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ABSTRACT

An inves tigat ion wa s made to determine the feas ibili ty

of using polymer-concrete (PC) for rap id repa ir of airfield

pavemen ts. The polymer-concrete studied was a mixture of dry

aggregate and a methyl niethacrylate monomer. Tests were con-

ducted to isolate the variables that af fec t the s trength and

polymerizat ion t ime of PC. Labora tory and field tes ts were

conducted to test the strength , durabil ity, and feasib ili ty of

polymer-concre te repairs .

The major variables af fec ting the polymeriza tion t ime

of PC were found to be temperature and chemical composition.

Monomer formul ations were developed that permitted polymer-

concre te to be polymerized in less than one hour at a tempera-

ture range of 0 to 100 F.

An inves tigation into the variables that affect strength

resul ted in several findings. The tests showed that dry aggre-

gate (less than 1% moisture) is very important for strength.

The strength of PC was found to increase w ith s t ronger aggre-

gate and smaller pore vo lume. The temperature of the polymer-

concre te was found to affec t the s t rength to a grea t ex tent .

The higher the temperature the greater the reduction of

s trength.

iv
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Field repairs of interstate hi ghways and a major

airpor t taxiway were conducted successfully. The field repairs

demons trated the feasibility and simp lic ity of using PC. PC

repairs can be made at a cost of approximately $10/cu. ft. for

the monomer sys tem.

Labora tory tes ts on two modeled slab s , 3-f t. by 6-ft.

w ith two different thickne sses , showed that polymer-concrete

can resis t high s t re sses successfully under repea ted loads of

simulated trucks and aircraft . The high st res ses succes sfully

sustained by the laboratory slabs seems to indicate a favorable

redis tribution of s tress or plas t ic behavior compared to con-

ventional concrete.

V
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CHAPTER 1

INTRODUCTION

1.1 Backg round

C r a c k i n g , s p al l i n g ,  and pop-outs are common problems

that are often seen in many airfield pavements. In the mili-

tary , there is also a potential problem of bomb damage to

pavemen ts. The time tha t it takes to repa i r these pavemen ts

can be costly to the military during time of war. It is pos-

sible tha t some of the new material s in use today can sa ti sfy

the need for both routine repairs and emergency repairs in a

few hour s. This study is an investigation for the use of one

such ma ter ial, polymer-concrete , for the rapid repair of port-

land cement pavements.

The use of pol ymers in concrete in the United States

began i n 1965 at the Brookh aven Nat ional Laboratory (BNL) in

Upton , New York , as a result of suggestions from the United

States Bureau of Reclamation (USRR) in Denver , Colorado

(1,2,3,4,5) .  This early work init ially concen trated on bars

of mor tar and concre te cyl inders soaked in monomer and then

polymerized wi th radiation. The increased strength and dura-

bili ty of the impregnated specimens has suggested additional

research to develop applications to utilize these properties.

1
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2

1.2 Previou s Research

In addi t ion to the research performed by BNL and USBR ,

several federal and s tate agencies are curren tly p e r f o r m i n g

research in concrete-polymer materials. The Federal Hig hway

Adminis tration (FHWA) has published some information and is

curren t ly workin g on the us e of polymer-con crete as a hig hway

patching material (6).

The Cen ter for Highw ay Rese arch (CFI!R) , at the

Univer sity of Texas , funded  b y the Texas Depar tmen t of Hig hways

and Public Transportation , has perform ed con si derab le re search

into highw ay app licat ions of concre te -polymer ma ter ial s

(7 ,8,9,10 ). Recent studies have shown tha t polymer-concre te

ma ter ia ls can rep air wide cr acks in concre te ( 11 ,12 ). The

CFUR has made s ever al rep air s of bridge decks in Tex as us ing

polymer- concrete.

1.3 Sco pe of Thesi s

The primary purpose of this thesis is to conduct a

p i lo t s tudy to develop monomer systems , inves tigate the behav-

ior and evalua te the perform ance of polymer-concrete as a

rapid repair material for hi ghway arid airfield pavemen ts.

The secondary purpose is to evaluate the performance of

polymer-concre te to adequately fulfill the needs of the United

States Air Force as a rap id repa ir ma terial for bomb damaged

runways.

The relationship of the variables that affect strength

as well as repair time will be discussed. Scveral field tests

____ —- -- — i. -. .- - — -



- -

3

will be discussed al so. Criteria will he developed and

evaluation of the materials performance presented.

Chapter 2 describes the material , typ ic al repa ir pro-

cesses , and basic laboratory tests for material testing.

Chap ter 3 lists and describes the major variables that

affect the setting time of the material.

Chapter 4 describes the major variables that affect

the st rength of the material.

Chapter S de scribes a labora tory test of two polymer-

concre te repa i red slabs under dynamic loading cond it ions . It

also discusses the resul ts and analyses of the tes ts .

Chapter 6 describes som e of the field tests which were

carr ied out dur ing the cour se of this research .

Chap ter 7 is an analys is of bo th the labora tory and

field tes ts wh i ch perm it s the evaluation of the material.

Chap ter 8 discusses the cos ts , storage , and safe ty

requiremen ts of the material. It also discusses the advantages

and appl ications of the material.

Chapter 9 presen ts the conclusions and recommenda t ions

for future studies.

—--.--. - - - --~~~~ --. J_ - —.-



CHAPTER 2

POLYMER - CONCRETE MATERIAL S

This chap te r  e x p l a i n s  the different types of concrete-

polymer materials and the chemical composi t ion of polymer-

concre te. Also discussed are the methods for mak ing and test-

ing polymer-concre te.

2.] Types of Materials

Ther e are ba s ic all y three dist inc t types of concre te-

polymer ma terials that are under investigation today .

1) Polym er-impregnated concrete (PlC)

2) Polym er-concrete (PC)

3) Polymer-por tland cement concrete (PPCC)

Polymer-impregna ted concrete (PlC) is produced by

fillin g the voids in portland cement concrete with polymer.

To accomp lish this the concre te to be impregnated is thorough-

ly dried to remove all moisture , s oaked wi th liquid monomer ,

and then polymerized us ing hea t , radia tion or promoter-catalyt-

ic reaction. PlC exhibits very si gnificant improv ements in

strengths , durability, and wa ter impermeabili ty (1,2 ,3,4,5) .

This has brough t PlC out of the laboratory and into commercial

use , such as the treating of new bridge decks in Texas (17).

4
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5

Polymer-concre te (PC) is made by mixing dry aggregate

and a monomer sys tem toge ther. The monomer sys tem is then

polymerized by heat or promoter-catalytic reaction. The re-

suiting composite is a strong, durable material which uses the

polymer to bond the aggrega te toge ther w ithout us ing wa ter or

por tland cemen t .

Polymer-por tland cement concrete (PPCC) is a formula-

tion which uses a normal concre te mix of wa ter , por tland

cement , and aggregate , but replaces some of the water with

monomer or polymer dur ing the mix ing . The materials are sub-

sequently cured and polymerized in place. This material is

the mos t desir able due to its simplicity , but due to the in-

compa tibil ity of w ater and mos t monomers , i t has been the

leas t successful.

2.2 Chemicals

The following is a par tial lis t of the chemicals used

in this study . For more detailed information see Appendix A.

2.2.1 Monomers

Methyl-methacrylate (MMA ) is a clear liqu id monomer

used in the making of Plexiglas s and Lucite. MMA is the

primary ingredien t in all formulations studied in this inves-

tigation.

Butyl acrylate (BA) is a liquid monomer some t imes

added to increase ductility to polymer-concrete.

- -~~~—--— --
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Trime thylol prop ane trimethacrylate (TNPTMA) is a cross-

linking agen t which is some t imes added to the monomer sys tem.

Silane coupling agent is a liquid monome r some t imes

added to improve the strength of polymer-concrete.

2 . 2 . 2  Init iator s

Benzoyl peroxide (BP) is a very active initiator used

for promoter-catalytic initiation of the pol ym er iza t ion

process. This agent is commercially available in three forms :

powder , 50% powd er , and 50% paste.

Lauroy l peroxide (LP) is a powder ed ini t iator wh ich is

not as ac t ive  as BP.

2.2.3 Promoters

D i m e t h y l-p - t o l u i d i n e  (DMPT) is a highly ac ti ve chem ical

which is used as a p r o m o t e r ;  i t  he lps  p romote  the promoter-

ca taly tic proces s of polymeriza tion.

Dimethyl aniline (DMA) is also a promoter used in the

promo ter-ca talyt ic proces s of polymeriza tion , bu t i t is no t

as active as DMPT.

2.3 Methods of App li cat ion

The typical methods of applying polymer-concrete differ

only in the mixing and placing process. However , the sequence

and actual method used has a direct bearing on the strength

of the material. In all methods , the monomer formula tion

mus t be mixed together. A typical formulation would be: 
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Chemica l s  % by Weig ht

MMA 95%
100% monomers

TMPTMA 5%

LP 3%

DMPT 1-1 / 2%

In this report , the s tandard conven tion is to express

the monomer as 100% and to express the initiator and promo ter

as a percen tage of the monomer weight.

The method of mixing used most often in this study was

to firs t diss ol ve the initiator in the measured amount of

monomer , MMA . Then the addit ional monomer s were added af ter

the initiator was dissolved. Finally , the promo ter was added

last. The mold or repair was partially filled wi th dry aggre-

gate , then the monomer sys tem was poured into the aggreg ate.

The PC mix ture was then rodded or vibrated. This process was

repea ted until the mold or repair wa s filled, and the monomer

was added until the aggregate was saturated. The PC was

troweled smooth and allowed to polymerize , a t ambien t tempera-

ture , due to the promoter-catalytic process.

Brookhaven National Laboratory has had excellent re-

suits by mixing the  monomers and aggrega te  in concrete  mixe r s

before placing into the molds . Due to safety considerations

the concrete mixer must have spark-proof blades and an ex-

plosion-proof motor. 

— --— - — - — - 
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2.4  Methods of Material Tes t ing

2.4.1 Compressive Strength and M o d u l u s  of E l a s t i c i t y

The test for compressive strength was ASTM C 3 9 - 7 2 :

“Compress ive  S t r e n g t h  of C y l i n d r i c a l  Concre te  Specimens ” . For

this test , the specimens used were 3-in, by 6-in, or 6-in, by

1 2 - i n,  in l e n g t h .

Af ter ca st ing, the ends were check ed for squareness

and trimmed wi th a diamond-bladed saw. Some specimens we re

also capped wi th molten sulfur to improve the smoo thnes s and

reduce the possibilit y of eccentric loading. The specimen was

loaded along its longitudinal axis at a unifo rm rate to avoid

any dynam ic effects (Figure 2.1). The hi ghes t load reach ed by

the specimen before it failed was divided by the cross sec-

t ional area of the specimen to de te rmine the ult imate compres-

sive stress.

The test for modulus of elasticity was ASTM C469-65:

“Static Modulus of Elasticity of Concrete in Compression ”.

This tes t was the same as the compre ssive st reng th tes t ex-

cep t that a compressometer was fastened to the cylinder to read

the compression of the specimen under load (Figure 2.2). The

compressome ter had two dial gages , on opposi te sides of the

cy lii i cr , to read the vertical deformations of the specimen in

a ga , . leng ths of 4 in. or 10 in. (Figure 2.3). The average

gage reading was divided by the gage length to obtain the

strain of the specimen in in./in.. The compressive stress was

- —---— - —-
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plotted versus the strain to obtain the modulus of elasticity ,

using the secan t modulus of the s train at 50% of the ult imate

compressive s tre~igth.

2.4.2 Test for Splitting Tensile Strength

The test for splitting tensile strength was ASTM

C496-7l: “Splitt ing Tensile Strength of Cylindrical Concr ete

Specimens ”. The specimens were 3-in, by 6- in, cylinders . A

strip of 1-in , w ide by 1/8-in, thick plywood was placed long i-

tudinally along the top and along the bo ttom of the cyl indrical

specimen. The specimen was carefully placed on its side such

that the loading frame was centered directly above the center

of the cylinder. The load was applied at a uniform rate until

failure. The highest load was then used to compute the split-

ting tensile s tre ss in the specimen according to the fo rmula :

f = 2P
WIlL

where P = maximum load
D = diameter of specimen
L length of specimen

2.4.2 Test for  F lexure  S t r e n g t h

The test used to determine flexural strength was

adop ted from ASTM C78-64: “Standard Method of Test for

Flexural Strength of Concrete (Using Simple Beams with Third

Point Loading)” . The test specimens were prisms measuring 3-in.

by 16-in. The apparatus included a loading block , which provided
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two concen t rated loads 4 in. apart and a bearing plate , which

provided two knife-ed ge suppor ts with a 12 in. clear span.

The specimen was centered on the bearing platform providing

2 in. over-hang on each side of the supports. The loading

block was then cen tered on the top of the specimen so that

equal loads were applied at the third poin ts of the 12 in.

span (F igure 2 . 4 ) .  Once the specimen and appara tus were

properly aligned , load was applied at a uniform rate to avoid

dynamic effec ts. The specimen was loaded to failure and the

maximum load wa s recorded. The modulus of rupture was cal-

culated by:

f = Mcr

where M is the momen t at maximum load.

c is the distance fr om the neutral axis to
the extreme fiber.

I is the moment of inertia.

_ _  ~~~~~~~ --—
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CHAPTER 3

VARIABLE S AFFECTING POLYMERIZATION TIME

P o l y m e r - c o n c r e t e  is made f rom a chemica l  r e ac t i on  t h a t

produces polymer i z ati on. In order to spec i fy the rap idity of

repair , all the variables that affect polymerization time must

be i d e n t i f i e d .  This  c h a p te r  i d e n t i f i e s  the  m a j o r  v a r i a b l e s

that affect polymerization time and the relative effect of each .

3.1 Ambient Temperature Effects

Ambient  t e m p e r a t u r e  has one of the  most  s i g n i f i c a n t

effects on the time that it takes polymer-concrete to harden.

