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PREFACE

This document is the report on Study II of a project entitled "Polymer
Pavement Concrete for Arizona." The project identified as No. HPR 1-12
(154) by the Arizona Department of Transportation, was sponsored by the
Arizona Department of Transportation in cooperation with.the Federal High-
way Administration through contractual agreement with Northern Arizona
University in Flagstaff, Arizona. The project started on May 1, 1974, and
ended on March 22, 1976.

The project made use of staff and facilitiles of the College of Engin-
éering and Technology, Northern Arizoma University. The principal invest-
- gator was Dr. Sandor Popovics. Dr. Jack S. Swenson worked as consultant
on the project for approximately six months,‘while Mr. John C. Germ work-
ed approximately 9 months as a research assistant.

Several .companies contributed materials for the project, including
‘the Phoenix Cement Company, Clarkdale, Arizona. The contribution of these
dompanies,isvcertainly appreciated. The help of the Bureau of Reclamation,
especially the cooperation of Mr., Carl Selander and Mr. W. C. Cowan is al-

so acknowledged with thanks.
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ABSTRACT

of the Project

"Polymer Pavement Concrete — Study II" HPR 1-12 (154)

The most important result of this investigation is the development
of the addition of urea-formaldehyde combinations in the form of a monomer
system to the mixing water of portland cement mortars and concretes, Al-
though the addition of this system to concretes produced only negligible
strength increases, data in Table VI show that several combinations of
the same system with mortars produced compressive strengths close to 7000
psi or even higher at the age of 28 days. Also, quite a few mortar ser-
ies provided compressive strengths close to 9000 psi at the age of 90
days. These represent a 1500 to 2500 psi strength increase produced by
this monomer system.

It is not clear at this time why the urea-formaldehyde monomer sys-
tem is effective in mortars and ineffective in concretes. Further invests
igation is needed to answer this question and, hopefully, improve the
effectiveness of this monomer system in concretes, too. The significance
of this further research lies in the fact that the application of such a
monomer system is also advantageous from economical standpoint because
this is the least expensive form of the urea-formaldehyde combinations,
and because the technology of such monomer systems in mortars and concretes
is simple. Besides, despite the present ineffectiveness of the urea-
formaldehyde monomer system in concretes, it still seems a significant
breakthrough that the admixing of an unpolymerized urea-formaldehyde sys-

tem increases considerably the strength of portland cement mortars.
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In addition to this effort several other directions were also invest-
igated. Firstly, the project had as its aim the optimization of the basic
urea-formaldehyde prepolymers that were found promising in Study . I. Un-
fortunately, these efforts were unsuccessful despite the fact the most of
the possible variables (Urea-formaldehyde ratio, pH, catalyst, concentra-
tion, temperature, degree of polymerization, etc.) were investigated. The
reason for this failure is not clear. Secondly acidic urea-formaldehyde
prepolymers were investigated that were produced either with heating or
without elevated temperature. Thirdly, several other chemical systems and
commercially available polymers were also tried out. Some of these sys—
tems did produce considerable strength increases but these were still less
then the ones mentioned above in connection with the addition of urea-
formaldehyde monomer systems.

The investigation of the underlying mechanisms concerning the effects
of polymers or monomer systems on the strength development of modified

mortars or concrete was not intended in this project.
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Polymer - Pavement Concrete for Arizona -— Study II

Introduction

A successful polymerization improves the overall quality of concrete
so much that their use should result in pavements and structures of super-
ior quality, that is, which require less materials, less maintenance and
are more lasting, The potential benefits are especially attractive in
the northern part of Arizona where good, durable aggregates are scarce,

The Arizona Department of Transportation initiated a preliminary
investigation on polymer pavement concretes in the College of Engineering,
Northern Arizona University, in November, 1972, Since the present re-
search is the continuation, that is the second phase, of that investiga-
tion, it may be mentioned that the problems to be solved by this. invest-—
igation encompassed the improvement of the overall quality of portland
cement concrete by chemical polymerization techniques that are field-
implementable for pavement and other field concretes, It is important
to note that according to the technical literature the polymerization
methods which have been reported as successful, require either extensive
radiation treatment or heat treatment, therefore, they are not practic-
able for concrete pavements and other field applications., Since much
more concrete is used in highway engineering in pavements than for any
other purpose, it seems worthwhile to continue the laboratory investiga-
tion for finding combinations of chemically activated polymer and port-
land cement concrete that are readily usable for pavement and other field

applications.



The general objective of the present research is the confirmation
and optimization of the results of our preliminary investigation. The
optimum is defined in this phase as the polymer cement concrete that
provides the maximum strength. The investigation of other technically
important properties, such as durability, shrinkage, creep, wear resis-
tance, etc., as well as the properties of fresh concrete (consistency,
setting and stiffening, air-entrainment properties, bleeding, etc.) is
planned in future projects based on the results of this proposed study.

