd Spec SSD Wt Adjust  Btch Wt Adjust Btch Wt SSD Wt Abs Vd Aks Vd
Mat'l (%) (cuft.) Grav (b) ab) ab) {b) ab) ab) (cu.ft.)) (%)
Cem, 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
Air 5.00 0.28 0.31 5.60
Totals 100,00 5.50 830.76 830.76 830.71 830.71 5.53 100.00

Note: Vibrator moved perpendicular to the direction of travel.




APPENIIX D

CYLINDER AND BEAM TEST RESULTS

Compressive strength results (psi).

Test No. Batch 1 Batch 2 Batch 3 Batch 4 Average
1 4560 4850 6080 5440 5230
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 (psi).

Test No. Batch 1 Batch 2 Batch 3 Batch 4 Average
1 1100 1060 1130 955 1060
2 1135 1135
3 1000 970 985
4 910 890 900
5 775 ' 870 820
6 960 1065 1015
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 batch. ALl cother tests
consisted of casting one beam from each of two randomly selected batches
within the tests. Each beam was kroken twice, therefore, all entries in the
Batch columns are averages of two values.
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APPENIIX E

RESULTS OF THE CORE ANALYSIS

Test 1 results,

Void Dry Unit SSD Unit C.A. Split Tens.
Core Content Weight Weight Fracture Strength
No. (%) (pcf) (pct) (%) (psi)
1AT 8.74 148.8 154.,2 40 485
1am 8.88
1AB 7.31 151.6 156.2 70 700
1T 8.74 148.7 154.2 30 508%
1BM 8.32 149.7 154.8
1BB 7.35 150.5 155.1 70 815
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 70 765
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 71.76 148.5 153.4 80 880
3Ccr 8.62 148.8 154.2 60 625
3CM 8.78
3CB 7.66 146.8 151.6 70 745
4AT 8.86 147.8 153.3 70 650
4AM 8.44
4AAB 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.

Vaid Dry Unit SSD Unit C.A. Sp].it Tens.
Care Content Weight Weight Fracture Strength
No. (%) (pcf) (pcf) (%) (psi)
1AT 8.64 149.6 155.0 10 390
laM 7.93
1AB 6.99 152.5 156.8 50 680
1BT 8.99 148.3 153.9 30 595
1BM 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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Void Dry Unit SSD Unit. C.A.. Stlit: Tens:
Core Content Weight Weight Fracture- Strength:
No. (%) (pef) (pef) (%) (psi)
1AT 7.78 153.5 158.4 20 425
1AM 7.87
1AB 6.46 154.8 158.8 30 565
1BT 8.74 150.9 156.3. 20 475
1BM 8.81 150.7 156.2
1BB 6.37 154.8 158.0. 40: 630"
1CT 8.94 151.8 157.4 20 455
1CcM 8.48
1CB 6.78 152.1 156.3 40 535
2AT 8.38 151.9 157.2 40 415.
2AM 9.00
2AB 6.80 154.0 158.3 50 850"
2BT 8.18 153.1 158;2. 20- 465.
2BM 8.20 152.0 157.2
2BB 7.54 150.5 155.2 60 895.
2CT 8.40 152.9 158.2 40 620
2CM 8.22
2CB 7.07 153.5 157.9 30 715
3AT 9.00 149.9 155.5 10 625
3AM 9.33
3AB 7.35 152.5 157.1 60 Looo
3BT 9.39 149.9 155.7 40 555.
3BM 9.21 149.2 155.0
3BB 7.41 153.2 157.8 50° 765
3CT 8.79 151.5 157.0 40 555
3CM 9.29
3CB 7.70 151.7 156.5 60 660
4AT 6.81 153.4 157.7 80 740
4AM 8.20
4AB 8.98 149:8 155.4. 20 530
4BT 8.89 148.7 154.3 30 530
4BM 8.23 149.3 154.4
4BB 7.28 151.5 156.1 70 785
4CT 9.02 147.8 153.5 10 435
ACM 8.04
4CB 8.46 148.8 154.1 80 510
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Test 4 results,

Void Dry Unit SSD Unit C.A. Sdlit Tens,
Core Content Weight Weight Fracture Strength
No. (%) (pcf) (pcf) (%) (psi)
1AT 5.80 154.1 157.7 30 450
1AM 5.51
1aAB 7.20 149.2 153.7 80 585
1BT 6.52 153.4 157.5 40 550
1BM 5.96 158.9 162.6
1BB 9.73 147.9 154.0 N/A N/A
1cT 7.24 152.0 156.5 10 540
icMm 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
2BM 6.52 150.6 154.7
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/Aa N/Aa 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
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
AAM 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
ACM 6.68
4CB 5.96 153.7 157.4 80 520

154



Test 5 resulks.