A typ ical batch of p o l y m e r - c o n c r e t e  tha t  is p r o m o t e r - c a t a l y t i c

pol ymeriz ed genera tes hea t . In mo st cas es , it is possible to

m o n i t o r  t h e  t e mp e r a t u r e  of the  p r o m o t e r - c a t a l y t i c  r e a c t i o n  and

de t e rmine  when  p o l y m e r i z a t i o n  has occur red .  A typ ical  p l o t

of temperature versus time is shown in Figure 3.1. There are

severa l  f a c to r s  w h i c h  a f f e c t  the  shap e and t ime  r e q u i r e d  to

reach peak temper ature . A s a gener al rule , wh en po lym er-con-

cre te has reached peak temperature the reaction is essentially

comple te. As the polymer-concrete cools , it hardens and

reaches its maximum strength. Because pol ymer-concre te does

riot increase in strength with time , as in the hydrat ion process

of concre te , the  t i m e  to reach max imum t e m p e r a t u r e  is r e f e r r e d

13
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to as set  t i m e  r a t h e r  than  cure  t i m e .

A laboratory test was macic to v e r i f y  the  e f f e c t s  of

ambien t temperature on set time. The experiment consisted of

placing the monomer and aggregate in an environmental chamber

where the ambient temperature could he regulated. After the

monomer and aggregate had reached the temperature of the

chamber , the monomer components w ere mixed in the env i ronmen tal

chamber. Standard concrete test cylinders , 3-in. x 6- in.,

were pr epared in the chamber. In each case , special care was

taken to insure that the gradation and moisture content of the

aggregate was kept constant. Care was also taken to prepare

the cyl ind ers in a s tand ard man n e r  and i n gene r al c o n f o r m a n c e

w i t h  ASTM C l 9 2 - 6 9 :  “ M a k i n g  and Cur ing  Concre te  Test Spec imens

in the Laboratory .” In p repa ring the cyl inder s , the mixed

monomer- was used to wet the aggregate so that it could be

placed into the cyl inde rs wi thout se grega ting . A the rmocouple

was inserted into the aolymer-concrete cylinder to monitor the

tempera ture .

The resul ts of the tests showed conclusively, fo r  al l

formula tions , tha t the higher the amb ient temper ature the less

time was required to reach the peak temperature. Conversely,

the lower the ambient temperature , the longer the se t t ime.

The tests also showed that the effect of ambient tem-

perature on set time is exponential. Figure 3.2 shows that a

formula tion takes only 14 m m .  to set at 75°F. If the ambient

temperature is redu ced to 25°F , the set time is more than

— — - ---- -- - r r-
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doubled again to 65 m m .  This formulation was successfull y

pol ymcr i zed at ~3O oF but the set tim e was approximately 10

hours .

In another example of ambient temperature effects ,

the same formula was mixe d in two different ways. In both

cases the aggregate and monomer were placed into the environ-

mental chamber at -30°F to cool. In one case , with the MMA

temp era ture  of 25°F , the cylinders were prepared outside the

environmental chamber at 70°F and approximately 9 m m .  later

placed into the -30°F chamber. In the second case , with the

MMA temperature of -18°F , the cylinders were prepared inside

the chamber. The set time for the first case was only 90

m m .,  w h i l e  t h e  set t i m e  for  the  second case was a p p r o x i m a t e l y

10 hours.

The e f f e c t  of a g g r e g a t e  and monomer  t e m p e r a t u r e  i s  a

f a c t o r  on set  t i m e .  However , fo r  most  p a v e m e n t  a p p l i c a t i o n s ,

the  t e m p e r a t u r e s  of the  a g g r e ga t e  and monomer  arc expected to

be nea r  a m b i e n t  t e m p e r a t u r e .  For t h i s  reason , no t e s t s  were

p e r f o r m e d  to d e t e r m i n e  the  e f f e c t s  of a g g r e g a t e  and monomer

t e m p e r a t u r e s  i n d ep e n d e n t  of a m b i e n t  t e m p e r a t u r e .

3.2 Chemical Composition

There are  s eve ra l  w a y s  t h a t  t h e  m i x t u r e  of monomers

or aggreg ate can effect the set t i m e  fo r  polymer -concrete.

The most obvious  and the  most  u s e f u l  is by v a r y i n g  the amounts

of ini tiator and promo ter concentrations.

- .~_
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3.2.1 Initiator and Promoter Concentrations

I n i t i a t o r s  and p r o m o t e r s  are used in p r o m o t e r - c a t a l y t i c

pol ymerization to produce heat. Therefore , it is l o g i c a l  t h a t

the more initiator and promoter used , the hotter the peak tem-

pera ture as wel l as a fast er polym eriz at ion rate . Generally

this is true , however , there are limits to these effects. If

the proportions of promoter and initiator are out of balance ,

the resulting polymerization may he incomplete with zones of

unpolymer i zed materi al (15).

Tests were made by Tiffany on small samples of sand

and me thyl-methacr ylate in test tubes in which the percentage

by wei ght of the initiator and prom oter was measur ed and the

time required to reach maximum temperature was recorded as set

time (Table 3.1) (13).

By selectively ’ using initiator and promoter concentra-

tions , the effects of ambient temperature on set time can be

counteracted. For example , a typical formulation consisting

of 95% MNA , 5% TMPTMA , 4% LP , and 2% DMPT takes approxim ately

1 hr. and 30 m m .  to set at 75°F. The same formula tion only

takes 23 m m .  at 100°F amb ient tempera ture . If the LP and

DMPT are reduced to 3% and 1-1/2% , respectively, the set time

is delay ed an additional 15 m m .  at 75°F and an add it ional 10

m m .  at 100°F. It is possible to arrive at the desired set

times for various ambien t tempera tures by varyin g the ini tiator

and promoter concentrations (Table 3.2).
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TABLE 3.1 P O L Y M E R I Z A T I O N  TIME OF MMA W I T H  LP I N I T I A T O R AND
DMPT PROMOTER (13)

SAMPLE S I Z E  10 grams

AMBIENT TEMP 80°F

TIME:  FIRS . + MINS.

6% 1+22 0+58 0+48 0÷41

C?Sb 1÷30 1÷03 1+ 10 0÷53

z
U

14% 1÷57 1+16 1+00 0+54

2% 3% 4% 5%

PERCENT DMPT BY WEIGHT

______________ - -.5.-—-—- -- - . - _______
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TABLE 3 . 2  P O L Y M E R I Z A T I O N  TIMES OF POLYMER-CONCRETE

Ambient Tempe—atures 
_______  ______ ______

Formula ti on s : -~ o°i~ 0°F 25°F 50°F 75°F 100°F
97.5% tvLMA

2 . 5 %  TMPTMA 0+55
2% LP
1 % DMPT 

_______  ______

95% MMA
5% TMPTMA 

*3% LP 1+45 0+33
1½% DMPT
95% MMA
5% TMPTNA 

*4% LP 1+30 0 + 2 3
2% DMPT

90% MMA
10% TMPTMA

4% LP 2 + 00  0+ 55
2% DMPT 

_________ ________ ________ _________ _______ _______

95% MNA
5% TMPTMA

l ½% BP l~~2S 1+05
1% DMA
½ % DMPT

90% MMA
10% TMPTMA
1½% BP 0~ 50 0+20
1% DMA
½% DMPT
90% MNA
10% TMPTMA Approx. 2+45 1~ 05 0~ 28 0414
2% BP 10 hrs.

I 
2% DMPT

90% MMA
10% TMPTMA
3% gp 1+47

- 
2% DMPT 

________ _______ _______ ________ ______ ______

90% MMA
10% TMPTMA

3% BP 1+30
3% DMPT 

________ _______ _______ ________ ______ ______

3 - i n ,  by 6 - i n ,  c y l i n d e r s  TIME : HRS . + MINS .
*6.in . by 12-in , cylinders
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3 . 2 . 2  C r o s s - L i n k i n g  A g e n t

The a d d i t i o n  of t r i m e t h y l p r o p a n e  t r i m e t h a c r y l a t e

(TMPTMA) as a cross-linking agent will increase the polymeriza-

tion rate. When polyme rs reac t , they chemicall y f o r m  lon g

c h a i n s .  When a c r o s s - l i n k i n g  agen t  is added t h i s  p e r m i t s  f r ee

molecu les  to a t t a c h  at p o i n t s  in the  c h a i n  o t h e r  than  the  end ,

and inc rease  the  r a t e  of p o l y m e r i z a t i o n .  P r e v i o u s  work  at the

U n i v e r s i t y  of Texas has  c o n f i r m e d  the  i n c r e a s e  in pol y m e r i z a -

t ion ra te  w i t h  an i n c r e a s e  in TMPTMA ( F i g u r e  3 .3 )  ( 1 4 ) .

3.2.3 Silane Couplin g Agent

The purpose of adding silane coupling agent to the for-

mula tion is pr imar i ly to add streng th by incre asing the bond

between the polym er and s i lice ous aggregate. Test s of polymer-

concrete , w i t h  s i l a ne  c o u p l i ng  agent , showed t h a t  1% s i l a n e

added to the  f o r m u l a t i o n  of 9 5 %  MMA , 5% TMPTMA , 3% LP and

1- 1/2% DMPT , increased the set  t i m e  f rom 1 h r .  15 m m .  to 1 h r .

32 m m .  at ambient  t empe ra tu r e  of 75 0 F .

3.2.4 Aggregate Gradation

The agg rega t e  g r a d a t i o n  not on ly  a f f e c t s  the  s t r e n g t h