The specific objectives of the present Study II were:

(1) to confirm the favorable results obtained in our preliminary
research with a urea-formaldehyde system in mortar and subsequently to
find the optimum composition of these systems;

(2) to find the optimum application of the urea-formaldehyde sys-—
tem for portland cement concrete;

(3) to try out several other monomer systems in mortars in the
form of aqueous solutions; and

(4) to try out several commercially available monomer systems and
pre~polymer systems in mortars from the urea-formaldehyde group and
from other groups.

Highlights of our previous activities on the subject are as follows:

(a) A brief summary of the history and success of polymer concrete
were presented in our 1972 report.

(b) It was also pointed out there that the polymerization methods
found to be successful (polymer-impregnated concrete) are unsultable
for field applications, for instance for pavement, while the simpler

methods (polymer-ceiment concrete) had not been investigated well enough



despite their practical significance.
(c) Our preliminary investigation started on the background stated
above in November, 1972, The objectives of this work were:

(1) to try out a few methods through a limited laboratory in-
vestigation that seem suitable for producting polymer-cement concretes
for pavements; and

(2) to determine the strengths of such mortars and concretes.
This limited investigation was conducted in three directions listed be-
low.

(1) experiments with monomer systems that were reported or ad-
vertised as successful in polymer-cement concrete;

(2) development on new monomer systems that may be used advanta-
geously in polymer-cement concretes; and

(3) experiments with polymer-coated aggregates.

This preliminary investigation provided in the following conclusions:

(1) the advertised benefits of commercial polymers in concrete
are usually overstated:

(2) the advantages reported in publications or independent re-
search reports cannot, as a rule, be reached economically because large
quantities of monomer systems or polymers have to be used{

(3) the use of a certain type of urea-formaldehyde pre-polymer
provided higher strength increases in portland cement mortar than any
other tested polymer, pre~polymer or monomer system we know of; and

(4) the application of polymer-coated aggregate appears to im-
prove the concrete strength but the strength increase i1is slight.

The performed laboratory work described in the present report can



be divided into the following parts:
Portland cement mortars modified with basic urea-formaldehyde pre-
polymers.
Portland cement mortars modified with acidic urea-formaldehyde pre-
polymers.
Portland cement mortars modified with unheated urea-formaldehyde
pre=-polymers.
Systematic experiments with portland cement mortars modified with
various urea-formaldehyde pre-polymers.
Portland cement mortars modified with unpolymerized urea-formalde-
hyde systems.
Various experiments with modified portland cement mortars.
Portland cement concretes modified with urea—férmaldehyde systems.
Measurements with nuclear gauge, x-ray and electron microscope (not
included in the approved work plan).
It was not the purpose of this project to investigate the under-
lying mechanisms concerning the effects of polymers or monomer systems

on the strength development of modified mortars or concretes.

Materials and Test Methods

Commercially available not air-entrained "Phoenix'" Type II port-
land cement produced by the Phoenix Cement Company, Clarkdale, Arizona,
was used in all of our experiments, unless it is indicated otherwise.
It was nomogenized énd‘stored in sealed barrels to maintain the same
quality throughout the testing.

The sand used in the mortar experiments was the standard C 109



Ottawa sand.

The gravel and sand used in the concrete tests were commercially
available materials from the Camp Verde, Arizona, area. The light-weight
aggregates were obtained from the Flagstaff, Arizona, area.

The coarse aggregate and concrete sand were separated into fractions
by sieving; then the fractions were reblended in predetermined proportions.

The combined grading for the concrete experiments is as follows:

Fraction Size __Quantity
Pan - Sieve #16 25% by weight
Sieve #16 - Sieve #4 20" " n
Sieve #4 -~ 3/8" Sieve 20" " "
3/8" Sieve - 1/2" Sieve 10" " u
1/2" sieve-3/4" sieve 15t "
3/4" sieve-l1" sieve 10" " "
Total 1007 by weight

Various chemicals (urea, formaldehyde, silane, etc.) were used. Their
detailed descriptions were given in the Final Report for the first phase
(Study I) of this project.

Generally accepted test methods were used for the experiments. When
ASTM methods were available, they were used and are referred to in this
report by the ASTM Designation number.

In order to increase the reliability of the test results, many tests
were repeated.

The experiments will be discussed and analyzed in the following parts



of this report. It should be noted that only compressive strengfhs of

the tested mortars are reported here despite the fact that in numerous
cases the tensile strengths were also tested. Since, however, the tensile
strengths ran parallel with the compressive strengths in each aﬁd every
case, the tensile strength results are not presented in this report for
the sake of brevity. The air content of the plain Ottawa-sand mortars

was relatively constant, within 1 and 2.5%.