Void Dry Unit SSD Unit C.A. St Tens,
Care Content Weight Weight ract cengt:
No. (%) (pct) {pct) B
1AT 10.17 145.2 151.5 N/A N/A
1aM 8.70
1AB 9.61 N/A N/R 70 720
1BT 10,22 144.7 151.1 30 425
1BM 8.89 145.8 151.4
1BB 7.93 147.8 152.8 76 505
1CT 9.71 145.2 151.3 16 3
1CM 8.37
1CB 8.01 149.4 154.4 60 705
2AT 9.75 146.7 152.7 50 635
2AM 8.88
2AB 7.61 149.7 154.4 N/A N/A
2BT 9.24 148.4 154.2 50 430
2BM 8.56 148.9 154.2
2BB 7.95 148.4 153.4 50 795
2CT 9.26 1485 154.3 40 315
2CM 8.89
2CB 8.01 149.6 154.6 80 565
3AT 9.19 148.2 153.9 20 410
3AM 8.85
3AB 7.52 150.4 155.1 N/A N/A
3BT 9.75 147.0 153.1 30 505
3BM 8.81 148.1 153.5
3BB 8.12 148.0 153.1 820
3CT 9.09 149.3 155.0 60 525
3CM 9.56
3CB 8.32 149.2 154.4 60 730
4AT 8.68 149.8 155.2 20 550
4AM 8.85
4AB 8.48 148.6 153.9 90 570
4BRT 9.62 145.7 151.7 10 445
4BM 9.63 153.0 159.6
4BB 7.95 149.4 154.4 70 815
4CT 9.66 146.1 152.1 60 520
4CM 9.21
4CB 7.70 151.7 156.5 30 860
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Test 6 results.

Vaid Dry Unit SSD Unit C.A. Split Tens.
Core Content Weight Weight Fracture Strength
No. (%) (pct) (pct) (%) (psi)
lar 8.11 151.4 1565 30 345
laM 8.53
1AB 9.95 148.4 154.6 N/A N/A
1BT 7.86 153.6 158.6 30 560
1BM 8.86 155.9 161.5
1BB 9.51 147.8 153.8 N/A N/A
1CcT 8.82 150.8 156.3 10 355
1cM™M 8.17
1CB 7.44 152.8 157.4 80 830
2AT 9.97 1475 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 7.9 152.2 157.2 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
AAM N/A . :
4nB 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/Aa 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 results,

Vaid Dry Unit 8SD Unit C.A. ,

Care Content Weight Weight PFracture Strength
No. (%) {pch) {pct) (%) (psi)
1AT 9.17 148.5 154.2 20 460
1AM 8.53

1AB 7.86 148.7 153.6 70 635
1BT 9.60 146.7 152.7 30 455
1BM 8.81 148.6 154.1

1BB 7.42 150.3 154.9 80 605
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
2AM 9.32

2AB 7.90 148.5 153.4 50 590
2BT 9.51 146.2 152.1 40 485
2BM 9.00 146.7 152.3

2BB 7.41 147.9 152.5 70. 535,
2CT 9.37 146.3 152.1 20 465
2CM 9.02 .

2CB 8.09 150.4 155.4. 40 725,
3AT 9.47 146.7 152.6 60 435
3AM 9.13

3AB 7.32 150.9 155.5 80 630
3BT 9.46 147.3 153.2 50 465
3BM 9.17 147.7 153.5

3BB 7.70 150.6 155.4 80 680
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 30 485
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 8.16 149.7 154.8 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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L Test 8 results.
1[ . _ Vaid Dry Unit SSD Unit C.A. Split Tens,
~ Core Content Weight Weight Fracture Strength
: [ No. (%) (pcf) (pcf) (%) (psi)
L
i 1AT 8.68 148.2 153.6 40 505
{ 1AM 6.62
B 1AB . 7.32 148.4 153.0 60 605
1BT 9.01 147.7 153.3 50 520
B 1BM 6.58 149.0 '153.1
{ 1BB 7.53 148.3 153.0 50 670
- 1cT 10.40 145.1 151.6 20 490
. 1cM 9.63
P 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 i
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,