of polymer-concre te but also affects the set time. Aggregate

acts like a heat sink during pol ymer i zati on , and the hig her

the aggregate- to-monome r ratio , the slower the polymerization

rate. If there were no aggregate , jus t monomer , the mix ture

would set much faster; this time is called t h e “po t l i fe” of

the mixture . Generally, the pot life of a formulation of

- - - -. —-- - -- - —- - - 
~~~~~~~~~~~~~~~~~~~ 
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pol ymer-concrete that would set in 90 m m . ,  would be about

60 m m .  for the monomer alone. The pot life varies ~ i t h am-

bient conditions and the presence of oxygen. A well-graded

aggregate with a smaller percentage of voids requiring a

smaller amount of monomer se ts mor e slowly , and develops a

lowe r exo therm tempera ture .

3.3 Inhibitor Concentrations

Methyl-methacrylate is chemically inhibited w ith either

methyl ether of hydroquinone (MEFIQ) or hydroquinone (IIQ) which

requires the presence of dissolved oxygen to be effective ,

MMA can be purchased from the supplier at inhibitor concentra-

tions rang ing from 10 to 100 ppm. The mor e inhib itor the

longer the shelf life. Inhibitor can also be added p e r i o d i-

cally to increa se the shelf life. Figure 3.4 is a calibr at ion

curve used to determine the amount of inhibitor present in a

samp le of MMA (2). It also shows the effect of inhibitor con-

centration on polymerization time , measured by the peak exo-

therm me thod.

3.4 Sample Size

The size of the polymer-concrete sample that is being

polymerized affects the polymerization rate. A test was de-

veloped to determine the effects of varying depth on polymeri-

zation rate. Wooden box forms were constructed , 10-1/2-in.

by 10-1/2-in , and 5- 1/2-in , hi gh. A monomer formula tion that

has been used in the field to repair highways was selected
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( 9 0 %  MMA , 10% BA , 4% LP and 2% D M PT) .  The only  v a r i a b l e  was

the depth of the polymer-concrete repair which was varied from

1 - 1/ 4 - i n,  to 5 - 1/ 2 - i n .  Other v a r i a b l e s  such as ambient tem-

pera ture , aggregate , and monomer formula tion were all kept

constant. The polymer-concrete was mixed and pl aced in the

forms , and a thermocouple was inserted to record the tempera ture

with respect to time . The results in Fi gure 3.5 show polymer i-

zation rate increased with the increasing depth.

One addi tional discovery was that a 3-3/4-in. -d epth

specimen in wh ich the monomer partially leaked from the forms

was s lower  to pol y m e r i z e  than the others. Excessive leaking

of the  monomer in some of the f i e l d  t e s t s  which  r e q u i r e d  add i -

t iona l  monomer  a l so  tended to slow the polymer izati on rate.

From f i e l d  t e s t s  of p o l y m e r-c o n c r e t e  repa i r s  as l a rge  as two

cub ic yards it seems that very large PC repairs can be repaired

success fully.

- ---  - —-—.— -



26

MONOMER F O R M U L A T I O N  ~~ 7 5 ° F
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CHAPTER 4

VARIABLES AFFECTING STRENGTH

This  chap te r  di scusses  the m a j o r  v a r i a b l e s  t ha t  can be

c o n t r o l l e d  or mus t  he c o n s i d e r e d  by t h e  use r  of p o l y m e r -

c o n c r e t e .  Sp e c i f i c a l l y ,  t h i s  c h a p t e r  w i l l  d i s cuss  the  poly-

merization rate , chemical composition , the temperature at test-

ing , and effec ts of aggrega te in mix des ig n.

4.1 Polymeriza tion Rate

The polymer i zati on rate affects the strength of PC.

Generall y ,  the faster the polymeriz ation rate , the lower the

strength. The PC cyl inders from the test describ ed in Chap ter

3 were tested in compression at room temperature to define the

rel ationshi p between strength and set time . The results of

the compressive tests are plotted in Figure 4.1.

It is theorized that strength decreases with decreased

set time because the monome r has less time to fill all the

pores be tween the aggregat e effec tively and to pen et rate into

the aggregate. It is known that the monome’- penetrates into

exi sting concrete at an initial rate of 1/2-in , to 1-in , per

hour depending on the density of the concrete (16). The pene-

tration of the monomer into concrete explains the excellent

27
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bond of PC to concre te , in con t ras t  to r e l y i n g  on pu re ly

su r f ace  adhes ion  as in epoxy concretes. If the set time is

reduced , the PC loses bond and compressive strength.

4.2 Chemic al Composi tion

4.2.1 Initiators

Two i n i t i a t o r s , or c a t a l y s t s , were  used du r ing  th i s

stud y :  l a u r o y l  p e r o x i d e  (LP)  and benzoy l perox ide  (BP). BP

is the more ac t ive  i n i t i a t o r , meaning  that  it takes  less t ime

to polymerize monomers for a given amount of ini tiator. Be-

cause formula tions w ith BP took less time to polymer ize than

with LP , the BP specimens seemed to develop lower comp ressive

strength. When comp arin g BP- initiated specimens with respect

to LP-ini -tiated specimens with the same polymerization time ,

the data are i n s u f f i c i e n t  to be conc lus ive .

4 . 2 . 2  Bu ty l  A c r y l a t e

Buty l  a c ry l a t e  (BA) is somet imes  added to the  monomer

sys tem to inc rease  the  d u c t i l i t y  of p o l y m e r-c o n c r e t e  (11 , 18).

The r e s u l t i n g  d u c t i l i t y  is ach ieved  by a lower  modu lus  of

elas ticity and lower compressive streng th (Figure 4.2) (19).

4 . 2 . 3  T r i m e t h y l o l p r o p a n e  T r i m e t h a c r y l a t e

Trimethy l o l propane trimethacrylate (TMPTMA) is a cross-

linking agen t which is used in the monomer formulation for

several differen t reasons. Chapter 3 discussed the effect of

increasing the percentage of TMPTMA to decrease the set time ,

- ‘ —-
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which in turn decreases strength. However , there are data

which sugges t that addin g TMPTMA increa ses streng th.

Table 4.1 gives the results of tests of four different

formulations at 100°F. In formul as one and two the formula

wi th 5% TMPTMA had a h igher strengt h than the exac t same for-

mula wi thout TMPTMA , even though the set time was less. In for-

mulas three and four , the formula with 5% TMPTMA again had a

hig her compressive strength than the one with only 2-1/2%

TMPTMA wh ich had a longer set time. The modulus of elasticity ,

however , decreased with increasing amounts of TMPTMA .

Tab le 4.2 show s that the change from 5% to 10% TMPTMA

by we ig h t in thr ee d i f f e r e n t test s re sul ted in decreas ed com-

pres sive strength as the set time decreased.

The only conclu sion that can be drawn from this data

is tha t  amounts  of 5% of cross-linking agent may improve

s t r e n g t h , hu t  a m o u n t s  of 10% may decrea se st rength.

4.2.4 Sil ane Coup ling A gent

Si l ane  coup l ing  agent  is a l i q u i d  t h a t  is s o me t i m e s

added to the monomer formulation for the sole purpose of in-

c rea s ing  s t r e n g t h .  S i l a n e  c o u p l i n g  agent  i m p r o v e s  the  bond

be tween the polymer and silicious aggregates. Tests at BNL

have shown that si lanc coupling agent can he added in three

differen t ways wi th differen t resul ts (18). The easies t

method is to add a small percen tage of silan e direc t ly to the

monomer formula tion; unfortunately it has the least effect. 

---- - - — - ~— — .--—--- -_ _ _ _ _
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TABLE 4 .1  EFFECT OF TMPTMA ON STRENGT H AND
MODULUS OF ELASTICITY

Compress ive  Modulus  of
No. Fo rmu la t i on  Set Time S t r e n g t h  Elas tici ty

(mm .) (psi) (106 psi)

95% MMA
1 40 3750 2 .6 0

2% DMPT
95% MMA

5% BA
2 4% LP 22 4070 1.45

2% DMPT
- - 5 %  TMPTMA --
95% MMA

3 ~~~~ TMPTMA~~ 33 5850 1.92

1½% DMPT
97.5% MMA

--2.5% TMPTMA- - 55 5390 2.07
1% DMPT

Test of one 6 - i n ,  by 1 2- in ,  cy l inde r  cast  outdoors  at
approxima tely 100°F.

TABLE 4 . 2  EFFECT OF TMPTMA ON COMPRESSIVE STRENGTH

Promoter -  Ambient  95 % MMA 90% MMA
Initiators Temp 5% TMPTMA 10% TMPTMA Reduction

(psi) (psi) (%)

4% LP
2% DMPT 72°F 7,230 5,870 19

l½% BP
1% DMA 72°F 6,300 5,390 14
½% DMPT

1½% BP
1% DMA 50°F 6,190 5,610 9
½ % DMPT
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The second method  is to wash the aggrega te in dilu ted solutions

of silane coupling agen t which produces better results. The

best method is to pass the aggregate over the vapors of silane

coupling agen t (Table 4.3).

In this study , silane was added direc tly to the monomer

to make c y l i n d e r s  fo r  tes ti ng in compress ion  and tens ion  and

beams in f l e x u r e .  The cy l inde r s  and beams were then prepared

the same with iden tical formula ti ons except one had 1% s i l a n e

coupling agent added. The results showed an increase in com-

pressive streng th , splitting tensile strength , modulus of

e l a s t i city ,  and no change in flexural strength (Table 4.4).

The f l e x u r a l  s t r e n g t h  was based on only one tes t  specimen each ,

and t h e r e f o r e  may not be conc lus ive .

4 . 3  Tempera tu re  E f f e c t s

Studies at BNL have shown tha t  as the PC t e m p e r a t u r e

at testing increases , the strength of PC decreases and vice-

versa. Table 4.5 shows the results of tests conducted by BNL

at t empera tures  of - 15°F , 70 °F , 120 °F , and 190 °F ( 2 ) .  F igu re

4 . 3  is a grap h of the compress ive  s t r e n g t h  versus  ambien t  tem-

pe ra tu re  w h i c h  shows t h a t  the change in s t r e n g t h  is a lmos t

linear.

A test was developed to test the hypothesis that PC

gains its maximum strength at peak exotherm . The temperature

at peak exotherm affects the strength at that time , just as

the temperature of PC affects the strength at any time that it

- — — - 
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TABLE 4 . 3  E F F E C T  OF S I I . A N E  C O U P L I N G  AGENT TREA TMENT
ON COMPRESS l VE STRENGTH (18)

Si lane  T r e a t m e n t  Compress ive  S t r eng th
(psi)

1% wt. silane blended ~. i t h  MMA 13,800

A g g r e g a t e  t r e a t e d  w i t h  1% w t .  s i l a n e  15 , 800
h y d r o l y z e d  in w a t e r , d r i e d , and then
mixed with MMA

Ag g r e g a t e  exposed to s i l a n e  vapor , t hen  16 , 000
mixed w i t h  MMA

No S i lane  C o u p l i n g  Agent  11, 000

TABLE 4 . 4  EFFECT OF 1% SILANE ON STRENGT h!

Compre ss ive Modulus of Sp li tt ing
S t r eng th  E l a s t i c i t y  Tens i l e  Modulus  of

Strength Rupture
(psi) (106 psi) (psi) (psi)

Wi thou t Si lane 8 ,840 3. 12 1,140 1,867

Wi th 1% Silane 12 ,65 0 5.4 1 1,355 1,786

% Increase  43% 73% 19% . 4 %

* one specimen only
**average of two specimens

Formulation: Aggrega te:

95% MMA 50% 3/8” pea gravel
5% TMPTMA 37.5% sand
3% LP 12.5% portland cement

1½% DMPT See Table 4.7 

~-—- ---- - . 
~—~~ - -
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TABLE 4 . 5  EFFECT OF PC TEMPERATURE ON P R O P E R T I E S  ( 2 )

MMA- TNPTMA

Tempera-
Property ture , 0F Resul t

Tensi le  s p l i t t i n g  s t r e n g t h *  - l 5~~F 1, 510 psi
70 F 1, 430 psi

190°F 1,370 psi

Compress ive  s t r e n g t h  s t r e s s * -l 5~~F 24 , 800 ps i
70 F 19 ,600 psi

120°F 15,800 psi~~
190°F 14,100 psi

Modulus of elasticity * -l 50F 6.11 x l0~ psi
70~ F 5.28 x 106 psi

190 F 4 . 4 4  x 10 psi

Poisson ’s ratio * -15°F 0.24
70°F 0.23

190°F 0.22

Elastic limit stress * 15°F 14,000 psi
70°F 7 ,500 psi

190 °F 4 , 800 psi

Ultimate compressive strain -15°F 5,360 x 10~~ i n/ i n
70°F 7 ,080 x l0 6i n/ in ***
88°F 8 ,000 x 10 in/in

Unit weight* - 149.1 pcf

Specific gravity * - 2 .40

Wa ter absorp tion - 0.6 percent

* Average values for three 6- by 12-in cylinders
** Value of single cylinder
***Average values for two cylinders

Formulat ion: Aggre gate:

97.5% MMA See Table 4.7
2.5% TMPTMA

1% BP
½% DMA
½% Silane Coupling Agent

- -  — .— - . h-- —  - — - ________--
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is t e s t ed .  To p e r f o r m  the exper iment , PC specimens  had to be

tested within a very shor t  t ime  af ter peak exo therm tempera-

ture had been reached. Compressive strength cylinder speci-

mens were ruled out because it took too much t ime to cut the

top surface. Modulus of rupture beams w ere chosen because of

the shor t  t ime  needed for  t h e i r  p r e p a r a t i o n .  The aggre gate was

100% sand to reduce the variat ion in aggrega te and thereby

min imizing the coefficient of variation of the test results.

Because only three beam forms were available the test

was conducted as f o l l o w s :  F i r s t , two sepa ra te  ba tches  of th ree

beams each were cast and t e s t ed  at room t empera tu re  to estab-

lish  a mean and s t andard  dev ia t ion  for  each ba tch  at 75 °F.

Next , three additional beams were cast to determine the strength

as a func t ion of tempera ture of the PC af ter the exo therm

occurred. The peak exotherm temperature was approximately

175°F , and when the tempera ture  of the beams had cooled to

130°F (approximately 25 mins . later), one of the beams was

tested for modulus of rupture as described in Chapter 2. The

next day one of the two remaining beams was hea ted in an oven ,

removed , and tested when the temperature cooled to 130°F. The

mean and standard deviation of the oven heated beam and the

reac tion-heated beam were calcula ted and compared to st rength

of the first two batches tested at 75°F. The remaining beam

of the batch was tested at room temperature and the strength

was compared to the beams t e s ted  at 75 °F.

• - -—-. - - — — - - .‘.- - . .
-
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A four th group  of t h ree  beams was cast , and the  proce-

dure was the same as for the third batch except a temperature

of 100°F was used. One beam was tes ted at 100°F approxima tely

one hour after peak exotherm , and the second be am was placed in

a heated oven three days later and tested when i t  cooled to

100°F. The r e s u l t s  of the tes t summarized in Tab le 4 . 6  show

that the coeff ic ients of variat ion of the oven heated beams

to the reaction-heated beams were less than the coefficients of

v a r i a t i o n  of the  75 °F t e s ted  b a t c h e s .

Although the number  of s amples  was l i m i t e d , the data

indicate that PC develops its stren gth by the t ime the exo-

thermic re act ion occurs , and fur ther changes in strength are

a f u n c t i o n  of t e m p e r a t u r e  rather than chemical reac t ion .

Therefore , PC has no real “ cur ing ” t ime as in concrete.

It is possible to permit traffic on polymer-concrete pavements

as soon a f t e r  peak e x o t h e r m  as the t e m p e r a t u r e  a l lows des ign

strength. Further research is needed to determine if the

cooling t ime  mi ght be reduced b y sp r ay ing  the PC w i t h  w a t e r

immedia tely after peak exotherm without any ill effects.

4 . 4  Aggregate  E f f e c t s

The aggrega te  can a f f e c t  the  s t r e n g t h  of PC in t h ree

ways : the aggre gat e s t rength, the aggrega te grada t ion , and

the  mo i s tu r e  content  of the  aggrega te.

- ~~- - - - - - --
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TABLE 4 . 6  RESULTS OF CURE TIME AND PC TEMPERATURE
ON MODULU S OF RUPTURE

Age at Test Modulus of Mean Coefficient of
Batch Tes t ing T 8mp . Rup tu re  Stress  V a r i a t i o n

F (psi) (psi) (%)

1 5 days 73 2189 3.20
2097 2114
2057

2 2 days 73 2084 7.96
2071 1986
1804

3 25 m m .  130 1395 1447 5 031 day 130 1498

1 day 7 5 1880

4 60 m m .  100 1658 1656 213 days 100 1653

3 days 7 5 218 9

- - -  ----~~ a— ----
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4.4.1 Aggregate Strength

Jus t as por tland cement concre te depends l a rge l y on

the strength of the aggregate for the strength and modulus of

elas t ici ty so does pol ymer-concr ete. Polymer-concrete can be

made fr om dense , li ghtwei ght , and normal aggrega tes jus t like

por t land cemen t concr ete. The s tronger the aggrega te the

s t ronge r  the  PC. In  most  cases , the  f a i l u r e  p lane  in PC

tends to pass through the large aggregate (Figure 4.4). In

tensile tes ts , it is common to see the failure plane pass

through more than half of the large aggregate (Fi gures 4 .5 and

4.6).

4.4.2 Aggregate Gradation

MMA that is po lymer i zed  w i t h o u t  aggrega te is a bri ttle,

glass-lik e material. If the aggregate is not well-graded and

has l a rge  voids f i l l e d  w i t h  pol ymer , the  r e su l t  is pockets of

relatively weak pol ymer. However , a well-graded aggregate that

has a low void ratio will have higher strength. It has been

demons trated by BNL that por t land cement can be added to the

aggrega te as a ready-available source of fines (15). Compara-

t ive tes ts were made of two ba tches of PC , one wi th a mix ture

of 50:50 pea gravel and sand , the other with 50% pea gravel ,

37.5% sand , and 12.5% portland cement (Table 4.7). The re-

sul ts of the compressive tests showed a 17% increase in

strength (Table 4.8). 

- — - .-~~~ .._- - 
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FIGURE 4.5 FAILURE PLANE OF PC CYLINDER
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TABLE 4.7 COMPARISON OF AGGREGATE GRADATIONS

50% Pea Gravel 50% Pea Gr avel BNL
50% Sand 3 7 . 5 %  Sand Tes ts

12 .5% Por t land Cemen t

Sieve Size % by Weigh t % by Weig ht % by Weigh t

3/8 to 3/4 9.1 14.0 30.0
No. 4 to 3/8 36.3 38.4 19.9
No. 8 to No.  4 4 . 0  3.0 5 . 5
No. 16 to No.  8 6 . 4  4 .1 5 .5
No.  30 to No.  16 12.1 7 . 4  9.1
No. SO to No. 30 23.2 10.9 - 8.8
No.  100 to No. 50 8.1 8 .5  5 .8
Pan 7.8 13.8 15.4

TABLE 4 .8  EFFECT OF AGGREGATE GRADATION ON COMPRESSIVE STRENGTH

Average Standard
Grada t ion  Compress ive  S t r e n g t h  D e v i a t i o n

(ps i ) (psi)

50% Sand
50% Pea Gravel 7540 106

50% Sand
37 .5% Pea Gravel 884 0 45 0
12.5% Portland Cement

(Avg. of three cylinders)

Formula tion:

95% MMA
5% TMPTMA
3% LP
lid DMPT

-.— - .- - -
- -
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4 . 4 . 3  M o i s t u r e  C on t e n t  of  Aggrega te

Because MMA i s only 1.5% soluble in water , it has been

suspected  t h a t  m o i s t u r e  in t h e  a g g r e g a t e  w o u l d  d e c r e a se

strength. Dur i ng one of t h e  fi e ld te st s , some of the aggregate

had not been f u l l y  d r i e d .  The PC r e p a i r  was made and has been

in serv ice ove r a ye ar , but the effect of moisture in the ag-

grega te had not be en s tudied.

A test was developed to measure the effect of moisture

con tent of sand on c o m p r e s s i v e  s t r e n g t h  and t e n s i l e  s t r e n g t h .

Aggregate consisting of 50% pea gravel (3/8-in.) and 50%

oven-dr ied concrete sand was selected (Table 4.7). Water was

added to the  sand in t h r ee  d i f f e r e n t  amoun t s  and s t i r r e d  by

hand u n t i l  u n i f o r m  co lor  was a c h i e v e d .  Two samples  of each

sand w e re taken and we i ghed , oven- dried and rewei ghed to de-

t e r m i n e  m o i s t u r e  c o n t e n t .  S ix  PC c y l i n d e r s , 3 - i n ,  b y 6 - i n . ,

were prepar ed us ing each varia t ion of mois ture con ten t. Three

PC cylinders each were tested in compression and splitting ten-

sion. The specimens with the hig hes t moi sture con ten t (5. 65%)

were too weak to be removed from the molds undamaged. Only

three specim ens could be removed from the molds at a mo i s ture

content of 1.64% (Figure 4.7). It seemed as moisture content

incre ased the specimens bonded to the steel molds even thoug h

the m old s were we ll coated with the most effective mold re-

lease agen t tes ted.

Resul t s of the test show tha t rela t ively small

amoun ts of moisture reduce the compressive and tensile strengths

- - - -
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FIGURE 4 . 7  SPECI MENS AT 1 . 6 4 %  MOISTURE CONTENT
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by as much as 4 0 %  (F i gures  4 . 8  and 4.9). At a moisture content

of 0.78% , the sand w as no t ice ably we t in color ye t good

s trengths were ob ta ined. Th is indicates that if the s and can

be dried unti l it has the appea rance of dry sand , the moisture

content will be low enough to produce good results. The driest

sand used (0.185% moisture content) had been oven-dried approx-

imately one mon th earlier and s tored indoors in an air condi-

tioned laboratory .

How dry the agg rega te must be to use for PC repairs de-

pends on each indiv idual circumstance. Obviously, th e econ omi-

cal balance betw een ov en-drying the sand and using a slightly

we tter sand wi th a decreased PC s trength depends on the strength

requi red .  In most  cases , it would  be p r e f e r a b l e  to use the

dries t sand available. 1-lowever , in ac tual prac t ice the sand

used by cons truction crews may not be fully dry and could re-

sult in decreased st rength.

• . - - - - - —-- - - —- -- .~— -- - —
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CHAPTER 5

LABORAT ORY SLAB EXPERIMENTS

5.1 Background and Previous Research

The durab il i ty of pol ymer-con crete repair s has been

well established , e .g., no PC failures hav e b een recorded in

any of the field tests performed for the  SDII PT .  I n c l u d e d  in

those field tests were three repairs on pavements. However ,

an experim ent was des i red wh ich showed conclusiv ely that

p o l y m e r - c o n c r e t e  could w i t h s t a n d  t h e  h ig h loads of f i g h t e r

aircraft and sati sfy all the requi remen ts of the U.S. A ir

Force Bomb Damage Repair Project.

The des i red  r e q u i r e m e n t s  of the  Bomb Damage R e p a i r

Project (BDRP) are to repair a bomb crater in four hours . The

repair must suppor t  F-4 a i r c r a f t  fo r  50 passes  at a t e m p e r a t u r e

range of 32°F to 100°F over a subgrade with modulus of subgrade

reaction (k) equal to 120 p c i .  The des ign  1 -4 has a si ngl e

wheel load of 27,000 lbs. over a contact area of 102 square in.

wi th a tire pressure of 265 psi.

Because of the great difficul ty in building a homoge-

neous subgrade of such a low modulus in the labor ato ry, it was

decided the slab test would have to be modeled. Previous re-

search at the Univer si ty of Texas has successfully incorpora ted

49
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d y n a m i c a l l y  loaded  mode led  s l a b s ove r a r u b b e r  mat  sub grade

(20,21). I t was d e c i d e d  to d u p l i c a t e  t h e  t e s t i n g  of CFIIR

Stud y 177 t e s t  s l ab s to g ive a good c o m p a r i s o n  b e t w e e n  the per-

formance of PC and concrete under heavy truck traffic. Also

i t was decid ed that t h e  n e a r - e q u i v a l e n t  load of F-4 a i r c r a f t

could be applied to the slab to evaluate the  p e r f o r m a n c e  of

PC under dyn amic  F - 4  l oads .

5.2 Slab Testing Equi pment

As much of t h e  or i g ina l  e q u i p m e n t  as p o s s i b l e  was  used

to eliminate additional variables. The suhgrade consisted of

six inches of neoprene rubber bridge mats stacked in 1-in.

layers to prov i de a uniform elas tic suppo rt . The top inch of

rubb er mat was cut out to form a void 27-in , by 14-in, under

the slab (Fi gure 5.1). The voi d size under the app lied load

was selec ted by previous research to create the hig hest de-

f l ec t ions and st r e s s e s  and to s i m ul a t e  as n e a r l y as p o s s i b l e  t h e

na tu r a l l y occurr ing vo ids in the  f i e l d  ( 2 1 ) .  The r u b b e r  sub -

grade was pr eviousl y subjected to plate loading tests to deter-

mine the modulus of suhgrad e reaction . The resul ts of the test

(Figure 5.2) produced an experimental value of modulus of sub-

grade reaction of 255 pci.

The load ing f r ame and lo ad i n g device were the same as

those used in the previous experiments (Figure 5.3). The load

was applied by a hydraulically-driven p iston connected to a

load cell. The load cell was wired to the MIS loading 

— - -  . —. - -  ~~~~~ - - -  . —---  ~~-
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m a c h i n e  w h i c h  p e r m i t t e d  the  p r e c i s e  a p p l i c a t i o n  of the de s i r ed

load at 5 cyc les per second in the form of a sine wave.

Deflec tions wer e recorded by the same LVDT ’ s as used

in s lab s numbered  1 77 - 2 and 1 7 7- 3  in the  p rev ious  s t u d y

(Figure 5.4). The LVDT output was wired to a galvonometer am-

plifier and then recorded on an oscillograph (F igure 5 . 5 ) .

The oscil l og raph was not the same as used in previous tests

and could no t be triggered automa tically.

5 .3  C o n s t r u c t i o n  of Test Slabs

5.3.1 Slab 1

Three concr ete slabs from Study 177 we re ava i lable for

use:  177- 1, 177-2 , and 177-3 . All three slab s had been pre-

v ious ly  t e s t ed  fo r  f o u r  m i l l i o n  cycles  at a 5000 lb. load.

The cracks in Slab 177-1 had been repaired w it h p o l y m e r s  re-

sul t in g in a 5% increase in flexural strength (11). Slab 177-3

was a 2- in, slab which had sustained considerable damage.

Slab 177-2 was a 4-in , thick concrete slab with ap-

paren t cracking. To test the bond strength of PC and the bear-

ing capaci ty of small PC pa tches , a hole 24-in , by 16-in , was

j ackhammer ed into Slab 177-2 (Fi gure 5 . 6 ) .  The repa i red slab

is here af te r des ignated Slab 1. The slab was 36-in , by 72-in.

wi th a 20 ga., 1-in , stri p of shee t metal placed vertically

along the bo ttom surface dividing the slab into two equal

halves. The me tal strip was used in the concrete slab to

pr eform a crack in the  o r ig i n a l  t e s t  program. The metal stri p

- - - - --- - - - -
~~~~ ~~~~~~~
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was left in the PC repair and coated with mold-release agent