Experiments with Portland Cement Mortars Modified with Basic Urea-For-

maldehyde Pre-Polymers

In this group of experiments repeated attempts were made to re-
produce the best strength results obtaiﬁed by similar pre-polymers in
the past first phase of the project. These first experiments and re-
sults were presented in Part III of the Final Report for Study I which
part was prepared essentially by Dr. L. L. Turai, Consultant to the Pro-
ject. Also, an optimum formulation was recommended by him in a subse~
quent document dated April 30, 1974,

Accordingly, pre-~polymers of the urea-formaldehyde type having the
composition and degree of polymerization recommended in the Final Re-
port of Study I were prepared in the laboratory; that is, urea, for-
maldehyde in the form of formalin, and water were mixed in the re-
commended quantities, the pH of the system was raised above 7 to the
recommended level, and then the solution was kept at elevated tem-
perature until a slight haze appeared indicati the beginning of in-
tensive polymerization. Then these pre-polymer solutions and disper-

sions were added to standard Ottawa sand mortars of 1:2.75 mix pro-



portions, by weight, replacing a portion of the amount of water used

in the control specimens. Two-inch cubes were made with these mortars,
cured in fog room and tested for compressive strength at various ages

in the standard mammer. (ASTM C 109.) The flow of the mortafs was also
determined by the standard method described in ASTM C 109 and C 230.

The characteristics of all the used urea-formaldehyde-water sys-
tems are shown in Table I. The basic systems are, of course, those
that have a pH value greater than 7. The characteristics of the mortars,
including the composition, flow, density, and compressive strength, are
shown in Table II. The strength results of the control specimens, that
1s, strengths of comparable specimens but without any urea or formalde-
hyde, are also presented In Table II,

It can be seen that these basic urea-formaldehyde systems have not
produced strength increases when incorporated into the fresh cement mor-
tar despite the fact that the previously recommended procedure for the
preparation of the pre-polymer system was scrupulously followed. On
the contrary, in the majority of the cases they reduced the compressive
strength considerable: cubes with polymers have given compressive
strengths in the range of 1800 psi at the age of 7 days and compared to
the control strength of approximately 4000 psi. In other words, we
have not been successful fo reproduce the significant strength increase
reported by Dr. Turai by using his formulation despite the considerable
effort (more that 100 mixtures tested) that was invested into this
branch of the investigation.

At the present time we have no exact explanation for these failures
or for the promising and not so promising results outlined above, In
general, the urea-formaldehyde system is very complex and subject to

many variables in its preparation as well as the many variables inherent



in the cement system. Nevertheless, it is our conclusion that further
efforts to pursue formulations based upon Dr. Turai's recommendations

would probably be fruitless.

Portland Cement Mortars Modified with Acidic Urea-Formaldehyde Prepolymers

Partly because of the above-discussed ineffectiveness of the basic
urea-formaldehyde prepolymers in portland cement mortars, and partly to
see the possibilities with other systems, in this group of experiments
again urea-formaldehyde-water systems were used but without adjusting
the naturally low pH systems. Thelr use in the Ottawa sand mortars was
similar to the procedure described above in connection with the basic
pre-polymer systems.

The characteristics of these urea-formaldehyde-water systems having
pH lower than 7 are again shown in Table I. .The characteristics of the
mortars made with these acidic polymers are summarized in Table III.

It can be seen, mainly from the Hazing Time column of Table TA,
that the acidic urea~formaldehyde system polymerizes much faster than
the comparable basic system. Also, the st.ability of the "ready" acid-
ic prepolymer system is shorter. The strengths of mortars made with
acidic systems are much higher than the strengths obtained with the basic
systems and in certain cases, such as U6, the strengths with polymer
were gignificantly higher than the control strengths. It should be
noted, however, that we have tried several times to reproduce the U 6
formulation to obtain the high compressive strength again but to date
the strengths of the repeated experiments were lower than the peak
strengths mentioned above, although they still belong to the best re-

sults we have obtained with polymer-cement mortar combinations. (See,



for instance, mixtures U 208, 210, 211, and 249.) A related pertinent
point is that a part of the high strengths of the U 6 specimens is due
to the low liquid-cement ratio and the reproducibility of the strength
results of such dry mixtures is necessarily quite poor.

It can be seen that in the first 100 or so mixtures the urea-for-
maldehyde prepolymers were added to the portland cement mortars in the
quantity of 15 to 20% of the weight of the cement used. An analysis of
the comparable strength results showed, however, that it may be advan~
tageous to reduce this quantity not only from the stand point of econ~-
omy but also from the stand point of mortar strength. This discovery
was somewhat of a surprise because all the available publications re-
commend the addition of epoxy or latex or other polymers in the quan-
tity of about 20%. Nevertheless, repeated experiments, such as the un-
heated U 136, 137 and 138 (Table IV), or U 149 through 153 (Tables II
and IV), proved that it is not worthwhile to use the urea-formalde-
hyde prepolymers in quantities greater than 5% of the weight of the
cement. Therefore, in further mixtures mostly such small quantities
of prepolymers or monomer systems were used.

Incidentally, it appears from the density and flow values of the
control and the modified mortars in Tables II through V that neither
the basic nor the acidic prepolymers of urea-formaldehyde have sizeable
influence on the properties of the fresh portland cement mortars, in-

cluding the flow.