Vaid Dry Unit  SSD Unit  C.A. Sglit Tens.
Core Content Weight Weight Fracture  Strength
No. (8) (pcf) (pcf) (%) (psi)
1AT 7.07 153.2 157.6 40 555
1AM 7.07
1AB 9.15 142.9 148.6 N/A N/A
1BT 7.72 150.5 155.3 50 655
1BM 6.70 150.6 154.8
1BB 7.46 147.2 151.9 30 700
1CT 7,45 151.2 155.8 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
3CcT 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
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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L Test 10 results,

N Vaid Dry Unit SSD Unit C.A. Sglit Tens,
Core Content Weight Weight Fracture Strength

No. (%) (pcf) (pcf) (%) (psi)

o

. 1AT 6.85 153.1 157.4 80 735

! 1AM 7.73

— 1AB 7.73 148.3 153.1 50 670

7 1BT 6.68 154.8 159.0 20 660

i 1BM 6.78 152.6 156.8

1BB 6.73 150.1 154.3 90 870
1cT 7.49 151.9 156.6 30 615
1cM 6.99

. 1cB 7.73 148.7 153.6 50 535

— 2AT 7.25 153.2 157.8 40 590

22 M 2.85

| 2AB 6.65 151.7 155.8 90 860

L 2BT 7.29 152.6 157.2 70 650
2BM 7.03 153.0 157.4

2BB 7.21 151.9 156.4 70 925

L 2CT 7.23 153.4 157.9 50 565
2CM 7.21

. 2CB 8.18 148.0 153.1 70 630

. 3AT 8.16 150.3 155.4 40 590

- 3AM 7.61

3AB 7.31 149.0 153.6 80 560

3BT 8.17 150.6 155.7 20 615

3BM 7.73 147.2 152.0
3BB 7.10 145.0 149.4 80 645

3CT 8.30 149.7 154.9 20 575

L 3CM 7.99

- 3CB 7.27 146.3 150.8 70 610

o 4AT 7.34 152.1 156.7 30 585

N 4AM 7.47 : :

= 4AB 6.87 148.9 153.1 90 840

B 4BT 7.69 152.7 157.5 60 750

- 4BM 7.18 1515 155.9

L 4BB 7.58 151.1 155.8 50 845
4CT 7.19 153.0 157.5 40 575

4CM 6.95

P 4CB 9.86 146.9 153.0 N/A N/a
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Test 11 results.,

Vaid Dry Unit SSD Unit C.A. Split Tens.
Care Content Weight Weight Fracture Strength
No. (%) (pcf) (pcf) (%) (psi)
1AT 7.80 153.0 157.9 60 545
1aM 7.88
1AB 7.54 148.1 152.8 60 540
1BT 7.26 152.0 156.6 50 690
1BM 7.58 148.5 153.2
1BB 7.49 148.3 153.0 80 655
1CcT 7.60 150.4 155.2 50 710
1cM 7.76
1CB 8.68 145.3 150.7 50 630
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 70 505
2CT 7.96 149.4 154.3 N/A N/A
2CM 8.44
2CB 8.98 148.7 154.3 50 580
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 40 505
3CM 7.81
3CB 8.14 145.7 150.8 60 570
4AT 6.64 150.6 154.8 60 635
4AM 7.30 , :
4AB 7.26 151.8 156.3 80 365
4BT 6.34 150.8 154.7 80 700
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

Introduction

During the actual casting and vikration of the concrete slabs and after
viewing the hardened slabs and retrieving the core samples, it was noticed that
dwring the consolidation procedure the concrete contained in the first slab of
the forms did not receive the same degree of vikration as the concrete in the
following slabs. Identical problems were also encountered in the last slab of the
forms, These prohlems could be realized best by examining what occurred as the

concrete was vilrated. Figure 30 depicts the consalidation procedure.

Figure 30. The consalidation procedure.

Direction of Travel —>

(2) (3)

As the tests were performed the vilrators were lowered into slab #1 and
allowed to remain for a few seconds, until the concrete appeared fluid. They
were 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 vilrators were dslowly
raised from the concrete and set aside. As could be noted by the shaded regions
in Figwre 28, these areas were found to contain excessive honeycomhing due to
a lack of adequate consalidation. The problems encountered in slab #1 could be
attributed to the fact that the concrete had received no initial vilration,
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however small it might be, from the vilrators as they approached the slab.
Normally, the concrete had already undergone the initial slumping before the
vibrators actually passed through. This slab, however, received no initial
slumping and all of the consolidation had to occur while the vibrators were in
place. It would have been impossible for this problem to be eliminated without
knowing exactly how long the vilrators should remain in place in this dlab to
give a consolidation effort equal to that imparted on the other slabs.