to create a weakened section. A double thickness of poly-

e t h y l e n e  was p l a c e d  over the  r u b b e r  subg rade  as a bond b r e a k e r

and a commercial s e a l a n t  was app l i e d  around the  p e r i m e t e r  of

the rep air.

At 2 : 2 0  PM t he  p o l y m e r - c o n c r e t e  r e p a i r  was s t a r t e d .

The a m b i e n t  t e m p e r a t u r e  was  a p p r o x i m a t e l y 73°F and t h e  tempera-

ture of the ~iggregate was 85°F , still cooling after being re-

moved from the oven earlier in the day . The repair area was

f i l l e d  to m i d - d e p t h  w i t h  d ry  a g g r e g a t e :  a 50:50 m i x t u r e  of

3/8-in, pea gravel and normal concrete sand. The monomer  for-

m u l a t i o n  was p o u r e d  over  the a g g r e g a t e  and the  m i x t u r e  was

rodded to f ill all the vo ids (Figur e 5.7).

This process was repeated twice more until the aggre-

gate was filled to grade . A s i zab le leak devel oped and was

stopped by apply ing p ressur e to the leak which was or i ginating

from the voided area. At 2:45 PM all the aggregate had been

placed  and sa tur at ed , after which the surface was troweled to

a smooth sand texture. Due to the monomer leakage a second

ba t ch  of monomer  was mixed  at  3 :05  PM and s p r i n k l e d  ove r  the

repair area to keep the PC saturated. At the same time , cy l in-

der and beam specimens were cast to provide quality control.

By mean s of a thermocouple inser ted in the PC rep air , the tem-

perature was monitored. A peak exotherm temperature of 10401:

occurred at 4: 00 PM. At 4 :30  PM the slab w as li f ted up several

inches to remove the rubber mat used to form the voided area. 

- - .- - ~.- -- ---
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At 3 : 2 0  PM the nex t  day , a f t e r  c a r e f u l  c a l i b r a t i o n  of a l l

equi pment , testing commenced on the slab .

5 . 3 . 2  S lab  2

Slab 2 was a 2 - i n ,  t h i c k , a l l  pol y m e r - c o n c r e t e  s l a b ,

3 6 - i n ,  by 7 2 - i n . ,  r e i n f o r c e d  w i t h  6 - in ,  b y 6 - i n .  6 g a .  welded-

wire fabric placed at m i d - d e p t h .  I t  was decided , after the re-

pair of Slab 1 , that Slab 2 would have to he cast outdoors to

preven t the infiltration of the monomer vapors into the build-

ing air conditionin g system . Four-in , metal forms were assem-

bled on a plywood base with a 2-in , hig h p lywood false bottom

(Fi gure 5 .8 ) .  The forms w ere lined wit h two layer s of poly-

ethylene stap led to the pl ywood bott om to reduce w r i n k l i n g.

The first trial at casting the slab had No. 4 r e i n f o r c i n g  b a r s

ex t end ing  th roug h t h e  fo rm at each end fo r  l i f t i n g  h o o k s .  The

second cas ting used stirrups tied to the welded-wire fabric

e x t e n d i n g  f r o m  the  top of the  s lab  fo r  l i f t i n g  h o o k s .

A f t e r  t e s t i n g  S lab  1 i t  was no t i ced  t h a t  i t  was very

d i f f i c u l t  to i d e n t i f y  m i c r o c r a c k i n g  i n  the  PC p a t c h  du e  to  t h e

s l i g h t  roug hness  of the s u r f a c e .  I t  was dec ided  t h a t  the  second

slab would be fini shed on the s u r f a c e  w i t h  a m i x t u r e  of oven-

d r i ed  masonry  sand and p o r t l a n d  cement  to i m p r o v e  t h e  smoo thnes s

of the surface. The first attempt of pouring Slab 2 proceeded

no rmall y ex cep t for leak age at the ends which was due to the

holes in the form around the lif t ing b a rs be in g inadequa tely

scaled . Af ter saturation of the aggregate , the sand and cemen t

- ~-- - - - —
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m i x t u r e  was s p r i n k l e d  over the  s u r f a c e  and t roweled to a smoo th

f i n i s h .  However , 10 mii i . l a t e r , the  sand  s u r f a c e  pol y m e r i z e d ,

preventing the app l i ca t ion  of a d d i t i o n a l  monomer  t h a t  had b een

lost  due to leakage  and e v a p o r a t i o n .  The c o m b i n a t i o n  of h i g h

ambien t  t e m p e r a t u r e  w i t h o u t  s h a d i n g , leakage of monomer , and

segrega t ion of aggr eg ate re sulted in honeycombed po lymer-con-

cre te in the upper half of the slab . This slab was di scarded

and ano ther wa s prep ared.

At 1 :45  PM , 30 , 000 cc ’ s of monomer were  mixed  and the

second a t t e m p t  of th e  c a s t i n g  of Slab 2 began . Four hundred

pounds of oven -d r i ed  aggrega te  (60% sand and 40 % pea g r a v e l )

were mixed in a concre te  mixe r  and p laced in a s h a l l o w  pan be-

side the sl ab form. To prevent segregat ion , monom er was poured

over the aggregate to wet it. The wet aggregate was ther~

shoveled in to  t h e  slab fo rm to a depth  of about  1- in .  ( F i g ur e

5.9). Addi tional monomer was applied and the mixture was

rodded to p reven t  honeycombing . More a g g r e g a t e  was added to

f i l l  the form and was s a t u r a t e d  w i t h  monomer and rodded a g a i n .

A layer of oven-dried masonry  sand was s p r i n k l e d  over the  mix-

t u r e  and t r o w e l e d  smoo th .  An a d d i t i o n a l  ba tch  of monomer  was

mixed and appli ed to the slab to keep it sa tura ted. How ever ,

very li ttle monomer was needed as leakage was held to a minimum .

0The PC reached the peak exotherm temperature of 203 F in 60

m m .  At some point during the promoter -catalytic reaction ,

the plywood form deflec ted in the middle due to the weight .

Consequent ly, the PC slab hardened in a slight ly curved

_ _ _  - — - .4- - - -----—-
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p o s i t i o n  in the  long i t u d i n a l  d i r e c t i o n .  At 4 : 0 0  PM the  forms

were removed and the PC slab was lifted and carried into the

building with a small portable crane. The slab was carefully

pos it i oned in to p l ace on the rubber  sub grade. The 6-in , by

li-in , contact plate was attached to the PC slab with hydro—

stone. At 7:00 PM a few cycles of load were placed on the

s lab , bu t due to equi pmen t prob lems the normal uninte rrup ted

loading was not started until 10:30 PM.