Portland Cement Mortars Modified with Unheated Urea-Formaldehyde Pre-

Rolxmers

In this group of experiments urea~formaldehyde systems were used



with waiting time but without any heating. The practical advantage of
this approach is the simpler and cheaper technology of preparation of
the chemical system as compared to the prepolymers prepared with heating.

The characteristics .of these urea-formaldehyde systems are again
shown in Table I. The characteristics of the mortars are shown in Table
Iv.

It can be seen that this type of urea-formaldehyde system produces,
by and large, the same strengths as the heated basic systems or the
heated acidic systems despite the simpler technology. The highest
strengths were obtained with mixtures U 60, 240, 245, and 250. These
strengths correspond to an approximately 500 psi increase in the com-
pressive strength up to the age of 28 days and to an approximately
1000 psi increase at the age of 90 days produced by the unheated urea-
formaldehyde prepolymers which increases are ﬁot too significant. The
great strength increase at the age of 90 days 1s surprising but well .

documented.

Systematic Experiments with Portland Cement Mortars Modified with Various

Urea=Formaldehyde Prepolymers

As the best results presented in Tables II, III and IV show, ap-
proximately the same flows and strengths can be obtained under favor-
able condipions with modified portland cement mortars regardless whether
the médifying system is a basic or an acidic prepolymer of urea-formal~
dehyde and regardless whether the prepolymerization was achieved at
room temperature or by heating. This was contrary to the expectations,
therefore, a group of experiments was designed to provide information

concerning the effects of several variables related to the prepolymer

10.



system on the consistency and compressive strength of standard Ottawa
sand mortars. The tested variables were: Urea-formaldehyde ratio
(from 1:0.7 to 1:3 mole ratio) as well as the ﬁH of the prepolymer sys-
tem (basic of acidic); the type of formalin (buffered, unbuffered);

and the presence or absence of preheating the urea-formaldehyde sys-
tem. The characteristics of these prepolymer systems are listed in
Table IA. The characteristics of the mortars are shown in Table V.

These results support the above mentioned finding, namely that
changes in the urea-formaldehyde ratio and/or in the pH of the piepolymer
gystem produce surprisingly little changes, by and large, in the flow or
strength of the mortars. The properties of the mortars with 2% polymer
modification are practically the same as those with 4% modification.
Buffering the formalin does not seem to produce significant changes either.
Speeding up the polymerization process by heat treatment of the urea~for-
maldehyde system seems also unimportant from the standpoint of mortar
consistency and strength. This seems to mean that the selection of a
urea-formaldehyde prepolymer for the modification of a portland cement
mortar should be based on the simplicity of the technology rather than on

the composition of the prepolymer.

Portland Cement Mortars Modified with Monomer Systems of Urea-Formalde-

hyde

In this group of experiments urea, formaldehyde, and water were com-
bined and used immediately after combination as a mixing liquid for stand-
ard Ottawa sand mortars. In other words, the system was incorporated in-
to the mortar before any sizeable polymerization could take place. The

tharacteristics of the monomer systems are listed again in Table I. The

11.



characteristics of the mortars madée with these monomer systems are present-

ed in Table VI.

This system provides the highest increases in the compressive strengths

of the mortar when the urea was added in the quantity of 2% of the weight
of cement and the formaldehyde in the same quantity. Strength increases

up to 2500 psi at the age 28 days have been measured. The 90-day strengths
are also quite high. There are two additional advantages of this type of
urea-formaldehyde system: (1) this is cheaper and simpler to use than any
of the other tested urea-formaldehyde systems; and (2) the lack of wet
curing of the mortar after 7 days seems to improve the strength.

More specifically, even our very first experiments with U = F monomer
systems (U 177) gave good strength increases af the age of 14 days and
later. Repeated experiments provided equally good or even better results.
One can mention here series U 180Y, 191, 191s, 201, 270, 322, 331, 341,
350, 351, 352, and many others.

In order to optimize the composition of the urea-formaldehyde monomer
system for mortar strength, a wide variety of compositions were tried out
under different conditions. The results of one such series are shown in
Figures 1 through 4 where the compressive strengths of the modified port-
land cement mortars at various ages are plotted as a function of urea and
formaldehyde contents. These figures, and the other pertinent results,
do not show any definite regularity or optimum concerning the composition
of the tested urea-formaldehyde monomer systems. There are, however, sev-
eral other conclusions that can bé drawn from the obtained experimental
data in Table VI. For instance,

(1) the addition of the monomer system in larger quantities is harm-

12,
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ful (U 356 through 359):

(2) the urea-formaldehyde monomer system is compatible at least with
some of the common water-reducing admixtures (U 351 and 352), and with small
amounts of sugar (U 316). Larger amounts of sugar are detrimental:

(3) portland cement mortars modified with a U - F monomer system do
not seem sensitive to insufficlent wet curing. Compare, for instance,
the strengths of U 180Y (wet curing until testing continuously) to those
of U 180Y D (dry curing after 7 days), or U 234 to U 234 D,