The problems encountered in slab #4 were inherent to the way the test
was designed, After the vikrators entered dab #4 the back of the vibrators
came in contact with the back of the farms. Since the maximum forces created
by the vikrator are projected only from the first half of the head (See Figure 1,
p. 10) it was impossible to adequately consclidate the back portion of this slab
without removing the vilkrators and replacing them turned in the other direction.
This problem can be associated with the problem encountered in the field as the
paving machine approaches a construction joint, where the use of manually
operated spud vikrators is required.

When the core samples were taken from the hardened concrete these
problems became so apparent that it was soon realized that the data
accumulated from batches 1 and 4 could not be used to describe the achieved
consolidation. Two problems led to this conclusion. First, ASTM C642 could not
be used to determine the wvoid content ar the unit weight of some of the core
dlices. The concrete was so honeycombed that the test would not adequately
yield true SSD weights of the samples, It is also stated in ASTM C642 that test
specimens must be free from observahle cracks, fissures, ar shattered edges, and
therefore batch 1 and 4 specimens could not be tested under the terms of this
standard test. This left no option but to seek ancther way of determining the
vaid 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 rubber memblrane around the concrete while saturated in
arder to make an accurate measurement of the saturated-surface dry condition.

3. Using paraffin to fill all of the voids so that the void content could be
determined,

This was when the second problem had to be considered. If the void
content of these poorly consalidated samples could be determined, would this
yield any beneficial information relating to the consolidation of the concrete?
Since the reasons for the inadequate consclidation in batches 1 and 4 had
already been determined, the decision was made that the concrete contained in
slabs 1 and 4 of each test did not reflect the type of information desired. The
problems were deemed unavoidahle, and restricting them to slabs 1 and 4 only
enhanced the reliability of data retrieved from slabs 2 and 3.

Development of the Figures

While the data accumulated from slabs 1 and 4 of each test could not be
used when determmmg the consalidation of the concrete, it was féund that it
could be used, in most instances, to determine the relationship of wvoid content
to splitting tensile strength. The excessively honeycombed specimens were still
broken to determine their splitting tensile strength. Care was taken to place
each of the core dlices under the load so that they would break 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 vaoid 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 of the test).
Realizing that this test would not yield the actual content of the samples,

it would suffice to reveal the void content of the concrete cther than the

excessively large voids. Since the concrete in the plane of the splitting tensile
strength fracture contained no large voids, ASTM C642 adeguate

the void content of the concrete in that plane. This was verified by plotting the

data points of splitting tensile strength vs. void content for batches 1 and 4,

and for batches 2 and 3 separately. The analysis of the linear regression lines.

through these paints showed that they were extremely close to presenting. the
same information. Every figure of splitting tensile strength vs. veoid content that
contains linear regression lines was, therefore, created by data peints
from all of the concrete core sections in all of the slabs of each test (See
Figures 13, p. 44; 15, p. 49; 16, p. 54; 17, p. 56; 18, p. 58; and 19, p. 61). The
only data points that were omitted were those that were found to be
irrepresentative of the vilrated concrete,

The data used to derive the mean and standard deviation values to
construct the boxes in the figures of splitting tensile strength vs. void content
was taken from dlabs 2 and 3 only (See Figures 13, p. 44; 15, p. 49; 16, p. 54;
17, p. 56; 18, p. 58; and 19, p. 61). This information more accurately
used to describe the degree of consalidation attainable for a given vikratory
effort. The samples taken from these slabs did not contain excessive voids, and

ASTM C642 could be used to adequately determine their void content.
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APPENIIX G

DATA AND STATISTICS FOR SELECTED FIGURES

Results of the linear regression analysis.