5.4 Cyclic Load Tests of Slabs

5.4.1 Slab 1

In prev ious res earch , Slab 177-2 was pulled in tension

until the intent ional cr ack wid th , at mid-length , reached

0.01-in. This simulated a tensile force in a continuously re-

inforced concrete pavement (CRCP) which occurs due to tempera-

ture effects. At the 0.01-in , crack width , Slab 177-2 was

subjected to a 5 kip load over a contact area of 6-in , by

11-in , to simulate a 10 kip truck axle load at 76 psi tire

pres sure. After 2 million sinusoidal load applications the

tension force wa s increased to ma i ntain a crack w idth of

0.04-in, and a second million load applications were applied

(21). Unfortunately, the force required to main ta in the ind i-

vidual crack widths were not recorded in the previous research.

Duplica tion of the previous experiment of cracking the

polymer-concre te repair in tension was not feasible with the

available equi pmen t nor would it have simulated actual field

- _ _ _
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repair conditions. It was dec ided  t h a t  r e p a i r i n g  the  s lab

w i t h  the  s t ee l  in  an unst ressed s tate and then adding tens ion

af ter the repair would simula te the wors t c o n d i t i o n  of repair-

ing the CRCP dur ing warm wea ther and loading dur ing cooler

weather. Slab 1 was therefore tested with tensile forces that

would app roximate the forces used for Slab 177-2 and be repre-

sentat ive of ac tual f ie ld cond it ions . An axial tens i le force

of 10 kips was app li ed and moni tored wi th a load cell. Two

million applicat ions of the 5 kip load were applied at the rate

of S cycles/sec. The load was applied with only two short in-

terruptions for more than 111 hours. The axial tensile force

was then incr eased to 40 k ips and a second 2 m i l l i o n  applica-

t ions of S kip load were applied uninterrup ted. At this t ime ,

the slab was lif ted to photograph and record the cracking on

the bo tt om si de of the slab .

Nex t, the slab was subjected to simulated aircraft

loads . The desired load would have been 27 kips on a con tac t

area of 10 2 square inches giving a tire pressure of 265 psi.

Because it was decided that the practical capacity of the

frame and loading devic e was only 21 kips , the load wa s

modeled. A 17.5 kip load on the same 66 sq. in. plate used

previously provided the equivalent stress. Because a 500-lb .

load was main tained on the slab at all times to protect the

loading device , an 18 kip load was selec ted givin g a tire

pressure of 272 psi wh ich would conserva tively represent the

desired loading stress. Slab 1 was subjected to an 18 kip

-— - - - - - ,— --- - - J- -- -
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repeated load w i t h  no ax i a l  t e n s i l e  force . Slab 1 w i t h s t o o d

89 ,00 0 app lications of the 18 kip load befor e tes t ing was ter-

mina ted due to equipmen t fa i lure.

5 . 4 . 2  Slab 2

Because of the d u r a b i l i t y  of Slab 1, i t  was dec ided

tha t  the t h i ckness  of Slab 2 should  be reduced to 2 i nches .

Because most a i r f i e l d  pavements  are j o i n t e d  re in forced  con-

crete pavements (JRCP) rather than CRCP , no axial tensile

forces were app l ied. The percen tage of re inforcement wa s ori-

g inally planned as 0. 1% but wi th the decre ased thicknes s it wa s

changed to 0.2% , which was still representative of JRCP.

A S kip load was applied to the 6-in, by 11-in, contact

area and af ter 2 million uninterrup ted load applicat ions at

5 cycles/ sec. the tes t was s topped wi th no indicat ions of any

damage .

Af ter the slab was inspec ted for damage , the slab was

loaded to 18 kips statically three times to calibrate the in-

struments. The fourth time at 18 kips the slab was inadver-

tently loaded to 21 kips , producing major cracking . The slab

was then loaded to 18 kips dynamically at 0.5 cycles/sec. for

17 cycles , at which point it was determ ined that the steel re-

inforcemen t had failed and a crack of 1/4-in, width was visible.

- —- ~~ -.—— -- -—-—--— - — -- —-----—- -
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5 .5  R e s u l t s  of T e s t i n g  the  S labs

5.5.1 Slab 1

The d e f l e c t i o n s  of Slab 1 are shown in Table 5.1.  An

increase  in d e f l e c t i o n  w i t h  t ime  was recorded b y the  osci l lo-

graph. The amplitude of the sinusoidal deflection remained

constant throug hout the test , but the deflection with respect

to a reference line on the oscillograph increased with respect

to time. Most of this increased deflection is thoug ht to be

a result of creep as it was non-recoverable. Although no new

major cr ack s developed in the slab or the PC repair , microc r ack-

ing was observed in both (Figures 5.10 and 5.11).

Slab 1 was gener ally in excell ent condition and the

PC repair showed no signs of failing (Figure 5.12). It is

felt that the sla b could have taken many more applica t ions of

18 kip loading without cracking the 3-in. section across the

middle.

5.5.2 Slab 2

Af ter 2 million cycles of tes t ing at a S ki p max i mum

loading , Slab 2 showed no si gns of dis tres s on the top surface.

There was no evidence of microcrackin g.

After three cycles of 18 kip loading , theic was still

no sign of microcracking al though the deflections were excessive

and partly non-recoverable. When the load was increased to 21

kips a loud noise was heard and within seconds two cracks were

observed across the top of the slab (Figure 5.13). After 

—-__
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TABLE 5,1 SUMMARY OF DEFLIiCT IONS OF TEST SLABS

Deflec tions
Void Thick- Computed Measured

Slab Suppor t Size nes s Load Max . Ini tial Final
( i n . )  ( i n . )  (ki ps)  ( i n . )  ( i n . )  ( i n . )

L~ Sa Full - 4 5 0.040 0.057 0.091

Void 27x14 4 5 0.022 - 0.051

Void 2 7 x l 4  2 5 0 .170  - 0 .180

Slab 1e Void 27xl4 4 5 0.018 0.022 0.044

18 0 . 0 6 5  0 .108  0 . 0 9 5

Slab 2 d Void 27x 14 2 5 0 . 0 6 4  0 . 0 6 0  0 . 0 8 8

18 0.229 0.246 -

a. reference 26,20
b. reference 21
c. Slab 1 is the PC repaired Slab 177-2
d. Slab 2 is a 2-in. PC slab
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cracking had occurred , an 18 kip cyclic load was applied for 17

cycles. At this point cracking was severe and the steel failed

(Figures 5.14 and 5.15).

5.6 Stress Analys es of Slab s

Previous slabs of Study 177 were analyzed using a com-

puter program developed at the University of Texas called

“Slab 49” (21,22). The analyses of Slabs 1 and 2 were also

performed wi th Slab 49. Figures 5.16 and 5.17 show the stress

concentrations in the top and bottom of Slab 2 predicted by

Slab 49 using elastic theory .

The 5000 psi tens ile s tress in the bo ttom of Slab 2

(Figure 5.17) predicted by the computer program was vtrified

using the Westergaard corner equation on a uniform support.

It seems inconsis tent that the PC slab could withs tand a 5000

psi tensile s tress when the modulus of rupture was found to be

1SOO ps i from beam tests (Table 5.2).

The mos t plausible explanation is that the slab mus t

have cracked on the bottom side allowing the steel reinforce-

ment to limit the cracking and carry the tensile stress. This

cracking continued unnoticed until the top side also reached a

‘en.ilc stress across the slab of approximately 1200 psi. At

~~~
‘ is p ei n ’ fa ilure occurred , and the slab cracked across the

‘“p Tifl’ ~ h . - rv  o f fa i lure is also suppor ted by the crack de-

• ~~~~~ • t S 1 - i~ 2. The cracking along the bottom of the slab

, r t  ~ i- load p l ate and then radially outward (Figure

r a ~~~y cr iL t i ng on the top of the slab was in a

~~~— — -  — -
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TABLE 5.2 RESULTS OF MAXIMUM FLEXURA L STRESS ANALYSES*

Maximum Tensile St ress
Slab 49

Void Wes ter gaard Computer
Slab S ize  Thickness  Load Corner  Equa t ion  Program

( i n . )  ( i n . )  ( k i p s )  (ps i )  (ps i )

177-2  27 x 14 4 5k 514 451

177-3 27 x 14 2 1437 1424

Slab 1 27 x 14 4 510 SS8

1837 2008

Slab 2 27 x 14 2 1132 1239

18k 4076 4460

4755 52 04

*s t resses as a resul t of axial force are not included

_ • - -~~~~~~~~~~~~ - - - - -~~~~  - - I
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concen tric circular pat te rn corresponding to the s t ress concen-

tra tions predic ted by the Slab 49 program (Figure 5.19). This

concentric pattern of cracking was only partiall y visible on

the bo ttom of the slab as microcr acking or discolora t ion of the

PC. Most of the radial cracking pattern penetrated to the top

of the slab .

5.7 Comparison To Concrete Slabs

One performance comparison be tween PC and concre te is

crack developmen t. The PC had less cr acking than concre te

under identical load (Table 5.3). This is understandable be-

cause the flexural strength of the PC material was 300% higher

than the concrete (Table 5.4). Only microcracking was observed

in Slab 1 in the PC material , and no cracks exceeded 6 inches

in leng th. No cracking was observed in Slab 2 until failure

occurred . In Slab 177-3 , a major crack developed across the

slab af ter only 120,000 applicat ions.

One finding was that after the load on Slab 1 was in-

creased to 18 kips , no new cracking occurred in the PC material

at the bottom of the slab , although addi t ional microcracking

of 11 inches was observed on the top.

• - •- --- —-- • — --- - -~~~~~~~
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TABLE 5.3 CRACK DEVELOPMENT IN TEST SLABS

Thick- Crack Developmen t (in.)

Slab Void ness Load Top Bottom To tal
(in.) (in.) (kip)

177-1 27x26 4 5 302 235 537

177-2 27x14 4 5 80 76 1S6

177-3 27xl4 2 5 535 449 984

Slab 1 27x 14 4 5 9 30 39 (PC)
55 64 119 (Concrete)

Slab 2 27xl4 2 5 0 - -

Slab 1 27x l4 4 18 11 0 11 (PC)
5 15 20 (Concre te)

Slab 2 27xl4 2 18 204 198 402

TABLE 5.4 MATERIAL PROPERTIES OF THE SLABS

Splitt ing Modulus
Compressive Flexur al Tens ile of

Slab Material Strength Strength Strength Elasticity

(psi) (psi) (psi) (106 psi)

177-1 Concretea 3888 577
177-2 Concretea 4187 563
177-3 Concretea 2856 481
Slab 1 PCb 7016 1911 1179 3.57

Slab 2 pcb 6288 1558 934 1.75

a - 7 day tes t value
b - 75°F tes t tempera ture

_ _ _ _ _ _ _ _ _ _  • • -J— —--—-- ---—- --—— -



CHAPTER 6

FIELD TESTS

6.1 Introduc t ion

This chap ter will report on the use of po lymer-concre te

for field repairs. The Center for  Hi ghway Research at the

Unive r s i ty  of Texas in conjunction with the Texas State Depart-

ment of Highways and Public Transportation has conducted

numerous field repairs throughout the state of Texas wi th con-

crete-polymer materials. This section will discus s only three

of the pavement repairs with polymer-concrete that were per-

formed during the course of this research . A map of Texas is

provided in the Appendix to show the location of the repairs .

6.2 Interstate 35 -- Waco, Texas

6.2.1 Conditions

On March 31, 1977 several PC patch repairs were per-

formed on the outside , southbound lane of Inters tate Highway

35 on the south side of Waco , Texas . The weather was partly

cloudy in the morning with a 15 mph wind and temperatures

ranging from 600 to 70°F. rn the afternoon , work was per-

formed under sunny skies and a temperature range of 700 to 8O~
F , Four areas were repaired on the 8-in, continuously

80
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reinforced conrete pavement. The first repair area was at

the j o i n t  between a b r i d g e  slab and an approach slab (F igure

6 .1 ).  The second repa i r  area was a t ransverse  crack w i t h

spalling. The third repair area was a punch-out at the shoulder

between several longitudinal and transverse cracks. The fourth

repair was a typical  spalled  area (F igu re  6 . 2 ) .  The concrete

was in good condit ion and was modera tely difficult to remove

with an air hammer.

6.2.2 Procedure

The procedure used to repair the concrete pavement was

slightly different in each of the repair areas .

Area 1. The repair measured 66-in, by 30-in, by 8-in.

deep and was bounrled by an expansion joint to the north side.

Unsound concre te and asphalt joint filler were removed with an

air hammer , and loose debris was cleaned with compressed air

(Figure 6.3). The concrete was then dried with a portable

butane heater to remove possible moisture due to the rain which

had fallen the previous day . The bottom of the repair was

coated with polyester putty to preserve the expansion joint .

Polyester putty was also applied to the vertical face of the

adjoining slab , and a 1-in, by 8-in, board was placed verti-

cally to maintain the expansion joint . A sand and gravel

mixture of dried aggregate (40:60 ratio by wei ght) was placed

in the void and screeded to grade . The aggregate was then

saturated with the monomer system and finished with concrete

• - • - - •--—- - - --- - ~— - - - -4—
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t rowels at 11 :00 AM (Figure 6 .4) .  There was some leakage  at

the expansion jo int and some run off  due to the s lope of the

repair which necessitated periodic monomer repl enishment . The

repa ir was covered with polye thylene to prevent monomer evapo-

ra tion. Bec ause of the low ambient temp era ture and leaka ge of

monomer , the repair did not polymer ize until 1 :20 PM and was

opened to traffic at 2:00 PM. A total of 60 liters of monomer

wa s used to comple te the repair.

Area 2. The t r ansve r se  crack was a ir  hammered w i t h  a

spade bi t to produce an opening about 1-1/4-in , deep and 3-in.

wide the entire length of the 12-ft . lane. The crack was filled

wi th dry sand and then sa turated wi th the monomer sys tem . The

surface wa s’ trow eled smo oth and the repa ir polymeriz ed in ap-

proxima te ly one hour.

Area 3. The third repair consisted of a punch-out and

multi ple cracks approximately 1/16-in, wide. The punch-out

was a full-dep th repair approximately 1-ft. by 2-ft. by 8-in.