(4) urea-formaldehyde monomer systems seem compatible with air-en-
trainment (U 388), other types of portland cement (U 387), and fly ash;

(5) the effectiveness of the urea-formaldehyde monomer system is not
influenced by the type and brand of the formaline (U 365 through 369,

U 373 through 377, U 380, and U 382 through 384),

Portland Cement Mortars Modified with Miscellaneous Prepolymer Systems

Several modifications of the urea-formaldehyde systems as well as
chemicals other than urea or formaldehyde were also tried out, The cha-
racteristics of these systems are listed again in Table I while the cha-
racteristics of the mortars modified with these chemicals are listed in
Table VII and VIII,

In one group of experiments substitutes were investigated for the
urea in the urea-formaldehyde system, Phenol (U 154, 157, 158), melamine
(U 160, 161), propinaldehyde (U 247, 248), and resoucinol (U 289, 293,
294, and 295) were tested with formaldehyde in portland cement mortars
in the usual manner. It can be seen that all these systems provided
strengths lower than the good urea-formaldehyde. systems,

On the other hand, the strengths of the cubes in the U 334 through

338 series in Table VII show that considerable strength increases can be
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achieved by the addition of a few percent of calcium chloride to the mor-
tar. This is, of course, not a new discovery. What is hoped for, although
not documented, here, however, 1s that the presence of the urea-formalde-
hyde system will inhibit the corrosive effect of this chemical in which
case the strength increasing property of the calcium chloride can be util-
ized within much wider limits than at present.

Good mortar strengths were also obtained in another series of expe-
riments where the effect of the formaldehyde, without urea, was invest-
igated. (U 318, 319, 320, 325, etc.) Despite the favorable results, this
line of research was not continued partly because these tests were made
at the very end of the investigation, and partly because the utilization
of formaldehyde does not fall strictly within the framework of the present
project.

It can also be seen from Table VII that portland cement mortars modi-
fied with the other chemicals (silane, furfuryl alcohol, triethanolamine,
etc.) did not give as high strengths as the good systems of urea-formalde-
hyde.

- Table VIII contains the characteristics of portland cement mortars
that were modified with commercially available products. Most of these
results are mediocre. The highest strength increases were obtained with
the application of Melment L-10 so called "super-plastifier" (U 313, 314,
and,315), ‘However, even these do not surpass the best results obtained

in our.-experiments with urea-formaldehyde combinations.

Supplementary Experiments with Modified Poriland Cement Mortars

Two additional mortar experiments can be mentioned here. In one se~

ries the compatibility of the uvea-formaldehyde monomer system was test-
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ed with fly ash., Two kinds of fly ash were used, namely, Cholla fly ash
and Four Corner fly ash, both as a substitute and as an addition to port-
land cement in the mortar. The simulataneous use of water-reducing ad-
mixtures was also tried out.

The characteristics of these mortars are presented in Table IX. It
appears that not only is the urea-formaldehyde system compatible with f1y¥
ash and/or water-reducing admixtures but also the early strengths of such
modified portland cement-fly ash mortars are quite good.

In another test series the degree of reproducibility of the results
was tested that were obtained with Ottawa-sand mortars modified with a
urea~-formaldehyde monomer system. Only this combination was tested sta-
tistically because it provided the highest strengths. -Both the within-
batch and the between-batch variations were checked for cube weights and
compressive strengths at the age of 14 days. The between-batch variation
of the standard mortar flow was also established for three mixtures. In-
dividual and average test results as well as other detalls are presented
in Table X,

It appears from this limited investigation that the reproducibility
of the modified mortars is about the same as the reproducibllity of the

standard Ottawa-sand portland cement mortars.

Experiments with Concrete

Since those Ottawa-sand portland cement mortars gave the best results
that were modified with the monomer form of the urea-formaldehyde combina-
tion, non-air-entrained concrete and microconcrete experiments were per—
formed with this chemical system. The urea was added to the fresh concrete

in the quantity of 2% of the weight of the cement and the formaldehyde in



the same quantity.

The combined grading of the concrete aggregate is given at the be-
ginning of this report. The aggregate~cement rvatio was 6.6 by absolute
volume which is 5.48 by weight for a normal weight aggregate. This cor-
responds approximately to 600 1b/cu yd ( 320 kg/m3) cement content. A
parallel test series was also performed with another kind of mixture that
was called microconcrete to distinguish it from the Ottawa-sand mortar.
The aggregate for the microconcrete consisted of 607 material passing
Sieve #16 and 40% of the #16 -~ #4 fraction, by weight. Here the aggregate-
cement ratio was 3 by weight which corresponds to 930 1b/cu yd ( 470
kg/m3) cement content. In one concrete test series coated coarse aggre-
gate was used. The particles were washed and dried and then covered by
hand with a thin layer of pre~mixed epoxy. After the hardening of this
epoxy lavyer, the concrete was made with the coated aggregate in the usual
manner. Some of the concrete mixtures were repeated with lightweight
aggregate keeping the aggregate—cement ratio by absoluteée volume the same.
All these fresh mixtures displayed good workability. The average air con-
tent of these non-air-entrained fresh concretes was 1.27% (6.5 - 2.2%)

Each of these concrete combinations was tested for consistency by
using the slump test according to ASTM C 143, for compressive strength
by using 4" by 8" cylinders according to ASTM C 192 and C 39, and for
flexural strength by using 4" by 4" by 14" beams according to ASTM Ci
192 and C 78 with third-point loading. The strengths were determiﬁed at
the ages of 7, 14 and 28 days, and in several cases at the age of 90 days.
Altogether 18 concrete mixtures were tested out of which the typical re~

sults are presented in Table XI.