\

Correlation Degrees of Sope of the  Y-intercept of

Test No.. C cefficient Freedom Reg. Line Reg. Line
1 -0.84 20 -136 1770

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 compared 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 values for coarse aggregate fracture,

7, (%)

Test Overall Taop Top Std, Bottom 3
No. Mean (%) Mean (%) Dav. (%) Mean (%) D

=la KEDiL

54 35 22 73 14
44 32 12 57 16
42 32 13 52 12
51 44 23 60 18
48 42 15 58 17
3 15 63 18
53 38 19 67 18
44 27 12 62 13
58 37 22 78 13
19 77 8
55 44 17 65 10

= bl AD G0 I O U W N
<
~3
I
©

b
i
o
>
(=4

Note: R»emﬁ:s were taken from analysis of all data from batches 2 and 3 of each
test,
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Mean and standard deviation values for sglitting tensile strength.

Test Qverall Top Top Std, Bottom Bottom Std.
No. Mean (psi) Mean (psi) Dev. (psi) Mean (psi) Dev. (psi)
1 670 570 40 770 70

1A 560 40 800 55

2 630 520 30 735 40

2A 525 15 745 45

3 675 540 85 815 125

3A 515 95 875 100

4 510 490 60 530 120

4A 500 65 575 120

5 580 480 ' 110 730 115

6 565 455 70 670 80

7 555 465 35 645 70

8 570 485 60 655 90

9 690 685 25 700 160

10 650 600 30 705 150

11 560 565 125 560 70

Note: Results were taken from analysis of all data in batches 2 and 3 of each
test, except for tests 1A, 2A, 3A, and 4A. For these four tests, all core "C"
data was omitted from the analysis to aid in the comparison of vilrator spacing.
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Test Overall Top Top Std. Battom Bottom: Std,
No. Mean (%) Mean (¥) Dev. (%) Mean (%) Dev. (%)
1 8.36 8.78 0.19 7154 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

3Aa 8.74 0.56 7.28 0.33

4 7.04 1.97 0.99 5.85 1.22

4A 8.33 1.18 6.49 1.17

5 8.74 9.38 0.29 7.92 0.31

6 8.77 9.44 0.58 7.87 ' 0.55

7 8.79 9.51 0.19 1.72 0.30

8 9.00 ' 9.82 0.21 1.77 0.26

9 7.34 7.86 0.18 6.45 1.31

10 7.25 1.73 0.53 1.29 0.50.

11 8.22 8.25 0.22 8.40 0.36

Note: Results were taken from analysis of all data in batches 2 and 3. of each
test, except for tests 1A, 2A, 3A, and 4A. For these four tests, all care "C"
data was omitted from the analysis to aid in the comparison of vilxator spacing.
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APPENDIX H

VIBRATOR MONITORING SYSTEM

The Vibrator Monitoring System (VMS) was developed to detect and
indicate the failure of one or mare concrete vikrators. A specially designed
sensor is attached to each vikrator on the paving machine. The sensor contains
a hermetically sealed reed switch which is normally open. As the vikrator is
operating, the reed switch is set into oscillation, alternately closing and opening
the contacts at the rate of the vilxator. The sensor output signals are sent to
the main contral unit via shielded cahles.

The contral unit, shown in Figure Hl contains the detector circuit board,
power supply,indicator lamps and the audio alarm. The circuit board contains
fjfteen comparator circuits, one for each vilrator sensor. A group of four
typical circuits are shown and each circuit is identical, using an operational
amplifier as a comparator to compare the rectified and smocthed sensor pulses
to a reference voltage. If all sensor contacts are vilkrating open and closed, the
voltage to the negative input of the comparator will be high producing a zero
output keeping the indicator lamps and alarm off. If a vikrator should quit the
respective ipput valtage to the comparator be zero. The level is less than the

‘reference valtage producing a positive voltage output. This valtage turns on the

associated transistor, illuminating the lamp. The positive signal is also sent to
the audio alarm through the "or" netwark. Thus, if any vilrator stops operating,
the audio alarm will sound and a light or lights on the contral unit indicates the
defective unit or units. Also, while the concrete is being liquified the audio

alarm is aqtivated periodically until complete liquifaction has been obtained.

170



TLT

CONTROL UNIT
i)Lamp
Sensor | Comp. >
1 1
i} Lamp
Sensor Comp. >
2 2
i)Lamp
Sensor | Comp. > > Audio
3 - 3 Alarm
| I Y
| | ’
| }:&
l l _
| | =
' : i)Lamp
~
Sensor Comp. -
15 15 ‘
ﬁi\\ Power
Supply
N
12 volts

Figure 32. Schmetic Diagram of the VMS Control Unit.




a. Control Unit

B
i
: Figure 33.

b. Sensors

VMS Control Unit and Sensors.
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