The cracks were  a i r  hammered to a depth of 4 - i n .  The bo t tom

of the full-depth area had standing water. Portland cement was

s p r i n k l e d  on the  bo t tom to absorb the  excess w a t e r  s ince  the

monomer is p r a c t i c a l l y  i n s o l u b l e .  Ve r t i c a l  concre te  crack s

were coated with pol yes ter putty to preven t leakage. Aggre-

ga te was p laced in the void and at 3:45 PM saturated with a

monomer sys tem wi th increased p romo ter and init iator concen-

trations (Table 6.1). A faster-setting monomer system was

- -- - .‘- - - ---- - - - -___
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TABLE 6.1 MONOM ER FORMULATIONS - WACO 1.11 . 35

Area Fo rmu la t i on  Volume of Components

1 and 2 90 % MMA 21 , 600 cc
10% BA 2 , 400 cc

4% LP 2 lbs
2% DMPT 480 cc
1% SILANE 240 cc

24 , 720 cc

3 and 4 90% MMA 21 , 600 cc
10% BA 2 , 400 cc

6% LP 3 lbs
3% DMPT 720 cc
1% SILANE 240 cc

24 , 960 cc

- -- . . - -
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used in an a t t emp t to reduce monomer l eakage  in to  the  sub grade .

The repai r  was  rodded to remove en t rapped  a i r .  At 3 :40  PM ,

addi tional monomer was added to keep the repair saturated. The

surface was troweled smooth and cover ed wi th polyethylen e. The

repair polymerized at 4:00 PM and was opened to traffic before

5:00 PM. A total of 48 liters of monomer was used to complete

Repair Areas 3 and 4 simultaneously .

Area 4. The fourth repair was a spall 30-in, by 12-in.

by 4- in, after removing unsound concrete with an air hammer.

Loose debris was blown free with compressed air and the area

was filled with dry aggregate. The monomer was added at 3:30

PM and polymeriza tion was comp leted by 4:00 PM.

6.2.3 Results

All repairs were structurally sound and opened to

traffic immedia tely. The polymer ization time of Area 1 was

2 hrs. and 20 mm ., but the other three areas were polymer-

ized in an hour or less. The long er polymerization time of

Area 1 was due to cool ambient temperature , leak age of monomer ,

and insuffici ent concentrat ions of promo ter and initiator. A

sli gh tly rough tex ture was noticed in the third repair due to

sli ght blistering on the surface of the PC. This was con-

sidered insi gnifican t since it became smooth after exposure to

traffic. A total of 116 liters of monomer were mixed for all

repairs counting the excess not used.

V ~~~~ -. --__--- - - - - _-$.-- -
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Three standard 3-in , by 6-in, concre te test cylinders

were cast on the site and later tested. The average compressive

strength was found to be 6710 psi w it h an average modulus of

elas ticity of 3.21 x 106 psi.

6.3 Interstate 45 -- Madisonvi lle, Texas

6.3.1 Conditions

On May 24, 1977 several PC repair s were performed on

the outside , southbound lane of Interstate Highway 4 5 near

Madisonville , Texas . The weather cond it ion in the morn ing was

fair and warm after early morning rain. The afternoon was hot

wi th temper atures in the range of 800 to 90°F.

All five areas repaired with PC were in a section of

highway that was in constant need of repairs . The first four

areas were located at mile post 140.5 (Figure 6.5). The first

repair area was located at mile post 147.0, just north of the

intersection with U.S. 75 (Figure 6.6).

The 8-in, thick continuously reinforced concrete pave-

ment was generally in poor condition . It was suspected that

poor subgrade resul ted in voids under the concrete , caus ing

crack spacing only a few feet apart in some sections. The con-

crete was 15 years old and was easily air hammered.

6.3.2 Procedure

General Procedure. The preparation and repair of all

the areas were performed in the following genera] method:

- - .
~~~~ 
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1. Unsound concrete was removed with an air hammer at

least to the dep th of s teel , then loose debris was removed with

compressed air (Figure 6.7).

2. The repair was sealed with polyester putty to seal

cracks or pro tec t asp halt shoulder s (F igure 6.8).

3. The repair was filled with a sand and gravel mix ture

of dried aggre gate (4 0 :60 ra ti o by wei ght) (Figure 6.9).

4. Monomer was added to sa turate the aggr eg ate

(Table 6.2) (Figure 6.10).

5. The PC was vibra ted to remove entrapped air (Figure

6.11).

6. The surface was finished by screeding and then

troweling to achieve the desired texture.

7. The repair was covered wi th polyethy lene to preven t

evaporation of monomer.

Area 1. By 8:00 AM all unsound concrete had been re-

moved by hi ghway department crews. The repai r was bordered by

an asphal t shoulder which had to be protected from the dissolv-

ing action of the monomer with polye ster putty. The depth of

the repair was 5 to 6-in, adjacent to the asphal t shoulder and

in the cracked area at the north edge. The other par ts of the

repair were full dep th (8-in.). This repair was performed in

two lifts. Aggrega te was added to about half depth, sa turated

(Figure 6.10), vibrated , then ano ther layer of aggrega te was

added to grade , and the process repeated. The repair poly-

merized approxima tely one hour later.

_________ — - -  -- V - V_~~ - - V .- V V V 
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Areas 2 and 4. Repairs in Areas 2 and 4 were identical

to Area 1 with the exception of the aggregate being placed in

only one lif t due to the 4-in, depth.

Area 2 was a crack approximately 3-ft. by 4-in. Area 4

was a spalled area w ith crack ing, approxima tely 1-ft. 4-in, by

2-f t.

Area 3. The repair in Area 3 was a spalled area ap-

proxima tely 1-ft. 4-in, by 10-in, by 4-in, depth. This repair

diff ered from the prev ious repa irs becau se ai r hammering was

needed. The sand was the only aggr egate used. This repair wa s

opened to traffic approximately one hour after the start of the

repair.

Area 5. The repair in Area S was almost identical in

size and shap e to the first area repaired. The procedure was

the same as for Area 1 with the exception that some of the

cracked concre te was lef t in place to tes t the bonding of the

PC. An attempt was made in this repair to leave a rougher sur-

fac ” texture by screeding the patch but not troweling it

(Figure 6.13).

6.3.3 Results

All repairs polymer ized in less than one hour and were

structurally sound. The surface of Repair Area 1 exhibited

surface blis ters which were theorized to be caused by expanding

air from the exotherm reaction being trapped below the

-
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TABLE 6.2 MONOMER FORMULATION 
- MADISONVILLE 1 .11. 45

Formulation 
Volume of Mix

90% MMA 
21,600 cc

10% BA 
2 ,400 cc

4% LP 
2 lbs

2% DMPT 
480 cc

1% SILAN E 
240 cc

24 ,720 cc

_ _ _V - - - 
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semi-hard surface of PC (Figure 6.12). The effect is only

co smet ic and the “bliste red” skin is quickly worn away by

traffic. The reason for a preliminary surface hardening was

the hi gh ambien t temperatur’~ and rapid cure time. The surface

of Area 5 which was screeded ra ther than trowe led contained

less bl istering of PC. The blistering was absent in Repair

Areas 2 , 3, and 4 which sugg es ted that blis tering was more of

a problem in the deep er repairs. Bo th Areas 1 and 5 indicated

a s l i ght volume tric expansion re sulting in the surface being

1/8 to 1/4-in, above concrete grade .

Three standard 3-in, by 6-in, test cylinders of PC were

cas t on the site and later tes ted. The averag e compre ss ive

streng th was found to be 6100 psi wi th a modulus of elast icity

of 2.13 x 106 psi. Approxima tely 123 liter s of monomer were

used in all the repairs .

6.4 }-louston Intercontinental Airport

6.4.1 Condi tions

On July 6 , 1977 , sev eral PC repairs were performed on

taxiway K of Intercontinental Airport in Houston , Texas . The

morning repairs were performed under sunny ski es as the tem-

pera ture rose from 85°F to 90°F. Repairs were hal ted in early

af ternoon by a 45 m m .  cloudburs t. Repairs were continued in

the af ternoon w ith cooler tempera tures of 75 0 to 80°F.

Taxiway K is a primary taxiway parallel to runway

8L-26R. Normal traffic includes air carrier operations up to

- 
•~-—-—
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and including FAA 1)esi gnation Group 11 Aircraft (Boeing 747).

Taxiway K is a ri gid pavement 75-ft. wide , divided into three

equal slabs 25-ft. wide , 25-f t. long , and approxim ately 12-in.

thick , wi th welded-wire fabric reinforcement. Repair Area 1

was a pop-ou t of a corner of the center slab which had tempora-

rily been filled with asp halt. Repair Areas 2, 3, and 4 wer e

on a single spalled longitudinal crack following the centerl ine

of the taxiway from end to end of the slab . The concre te in

all areas was in good condition and was difficult to remove

wi th an air hammer.

6.4.2 Procedure

Area 1. The first repair was located at station 57 +

00 to 57 + 04, 12.5-ft. south of the centerline (Figure 6.15).

The repair measured 45-in, by 9-in, with depths varying up to

6-in, and was bounded by two expansion joints (Figure 6.16).

A temporary asp halt repair was removed with an air hammer

(Figure 6.17) and sandblasting (Figure 6.18). The repair was

then cleaned of loose debris with compressed air. The removal

of all as phalt was deemed necessary becaus e asp halt tends to

retard the curing of the monomer system. Wood strips were

fitted along the two edges to maintain the expansion joints.

An approxim ate 50:50 mixture by weight of oven-dried 3/8-in.

topping rock and sandblas t ing sand was placed in the repair

and leveled to grade. The monomer system (Table 6.3) was

added until the aggregate was saturated (Figure 6,19). The

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - S -- V ~~~~~~~~~~~~~~ ~~~~~~~~~ V~~~~V_
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TABLE 6.3 MONOMER FORMULATION -

HOUSTON INT ERCONTIN ENTA l.  AIRP ORT

F o r m u l a t i o n  Vo lume of Mix

90% IsINA 21 ,600 cc
10% BA 2 ,400 cc

4% LP 2 lbs
2% DMPT 48 0 cc

24 ,480 cc

. - _____-—- - V V V ~~~~~~~~~~~~~
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repair was troweled w ith concre te t rowels to produce a smoo th

finish (Figure 6.20). The total repair time of Area 1 was

longer than normal because of sever al equipment breakdowns of

the air hammer and s andblas t ing equipment . The monomer w as not

added until 12 :00 noon , wi th final polymeriza t ion occurring by

1:10 PM (Figure 6.21). A total of 24,000 cc ’s of monomer was

used to comple te the repa ir , approxima tely twice  the es t im ated

amount because of severe leakage in the expans ion joints.

Area 2. The second repair was located at station 65 +

63 on the taxiway centerline . The same general prepara tion wa s

used in Area 2 which measured 6.5-ft . by 1.5-ft. by 4-in., wi th

the excep tion that no asphalt had to be removed and no joints

had to be se aled. The cr ack was air hammered to reach sound

concre te , and debris was removed wi th compressed air (Figure

6.22). The sand and rock were mixed and p laced in the repair

(Figure 6.23). A total of 14,00 0 cc ’s of monomer was added

and then the surface was troweled smoo th (Figure 6 . 2 4 ) .  The

total repair time was one hour. Removal of loose concrete was

started at 1:15 PM , and aggrega te and monomer were added at

1:45 PM, final polymeriza tion occurred within 25 m m .  due to

the high ambient temperature . At 2:15 PM the repair was

finished.

Area 3. Both the third and fourth repairs were located

on the centerline adjacent to the second repair , s tation 65 +

63 to 65 + 75 , and s tat ion 65 + 50 to 65 + 56 , respectively

4
I
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(Figure 6.15). Repair Area 3 was performed after a cloudburst

usin g the same preparation. The repair had to be dried with a

por table butane hea ter befor e adding monom er s ince w ater would

reduce monomer pene trat ion into the sound concre te voids thus

reducing the bond strength (Figure 6.25). The repair area was

12- f t. by 8-in, by 4-in, and required a total of 16 ,000 cc ’s

of monomer to comple te the repair. Work was s tar ted at 3 :4 0

PM, monomer was added at 4: 00 PM and polymerized in 35 m m .

(4:35 PM), for a total elapsed time of approximately one hour .

Area 4. It was noticed during the removal of loose

concre te from Area 3 that monomer from Repair Area 2 flowed in-

to the crack up to three feet away and had polymerized , b onding

the concrete together on each side of the crack . This discovery

led to experimen ting wi th a new techn~ que for repair in Area 4.

It was decided , rather than air hammer out the crackr concrete ,

to drill 1/2-in. diam. holes 6-in, deep along the crack at ap-

proximately 6-in, intervals (Figure 6.26). The holes were

filled wi th sand and saturated with monomer. The monomer cured

in approxima tely one-half hour and appeared to have good pene-

tration into the crack.

6.4.3 Resul ts

All repairs were s truc turally sound and polymerized

rapidly. Repair Area 1 polymerized in 70 m m .  and the others

in about 30 m m .  each . Blistering of PC was observed in re-

pairs of Areas 2 and 3 bu t not observed in Areas 3 and 4.
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FIGURE 6.26 DRILLING HOLES ALONG CRACK IN AREA 4
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By the t ime Ar eas 2 and 3 wer e repa i red , the monomer, which

was stored in a black drum and exposed to the sun , was

relatively warm . Area 1 did not have blist ering becau se of a

lon ger pol ymerization time due to the leakage of monomer.

Area 4 did not have blistering because of the small size of the

repa ir. Ar ea 2 did have vol umetric exp ansion above gr ade of

approx ima te ly 1/4 - i n .

After all repairs were completed the taxiway was swept

wi th a mo toriz ed sweep ing machine then opened to traf f ic at V

app roxima tely 4: 00 PM.

6.5 Summary

Three po lymer-concre te f ield repairs we re succ essfully

pol ymeriz ed in a very shor t t ime. All repairs w ere s truc tur ally

sound and immed iate ly opened to traff ic . In some of the re-

pairs during high amb ient tempera ture , a b l i s ter ing  was no ted

on the surface but quickly wo re away due to traffic. As of

December 1977 , the three described repairs and all o ther

pol ymer-concre te repairs performed by the CFHR were s till in

service wi thout any problems or s igns of deterior at ion .



CHAPTER 7

ANALYSIS or~ FIELD AN !) LABORATORY TESTS

This chapter analyzes the data and experience gathered

in the laboratory tests and field repairs of Chapters 5 and 6.

The analyse s o f s t reng th , rap idity of repa ir , problem s and en-

vironment are discussed relative to large PC repairs of air-

fie ld pavements. 
V

7.1 Problems Encountered In Field Tests

7.1.1 Blistering of Polymer-Concrete

Blis tering was a phenomenon oL~served in the field tests

of PC at high amb ient tempera tures . This w as a potentially

significant problem for ai rfield pavements because of the pos-

sibility of p iece s of PC flaking off and being ingested into

jet engines. A test was conducted to duplicate the conditions

of the field tes ts and then to attemp t to elim inate the bl is-

tering. The test was conducted at an ambient temperature of

100°F and the monomer w as set in the sun to warm. Specimens

were cas t using 6-in , by 12-in , cylinders , one with the field

test formulation and one with an identical formulation except

the addi tion of 5% TMPTMA , a cross-linking agent. The experi-

men t show ed that blistering can be con trolled with the addi t ion

ill

- V— —- V - ------- 
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of small amounts of TMPTMA (Figures 7.1 and 7.2). TMPTMA was

then included as part of the standard formulation.

7.1.2 Leakage of Monomer

Leakage is a problem that has not been completely

solved. The loss of monomer has been controlled in the labora-

tory by using waterti ght forms sealed wi th a commercial sealan t .

Thi s is not always feas ible in the field. Some success has

been achieved with polyester putty in field applications that

called for se aling jo ints and shoulders. It seems f eas ible to

place polye thylene on the ground to ac t as a sea lant for la rge

PC repairs cast on grade . This method has not been attempted

in the field on any large scale. However , leakage is not

viewed as a major problem. It is probable that future research

into this area will provide suitable answers for quick and

effic ient methods of c as t ing large PC repairs on grade without

excessive leakage. The use of an initial application of a more

viscous formulation or a very rap id se tt ing formulation would

be effec t ive in s ealing the bo tt om of the hole.

Leakage alone does no t caus e a major s truc tural problem
0 if addi t ional monomer is added to keep the PC sa turated until

it hardens. Leakage is not desirable because of the possibility

V 

of honeycombin g occurring and because of the increased cost of

both labor and material.
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7.2  St rength Analy s is

Laboratory tests have shown that even under adverse

cond iti ons pol ymer-concr ete has a hi gher compressive strength

than concre te us ed for pavem ents. There are many factors that

affect the strength of PC , with set time being the most signi-

fican t.

The s tress ana lysi s sh ow ed tha t Slab 1 and Slab 2

withstood without damage considerably hig her stresses than are

normally subjec ted to concre te pavemen ts. Slab 1 wi ths tood

89,000 cycl es of 18 kip dynamic loading wi thout not ice able

damage. The 2000 psi tensile stress associated with the 18

ki p load which it wi ths tood would be equiva lent of 89,000

passes of an F-4 aircraft over a 4.5 inch thickness of PC on

a sub grad e wi th modulu s o f sub grade reaction , k , equal  to

120 pci. The ratio of s t re ss to modulus of rupture (s t ress-

ratio) was 1.05 - The stress-ratio of concrete required to

carry the same number of repe titions would be 0 .5 6 accord ing

to the Portland Cement Association (25). In other words ,

according to the PCA , concre te would be requ i red to have a

modulus of rupture equal to 3571 psi or roughly f ive t imes

the normal values of high strength concrete. Or a concrete

V thickness of approximately nine inches would produce the re-

quired s tress for an unfac tored s t ress ra t io of 0.5 6 to

achieve 100,000 equivalen t applications of the 18 kip loading.

There are limi tations to these comparisons of the slab

tests and expected field conditions. The laboratory model was

V V S  - V V~~~~~ - - ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V tes ted only at a temper ature of 75°F and it has been shown tha t

a reduc ti on of st rength and modulus of rupture would be pr esent

under higher ambien t temperatures. It is quite feasible that

under sunny conditions the surface of the PC could reach 130°F

V and the modulus of rupture would be reduced to approx ima tely
V 1000 psi. Any temperature less than 75°F would increase

s treng th, and theoretically increase the number of repetitions.

Another limitat ion in the strength comparison be tween

PC and concr ete is the variab ili ty of s trengths in bo th the

specimens cast in the field and laboratory . The variation of

s treng ths be tween the PC in Slab 1 and Slab 2 is significant

(Table 7.1). The only differenc es in cons truction betw een

Slab 1 and Slab 2 were ambient tempera ture and agg regate grada-

tion. The sand used in Slab 2 was more angular and had less

fines wh ich could make a significant diff erence in s treng th

(Table 7.2).

V In general it can be said that polymer-concrete has

excellen t strength proper t ies , par t icularly tensile s t reng th.

However , to properly analyze and construct a design procedure

for PC is beyond the scope of this study .

Future research into the stress-ratio fa’i gue failures

of PC beams and slab s would contribute significantly to the

understanding of the behavior of this material. The predicted

response of this material is sli ghtly different than concre te

because of its ability to take high compressive s t rains and de-

form wi thout cracking. The behavior of PC in some ways is more

I
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TABLE 7.1 COMPARISON OF PC PROPERTIES OF SLAB 1 AND SLAB 2

Slab 1 Slab 2 % Reduction

Ambien t tempera- 720F 80°F
ture during con- Indoors Outdoors
s truct ion

Polymeriza tion 1 hr. 40 m m .  60 m m .  40
Time

Avg . Avg.

Compre ss ive 736 9 6337
Strength (psi) 7313 7016 6238 6288 10

6365

Spli tt ing 1154 925
Tensile 1198 1180 943 934 21
Strength (psi) 1186

Flexural 1800 1733
Strength (psi ) 2044 1911 1467 1558 18

1889 1475

Modulus of 3.71 3.57 1.72 1.75 51
Elas tici ty 3.88 1.79
(106 psi) 3.13

TABLE 7.2 COMPARISON OF SAND GRADATION IN SLAB 1 AND SLAB 2

Sieve Size Percent by Weight

SLAB 1 SLAB 2
No. 4 to 3/8-in. 0 6.3

No. 8 to No. 4 7.5 11.9

No. 16 to No. 8 13.4 12.3

No. 30 to No. 16 26.3 21.9

No. 50 to No. 30 31.4 31.2

No. 100 to No. 50 16.0 12.7

PAN 5.4 3.7

100% 100%
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similar to p las t ic than concre te which is reas onable because

of the polymer binder.

If a desi gn procedu re was developed , it would have to

include the temper ature of the pavemen t when subje cted to the

desi gn load. Tes ts would have to be made tha t would se t an

allowable stress-ratio for the number of repetitions desired.

The resul ts of the Sl ab 1 and Slab 2 tes ts tend to suppor t a

conclusion that a PC s lab can suppor t load for lar ge number of

repetitions of an apparent stress-ratio greater than one.

Further research is required to fully explain this observation.

Failure in PC , based on the resu lts of this s tudy , seems

to occur wi thout pr ior cracking until fa i lure . Modulus of rup-

ture beams failed without visible prior cracking . The failure

in Slab 2 was also without prior cracking . The absence of

cracking and the large deflec t ions seem to indica te a redis tri-

bution of stresses in the slab . It seems likely that Slab 2

s tar ted to crack on the bo tt om side when the modulus of rupture

stress was exceeded. However , the s teel apparen tly carried

the tensile force and the top of the slab remained uncracked

and cont inued carrying the load. The load con t inued until the

top of the slab began to exceed it s tensile s tress , and then

failure occurred at first crack .

If the load at failure in Slab 2 is considered to be

the ultimate strength , it could be used in a factored design.

This would indica te that PC can exceed its predicted modulus

of rupture stress by over 300%. Conven tional concrete analysis

_ _ _ _ _ _V — V  —-‘- V ~~~
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by Miner ’s hypothes i s would require that the desi gn s t ress

ratio be approximately 0.71 for 1500 repetitions (25). The

difference in these methods of analys is would give resul ts

between a 2.5 inch pavement and a 6.5 inch pavement for 1400

passes of the design F-4 aircraft. The large difference be-

tween the observed test s and the expec ted analysis suppor ts

the need for fur ther research in this ar ea.

7.3 Analysis of Rap idity of Repair s

One of the primary advantages of this material is the

relatively shor t t ime required to reach high s treng th. Un-

for tunately, as the t ime required for polymer iza t ion is re-

duced so is the strength. Therefore the time for polymeriza-

t ion mus t be opt imiz ed w ith respec t to the desi gn s trength and

the time required. In situations where high s trengths are re-

quired and the se t t ime required is relat ively unimpor tant , the

longer polymerization times would be preferable. In situations

where time is the most critical factor a short polymerization

t ime would be used , but dep th may have to be increas ed to com-

pensate for lower strength of the PC. Formulations have been

developed that polymerize in only 14 m m .  at 75°F and s till

have a compres sive strength of over 6000 psi.

Ambien t temperature is the major variable in the poly-

meri zation time of PC. Laboratory tests have proven that PC

can be polymerized successfully at temperatures from -30°F to

100°F. There is no reason to believe that these are limiting

values , but rather they represent the limits of study . The

- V - -V - _ V

.

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ , V V ~ VVVV 