It can be seen from the presented data in this table that the same
urea-formaldehyde monomer system that produced repeatedly so significant
strength increases in Ottawa-sand mortars, was ineffective when it was
added to concrete, More specifically, the concretes modified with 4%
urea~formaldehyde monomer system gave approximately the same strengths as
the comparable control concretes, regardless whether the aggregate was
normal weight (Pl and P8), or lightweight (LP 1), or the coarse aggregate
was coated (C 14), or whether it was a microconcrete (MP 1).

The reason i1s not clear why the urea-formaldehyde monomer system is
so efficient in portland cement mortars while it is ineffecient in port-
land cement concrete. One can surmise that the reason can be the difference

(a) in the -cement contents; or

(b) in the water-cement ratios; or

(c) 1n the bond between the cement paste and aggregate
of the portland cement mortar and the concrete. In any case, it is like-
ly that only further research can find the reason and find a way to make
the urea-formaldehyde system efficient in concrete, too.

In the meantime, it may still be possible to utilize the strength-in-
creasing effect of the urea~formaldehyde monomer system in mortars for

certain technical purposes.
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Moisture and Density Determinations with a Nuclear Gauge

The reason for this experiment with the Nuclear Gauge was to deter-
mine: (a) if the gauge can be used on laboratory concrete beams of 6" X
6" X 21" size and (b) how the gauge would work for measuring moisture
when a polymer is used in the concrete. This experiment was included in
the originally ap?roved work plan.

The equipment used was a Campbell Portaprobe, Nuclear Moisture Den-
sity Gauge. This gauge is produced by Campbell Pacific Nuclear Corpora-
tion, Model Number B (R) Mark II.

The measurements were performed as follows: The gauge was placed
on the specimen and a series of 10 backscatter readings were taken for
density. Then another series of 10 backscatter readings were taken for
moisture. The deﬁsity readings were averaged and then divided by the
standard count, which was 1343.2; this then gives a ratio which can be
found on the Backscatter Calibration Curve and converted to a density in
terms of lb/cu ft. The moisture readings are done in the same manner,
except the standard count is 347.5 and there is only one moisture calibra-
tion curve since all moisture measurements are backscatter. Moisture is
also given'in 1b/cu ft.

The test results are presented in Table XII. The compositions and
other technically important characteristics of the tested concretes are
presented in Table XI.

The gauge seems to measure density accurately on the 6" X 6" X 21"
beams. This is so probably because the broad side of the geiger tube is

across the beam, therefore, making a good target for the reflected "rays"

18.
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from the samples. The molsture measurements seem to be low and the rea-
son for this is probably that the moisture tubes are located in the op-
posite direction to the density tubes: they run along the edge of the
specimen, therefore, they do not make good targets for the reflected rays.
The moisture measurements do show a declining value with age which should
be true because the specimens were taken out of the curing room at the
age of 2 days. They were left out, therefore, the free moisture could
evaporate causing the moisture content to drop. Looking at P3 and P4
specimens, the moisture content was higher for P3 because the water-ce-
ment ratio was higher for this specimen. The compositions of these speci-
mens are the same as the compositions of specimens Pl and P8 respective-
ly.

In brief, the gauge will work fine for density measurements but for
moisture measurements it will give only a relative moisture when the speci-
men is narrower than about one ft. Therefore, for the moisture content of
such narrow specimens a correction factor should be used the approximate
value of which is the width of the specimen in feet. A more accurate cor-
rection factor can be determined experimentally from the ratio of the
values measured on a narrow and on a standard speéimen which were made of
the same material and have the same moisture content. Such measurements
were not performed in this project.

Since the gauge readings provide only relative values for moisture
when beams of 6" X 6" cross section are used, our results do not answer
the second question, namely, whether the gauge would work adequately when

a polymer is used in the concrete.




o

X-ray Analvsis of Urea—Formaldehyde Portland Cement Combinations

The primary purpose of this analysis was to see the feasibility of
gaining information on inorganic cement-water matrix to polymer associa-
tion. This experiment was not included in the originally approved work
plan.

The analysis‘of samples was done by scanning of the refracted x-ray
emission around a fixed target. A single x-ray source material and fre-
quency was used. Typical diffraction spectra are shown in Figures 5, 6
and 7.