~~~~~~~~ 
V SV V~~ V V V~~~~~~~~ V 

_

_ i



119

low temperature s tudy did sugges t that benzoyl peroxide was

the desired initiator for temperatures of 50°F or lower.

Lauroyl peroxide does not readily dissolve in sufficient quan-

tities at low temperatures. The limits of lauroy l peroxide in V

MMA seem to be approxima tely 6% at 75°F and less than 4 % at 
V

50°F. No problems were encountered in this study dissolving

50% benzoyl peroxide pas te in sufficient quantit ies to poly- 
V

merize MMA at tempera tures as low as - 30°F. If dissolving BP

pas te were a problem , the possibility exis ts of using a liquid

form of benzoy l peroxide now commercially available.

Another way that the t ime to comple te repairs could be

reduced would be to have the monomer sys tem premix ed to only

two components. It seems feasible to store MMA with TMPTMA and

promo ter already added . This premixing would permit polymer-

izat ion by adding only initiator.

7.4 Environmental Conditions V

Environmental conditions affect the ability to repair

airfield pavements. As discussed earlier , the ambient tempera-

ture affec ts the s trength of PC , as well as the time required , 
V

for a particular formulation to harden . As previously dis-

cussed , PC can be successfully polymerized and adequate

strength maintained in the normal range of temperatures. In

fac t, the ability of PC to be successfully polymerized at

temperatures below 32°F is an advantage not shared by no rmal

concrete or any other mixture that uses water. This advantage

--

~ 
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should be researched more fully and its possible applica ti ons V

fully developed.

One other environmental condition that usually p lay s V

havoc wi th mos t concre te pavemen t repair is rain . Although it

is not likely that pavement repairs would be attempted in a

pouring rain, it is possible that a repair will get rained

upon while in progress. There is an incompatibility of water

wi th monomers , but there seems to be a fe asible solution. The

monomer needs only to be pro tect ed from the ra in during the

polymeriz ation process. If this time is kept short and the

rain is intermittent , then the repair can be made if the ad-

jacent concrete is dry . If there is no adjacent concrete or

the area is small , a por table hea ter is adequate to dry the

concrete surface. The Houston Intercontinental Ai rport repair

was successfully polymer ized by drying the concrete immediate-

ly after the thunderstorm. It is important for strength that

the aggregate be kept reasonably dry .
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CHAPTER 8

MATERIAL CONSIDERATIONS

This chapter discusses the feasibility of concrete-

polymer materials for rap id repair of airfield pavements.

The safety, storage , and cost of monomers is discussed as well

as the advantages and disadvantages of polymer-concrete.

8.1 Safety

8.1.1 General Precautions

Personnel using concrete-polymer materials must be

knowledgeable of the safety requirements. Most monomers are

generally volatile , combustible and toxic liquids . The train-

ing of workmen in the storage and handling requirements and

other hazards is of great importance. The use of these

materials without the proper knowledge of safety procedures

could lead to disaster and possible loss of life. Experience

has shown that safety can be achieved if sound procedures are

carefully followed. The manufacturers ’ instructions and safety

procedures should be carefully followed (23).

One of the primary hazards is flammability and com-

bustibility. MMA has a Tag closed cup flash point below 100°F

and is , therefore , a Class I flammable liquid as defined by

the National Fire Prevention Association (NFPA) (24).
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Care should be taken to avoid prema ture polymer iza t ion

of monomers. Generally, ca ta lyzed monomer should be added jus t

prior to use. This is especially important when the promoter

has already been added to the monomer. Care should be exercised

during the handling of cer tain chemicals since exces sive con-

tac t can cause ill eff ec ts and, in the ca se of some promo ters ,

even dea th by absorp ti on through the skin or inhaling the

vapors . Care should also be taken that promoters and

initiators are never mixed directly together as an explosive

reac tion could occur.

Disposal of was te or excess monomer can be hazardous

unless accomplished by knowledgeable personnel. Reference 23

and 24 provide guidelines for disposal.

Al though MMA and other monomers are hazardous , to place

this in proper perspective a comparison must be made with

other materials. Table 8.1 gives the “Sax ” rat ings of MMA and

gasoline (27). The ratings show that MMA has a lower fire

hazard ra t ing than gasoline and lower acute local and acute

systemic ratings. Although MMA requires trained and know ledge-

able personnel to use it, the hazard level is acceptable. All

the polymer-concrete materials are readily available and safely

used in industry today .

8.1.2 Storage and Handling Pr ecaut ions

In general , the guidelines furnished by the manufac-

turer should be followed. For pro tection of personnel , it is

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V - 
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TABLE 8.1 RATINGS OF INDU STRIAL MATERIALS (27)

MMA BA GASOLINE TURPENT INE

Flash Point 50°F 120°F -45°F 95°F
Toxic Hazard

Rating :

Acute Local Irritant 1 Irritant 2 Irritant 2 Irritant 2
Ingestion 2 Allergen 1

Acute Sys-
temic Ingestion 2 Ingestion 2 Ingestion 2 Ingestion 3

Inhalation 1 Inhalation 2 Inhalation 2 Inhalation 2
Skin Absorb-

tion 2

Chronic U U U Irritant 2
Local Allergen 2

Chronic Ingestion 1 U U Ingestion 1
Sys temic Inhalation 1 Inhalation 1

Skin Absorb-
tion 1

Fire Moderate Sligh t Dangerous Moderate
Hazard

Explosion Moderate Moderate Moderate
Hazard

Toxic Hazard Rating Code

0 None - No harm under any conditions .

1 Slight- Cause readily revers ible changes which disappears after
end of exposure .

2 Moderate - May invo lve both irreversible and revers ible changes
not severe enough to cause death or permanent injury .

3 Hig~i- May cause death or permanent injury after very short
exposure to small quantities.

U Unknown- No information on humans considered valid b y authors .

- -- ~ V ~~~~~~~~~~~~~~~~~~~~~ - --- V — - V -
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recommended that each opera tor be p rovided wi th neoprene gloves

and safe ty gogg les. Personnel should be properly clo thed and

wear suitable footwear.

It is advisable that chemical fire extinguishers he

available. All spark-producing equipment must be kept away

from monomer or be grounded or equi pped with explos ion-pr oof

mo tor s . As wi th all flammab le materi als , smoking should not

be permitted. Initiators should not be stored in the same room

as the monomers and promoters .

8.1.3 Personnel Training

Crews should be given the nec ess ary training and

knowledge  of the chemica l s  they work w i t h .  I t  is impor tan t

tha t  crews be ab le  to work c o n f i d e n t l y  and p rope r ly  w h i l e

l ea rn ing  to respec t rather than fear the chem icals. For exam-

ple , dry benzoyl peroxide is extremely hazardous to work w i t h

because it is shock-sensitive , friction-sensitive , and in

large q u a n t i t i e s , s e l f- c o n f i n i n g ,  bu t  ben zoyl  pe rox ide  is a lso

ava i l ab l e  in less haza rdous  forms . The proper  knowledge  of

the chemical used is important in its handling characteristics .

Several large construction proj ects using concrete-polymer

materials have been comp leted without injury to workmen.

8.2 Storage

Storage of monomers and other chemicals can be safely

accomplished for various lengths of time . MMA can be stored

for longer than one year at 68°F with small inhibitor

- - - - V~~~~~~~~~~~~~ V~~~~~~~~ V - - ~~~~ V-
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concentrations (24). It is recommended that MMA be checked

periodically for inhib itor concen tra t ions and addi t ional inhi-

bi tor added if necessary . At normal temperatures , the shelf

life of each chem i cal used in PC is at leas t six months and

generally more. It is strong ly recommend ed that monomer con-

taining initiator not be stored for more than a very short time.

8.3 Cost Anal ysis

The ini tial cost of materials is often an important

char acteris t ic in the use of the material. The current prices

of the individual componen ts of PC are li sted in the A ppend ix.

Based on the formulation of 95 % MMA , 5% TMPTMA , 3% LP , and

1-1/2% DMPT , the cost is approximately $0.73 per pound based

on buy ing the materials in rela tively small quantit ies. It

could be reduced to $0 .6 1 per pound by buying in l a r ge quan ti-

ties. This could be reduced to $0.55 per pound by purchas ing

the MMA in bulk shipmen ts.

Using the $0.73 per pound figure , the repairs made in

the field cos t approxima tely $ 10 to $ 13 per cubic foo t of re-

pair for the chemicals alone based on 25-30% by volume. This

figure could be reduced by using an aggregate gradation that

had a smaller pore volume and , thereby , using a lower percen tage

of monomer. Proper sea ling to prevent leakage of monomer

would reduce this cost even further.

The total cost of a repair depends on the volume re-

paired. A 70-ft. diameter repair could be repaired at a depth

of 4.5 inches for a cost of $6,050 to $7 ,560 for the monomer

V V .
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system alone. This is a conservative range and could probab ly

be reduced. The labor cos t should be no more and perhaps less

than for ordinary concre te rep airs , since the premixing of

monomer and aggre gate is not required. Finishing is jus t as

fast , and the clean-up is negli g ible.

8.4 Advantages of Polymer-Concrete

PC has many advantages as a repair material. One of

the most obvio..~s advan tages is its hi gh compressive and tensile

strength . PC has approximately 300”- of the tensile strength of

normal concrete.

Another important advantage is the speed and relative

simplic ity of the repair procedure. The procedure is very

similar to the placement of normal concrete. Total repair

times from s tar t to finish of small areas can be kep t to less

than 30 m m .

Another advantage of PC repairs is the extremely good

bond to existing concrete. The low viscosity of the monomer

permits it to pene tra te into dry concre te and the resul t ing

polymerization strengthens the concrete.

PC has also been shown to be bo th durable and highly

fatigue resis tant (5). Tests have shown that PC has a much

better resistance to freeze-thaw cycles than normal concrete.

Tests in progress at the University of Texas include some PC

specimens that have withstood over 150 freeze-thaw cycles with

li ttle or no damage. This is due primarily to the very low

water absorp tion of PC which is less than 1% (15).

- ~~~~~~~~ ~~~~~~~~~~~~~~~ ~~V V_ V --
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8.5 Disadvantages of Polymer-Concrete

The primary disadvan tage of PC is the initial material

cost which is greater than conventional concrete. However ,

the savings in time and labor , the durab ili ty, and apparent

longer life make PC economically fe asible for many types of

repairs .

Another possible disadvantage that has not been fully

tested is the susceptibility to fire. Preliminary tests were

conducted by BNL in accordance with ASTM D635-68: “Flammabili ty

of Self Supporting Plastics. ” The resul ts of these tes ts in-

dicate that PC does not sus tain combus tion, but is decomposed

by sustained fire (5).

Another possible disadvantage that has not been fully

tested is the creep characteristics of PC. Tests are under

way ~t the University of Texas , but preliminary findings seem

to indicate that PC has acceptable creep characteristics for

repair applications .

8.6 Applications of Polymer-Concrete

PC seems to be a suitable material for patching spalls ,

cracks , and punch-ou ts in portland cement pavements. The quick

curing time and high strength make it an ideal material for

repairing bomb-damaged , portland cement pavements. The ability

to polymerize at low temperature supports the possibility of

making PC repairs at all temperatures.

V - - V V~~_~~~~ V 
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Future applications of PC should be explored in the

area of PC overlays for dis t ressed pavemen ts. Even the pos-

sibili ty of short-notice , remote-airfield paving wi th PC could

be explored. Polymer-concre te with the addition of a plas-

ticizer such as butyl acrylate could be used as a joint sealer.

V
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

A liquid monomer system mixed with aggregate can be

succes sfully polymerized to produce polymer-concre te (PC) .

The resulting PC has high strength , excellent bond to concre te ,

and is very durable. This investi gation repr esents a continua-

tion of earlier studies to use PC as a crack repair material.

The basic monomer system consisted of methyl me thacry-

late (MNA) , trimethylolpropane trimethacrylate (TMPTMA),

diniethyl-p- toluidine (DMPT) and either lauroyl peroxide (LP)

or benzoyl peroxide (BP).

Tes ts wer e conduc ted to accomplish three principal

objectives. First , tests were conduc ted to isolate the major

variables that affect the polymerization time . Secondly,

tests were conducted to define the variables that affect the

strength of PC. Finally , labora tory and field tes ts were con-

ducted to test the strength of PC as a repair material for

concrete.

The following conclusions can be made :

1. Amb ient temperature is a major variable affecting

the polymerization time of PC. The polymerization time
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increases at an exponential rate as ambient temperature

decreases.

2. Promoter and initiator concentrations can be varied

to change the rate of polymeriza t ion. The promo ter and ini-

tiator concen tra ti ons can be used to control the polymeriza t ion

time with respect to ambient temperature.

3. Inhibitor concentrations of the monomer and sample

size each have a smaller ef fec t on polymeriza t ion t ime .

4. Polymer-concrete gains strength as a result of the

exo therm reac t ion and exh ibits no signi ficant incr ease in

strength wi th respec t to t ime af ter the reac t ion.

5. The strength of PC is dependent to a great extent

on the tempera ture at tes ting . The higher the temperature ,

the lower the strength of PC.

6. As the polymerization time is decreased , the com-

pressive strength of PC decreases.

7. The aggregate gradation should be monitored to

minimize the ratio of voids to aggregate to maximize strength.

8. The moisture content of the aggregate should be

kept as low as possible to maximize both compressive and tensile

strengths .

9. The performance of PC slab s subjected to fatigue

loadings was much be tter than equal thickness concre te slab s

with respect to crack development and load capacity .
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10. A 2-in. PC slab tested in the laboratory

developed ul timate stresses at failure that were much higher

than pred ic ted by theory . Cracking was a l so  predicted at much

lower loads.

11. The poor agreement between theory and observed

behavior may be indic ative of much better distribution of

s t resses than for por tland cemen t concre te.

12. Successful repairs have been made on concrete

pavemen ts of both Interstate Highway s and airport taxiways.

13 . The relat ive co st of PC repa irs were from $10 to

$13 per cubic foot of repair (1977 prices).

9. 2 Recommendat ions

The rapid repair of airfield pavemen ts wi th PC appears

to be an excellent means of pa tching and res toring damaged

concrete on a permanent basis. The ability to repair pavements

at any tempera ture in a very shor t t ime makes PC an excellen t

prospect for repair of bomb-damaged runways and taxiways. To

assis t the future developmen t and accep tance of this me thod ,

the following studies are recommended:

1. Continued field applications of PC repairs and

observation of these applications to determine the long-term

behavior of PC repairs.

2. Active involvement and actual field testing by

the United States Air Force into rapid repairs of airfield

pavements with PC.
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3. Studies to determine the op t imum monomer sys tem

to be used at any specific ambient temperature.

4. Investigation of PC for use as an overlay material

for deteriorated or cracked concre te pavements.

5. Continued investigation into the fatigue resistance

and slab behavior of PC. Studies should determine a better un-

ders tanding of PC so that a des ign procedure can be es tablished

to determine the opt imum depth of PC required for a g iven

pavement. 
V

6. Investigation into the optimum procedure for re-

ducing voids and minimizing the repair time.

7. Investigation into the optimum procedure of mini-

mizing the monomer leakage for casting repairs on grade while

minimizing the repair time.

8. Development of a rapid procedure for repairing

large areas .

9. Determine the effect of fire on the surface of PC.

10. Explore the possibility of reducing the thickness V

and cos t by using reinforced PC , including convent ionally

reinforced and fiber-reinforced.

11. Demonstration of the most promising materials and V

procedures on large-scale repairs .
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CHEMI CALS

A. Monomers

1. Methyl Methacrylate (MMA)

Specific (20°C) TFormula Gravi ty Viscosity Flash Pt. G

C5U~O2 0.950 0.6 cps 70°F 200°F

Sources : DuPont Company
Polymer Produc ts Division
Wilming ton, Delaware 19898

Rohut and Haas Company
Independence Mall Wes t
Philadelphia , Pa. 19105

Current Price : (Rohm and Flaas)

Bulk $0.41/pound
(54 drums) truckload $0.47/pound

30-53 drums $0.48/pound
15-29 drums $0.49/pound
5-14 drums $0.50/pound
3-4 drums $0.52/pound
1-2 drums $0.54/pound
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2. Butyl Acrylate (BA)
0Specific (20 C) T

Formula Gravity Viscosity Flash Pt. G

C7111202 0.9003 1.0 cps 105°F -65°F

Sources: Rohm and }laas Company

Celanese Chemical Company
1211 Ave. of the Americas
New York , New York 10036

Current Price: (Rohm and Haas)

Bulk $0.38/pound
truckload $0.44/pound

30-53 drums $0.46/pound
15-29 drums $0.47/pound
5-14 drums $0.48/pound
3-4 drums $0.49/pound
1-2 drums $0.51/pound

3. Trimethyloi propane Trimethacrylate (TMPTMA)

Specific T
Formula Gravity Viscosity Flash Pt. G

C18H2606 1.06 50-100 cps >200°F >370°F

Sources: Rohm and Haas Company - (monomer X-980) V

Celanese Chemical Company

Current Prices : (Celanese)

2 drums $1.25/pound
1 drum $1.50/pound
5 gal . $2.50/pound
1 gal. $5.00/pound
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B. Ini tiators

1. Benzoy l Peroxide (BP)

Sources : Lucidol Division Pennwal t Corp .
1740 Military Road
Buffalo , New York 14028

Noury Chemical Corp .
Burt, New York 14028

Reichhold Chemicals Inc.
White Plains , New York 10602

Dry Powder Form Lucido l 98 $2.55/pound <500 lbs.
(Lucidol)

Dry Powder Form Caddox BFF-50 $2.47/pound <500 lbs.
(Noury)

Paste Form Lucido l 78% $2.20/pound
Lucidol 70% $2.20/pound

Reichhold 50% $1.71/pound
Noury 55% $1.94/pound

Liquid Form Reichhold $1.50/pound
(40%) Noury $1.64/pound

2. Lauroyl Peroxide (LP)
0 0
H II

Formula: CH3 (CH2)10-C-O-O-C- (CH 2)10CH3 V

Source : Lucidol Division Pennwalt Corp .

Current Price : $2.30/pound (ALPEROX)
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C. Promoters

1. N,N-Dimethyl -para - toluidine (DMPT)

Formula: C113- © CU3

Source : R.S.A. Corp .
690 Saw Mill River Road
Ardsley , New York 10502

Current Pric e :

5 gal. $5.00/pound
110 lb drum $4.50/pound
415 lb drum $4 .0 0/pound

multipl e drum order s

2. Dimethyl Aniline (DMA)

Formula:
‘CU3

Source : American Cyanamid Company
Organic Chemica ls Div ision
Bound Brook , New Jersey 0880 5

Current Price :

Bulk $0.57/pound
(24 ,000 lbs) truckload $0.63/pound

44 0 lb drum $0 .6 6/pound
40 lb pail $1.16/pound
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D. Silane Coupling Agent

1. y-methacryloxpropyltrimethoxysilane

Formula :  CJI 2 CCH 3CO(C 112 ) 3S i (OC U 3) 3

Source : Dow Corning (Z-3060)

Union Carbide (A- 174)
Chemical and Plast ics Sales Off ice
2710 Stemmons Fre ew ay Suite 700
Dallas , Tex as 75207

Current Pr ice: (Union Carb ide )

1 gal. $11 .00/ pound
40 lb pai l $ 8.20/pound

440 lb drum $ 7 .2 0/pound
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