Although the scans do not seem to have perfectly stabilized base
lines, they seem to show adequate experimental quality for a preliminary
evaluation, as follows:

(1) In polymer and polymer-cement spectra, the number of lines ap~

pear greater below 20 = 50° than in the cement-only spectra.
In the cement~only spectra the number of lines are spread out
over the entire 10° to 90° more uniformly.

(2) The total number of lines in the polymer and polymer-cement
spectra is less than the total number of lines in the cement-
only spectra.

(3) In all samples (smooth surface vs. powdered) the intensity of
the lines in the powdered spectra is decreased with respect to
the intensity of the lines in the smooth surface spectra. This
would indicate a decrease in structure as a result of crushing
the sample. This -assumption, however, waé not tested experi-~
mentally.

(4) All spectra (polymer, cement, and polymer-cement) contain a peak



complex at approximately 74° (a d-spacing of about 1.28 A.).
A d-space is the interplanar distance between atoms of a crys-
tal lattice.

(5) Conclusion #1 indicates that the d-spacings for the polymer
systems are larger than the d-spacings for the cement-only
systems. This is important from the standpoint of prohibiting
a tight and closed polymer structure. The polymer does not ap-
pear to be filling in the cement latice "holes".

In brief, x-ray diffraction analysis seems feasible for the investiga-

tion of the composition and structure of portland cement pastes modified
with urea—formaldehyde systems, although such analysis requires a consider-

able experience.

Examinatioﬁs with Scanning Electron Microscope

The purpose of this limited work was again to see whether scanning
electron microscope can be applied usefully for an investigation concern-
ing the role of urea-formaldehyde systems in portland cement pastes. This
experiment was not included in thé originally approved work plgn.

The equipment used was an ANR scanning electron microscope Model 1000.
This unit includes a pre-aligned three lens electrdn-optical column; gonio-
meter X, Y, Z, rotation; tilt stage; high resolution record scope and ca-
mera; high resolution display scope; continuous (zoom) magnification from
5X to 300,000X; 30 kV adjustable power supply; analog scan system; and
contrast and brightness exposure meters for automatic photography.

The examinations were performed as follows: a small piece, approxi-
mately lg of well-hydrated Ottawa-sand portland cement mortar was select-

ed in a random manner. This piece was dried in vacuum and covered with a

21.



thin gold film. Then it was put into the testing chamber of the micro-
scope, and observed visually in various spots through the high resolu-
tion display scope. Those spots that showed the best pictures were ﬁhoto—
graphed through the high resolution record scope with a polaroid camera.

In our limited work, pictures were taken of a control portland ce-
ment mortar specimen, and pictures of a comparable mortar specimen but
which was modified with the addition of 4% urea-formaldehyde monomer sy-
stem. The magnification was 5000X and the power supply 20 kV. Two photos
of the control specimen are shown in Figure 8 and two,photos_ofuthe modi~
fied specimen in Figure 9.

,iwﬁhesekphopqgvseem to}indic@texphat‘the intgrnal‘spructgquof_the
hydrated portland cement -~ water system (control) contains more fine fibres
than the hydrated portland cement - water — urea - formaldehyde system.

In other words, the scanning éleéfrdh'micrOSCOPe aﬁﬁéais to be ‘a suitable
instrument for the fundamental investigation concerning the role of urea-
formaldehyde in portland cement pastes. ’Howeﬁer, any more definite or

more specific statement would require a much wider investigation produc~

ing hundreds of micrd—photographs.
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Conclusions

1. The principal conclusion of the work preseﬁted in this report
is that urea-formaldehyde monomer systems failed to produce strength in-
creases when they were applied in portland cement concrete. This was an
unpleasant surprise since

2, the addition of urea-formaldehyde combinations in the form of
a monomer system to the mixing water of portland cement mortars increases
the strength of the mortar significantly. As the data of Table VI show,
several such combinations (U 180Y D, 201, 219 D, 322, 331, 341, 350, 351,
352, and many others) produced compressive strengths of Ottawa-sand mortars
over 7000 psi (492 kg/cmz) at the age of 28 days., Also, quite a few ser;
ies provided compressive strengths close ot 9000 psi (632 kg/cmz) af the
age of 90 days. These represent a 1500 to 2500 psi ( 150 to 175 kg/cmz)
strength increases produced by this monomer system, The reason for the
dicrepancy between the behavior of concrete and that of mortar is not
clear yet.

3. The urea-formaldehyde monomer system is one of the cheapest che-
micals., The technology of their application is very simple., Thus, the
use of this chemical system is advantageous from an economlcal standpoint,
too.

4, The success of the above-mentioned urea-formaldehyde system in
portland cement mortars 1s a novelty since all the available technical
publications and reports have presented negative results on polymer-cement
mortars with post—mix polymerization,

5, Sizeable strength increases were also obtained in portland ce-

ment mortars with the application of formaldehyde, (Table VII: U 318,
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319, 320, 325, etc.)

6. Sizeable etrength increases were also obtained with the addi-
tion of calcium chloride (TaBle VII: U 334 through 338) It is hoped »
that the.presence of the urea—formaldehyde system inhibits the corrosive
‘effect of calcium chloride. However, the verification of this assump—
tion s left for future research. |
o 7. 'Theftestedkother‘chemicel e§stemew(nree—formeldehyde prepoly-
mers, commerc1a11y‘availahle polymers and prepolymers, etc ) did not
produce as Eigh.strength increases as the ones mentioned above.

8% ?urther researchcon the utilizatidnkof the abovevmentloned |

successful chemical systems in portland cement concrete is clearly in-

dlcated
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TABLE I (Cont.)

Characteristics of the Chemical Systems Used

Yolymer Composition Method of

No. of the System pH Preparation Remarks

pp 3758 1lg urea 30ml S.5% Same as pp 177 but formalin was Hercules 37M10-12
formalin

tpr 376 1lg urea 30ml 5.5% Same as pp 177 but formalin was Hercules 37U.

formalin

pp 377 11lg urea 30ml 5.5% Same as pp 177 but formalin was Hercules 440,
formalin

pr 379 11g urea 30ml 5.5% 220.1ml total. Same as pp 177 only with water
formalin 1.1lg WRDA reducing agent additionm.

pp 380 1lg urea 21ml 5.5% Same as pp 177 but formalin was from Grace
formalin 52.26% formaldehyde.

oo 331 11z urea 30ml 5.5% Repeat of pp 177
formalin

pp 332 1lg urea 30ml 5.5% Same as pp 177 only formalin was Borden 37%
formalin . stabilized. ,

op 333 1lig urea 30ml 5.5% Same as pp 177 only formalin was Borden 37%
formalin unstabilized.

- 284 11z urea 30ml 5.5% Same as pp 177 omly formalin was Borden 37/7%.
formalin - A

#psHmate




o~

TABLE I (Cont.)

. nwmwmnnmﬂwmnuom of the QWmaﬁomH.m%mmem Used

Folymer noswomwnuon Method of .
No. - of the System pH Preparation Remarks’
pp 365 1llg urea woaHﬁ 5.5% Same as pp 177 but formalin was Tennaco Methanol
. moHsmHH= . Free Stable.
pr 3656 11g urea 30ml. 5.5% Same as pp 177 but formalin was 7% MEOH sample.
formalin . E . A . :
pp 367 llg urea woBH 5.5%. Same as pp wa but moﬁamHMd was Hmﬂwmoﬁ 9-12%
formalin- 'MEOH sample. o o
o7 258 1lg urea 30ml 5.5% Same as pp 177 but formalin was DuPont 7% anrmsOH
formalin . : . A . ,
X . "9 cube batch
PP 369 14.8g urea 40ml Cme——— Similar to pp 177 but ucMOlw 7% Emmwwaou was used.
: formalin methanol S o '
"n 370 11z urea 30ml 5.5% Repeat of pp 177.
formalin
a0 371 11g urea 30ml 5.5% Repeat of pp 177.
formalin .
pp 372 11g urea 30ml 5.5% Repeat of pp 177. _ : .
formalin
a7 r.umn urea I1lml —————— Urea was mixed with formalin then vow%amw was’
. e lin diluted and mixed itk wortar .
*Estimate
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TABLE X
Uniformity of the Strength Results of the Cube Test ASTM C 109

Performed on portland cement mortars modified by the addition of 4% unpolymerized

urea-formaldehyde system. Age of testing: 14 days. Liquid-cement ratio: 0.44
by weight.
Oper Cube Flow Cube Weight Compressive Strength
ator No % Wi,8 W, g Sy |Vigak fy,psi T,psi sg | Vesk
305 2 297.6 6175
305 3 295.7 6725
305 4 296.0 6200
No 305 5 29 293.8 295.7) 1.84| 0.62 5900 6161 363 |15.90
1 305 6 298.5 6525
305 7 293.5 5875
305 8 295.2 5725
305 11 297.8 6375
305 12 296.3 6000
305 13 297.5 _ 6100
No 305 14 31 295.3 296.61 2.28| 0.77 6275 6382 276 | 4,32
2 305 15 300.6 6750
305 16 293.5 6575
305 17 295.3 6600
305 19 292.6 5825
305 20 293.4 5775
No 305 21 32 293.0 294.5] 1.761 0.60 6375 5920 286 | 4.84
1 305 22 295.2 6175
305 23 297.2 5675
305 24 295.3 5700
Over
all 30.7 295.7| 2.081{ 0.70 6166 352 1 5.70
§Z= ave. weight; sy, = stand. dev. of weights; vy = coef. of var;
f = ave. strength; sg = st. dev. of strengths; vg = coef. of var.
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<hydrated portland cement paste (500Q X).

Structure of a well
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Fig 9.

Structure of a well-hydrated portland cement paste modified with
a urea-formaldehyde monomer system (5000 X).





