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PREF.4 CE 

The research reporTed hzrein invoived the iCentiiica:icr? 3f appropriar? 

patching material for bridge-deck ccld weather coccreting. It was necessitactd 

by the nationwide increase in the deterioration of bridge decks and :he 

infrastructure in general. 

This project was initiated in 1985 by the S e w  Jersey Department of 

Transportation in conjunction with the Federal Highway AdrninisTiation, 

Washington, DC, at Rutgers-Tine State University of Yew Jersey for conductin5 

both analytical and experimental research to address rhe problem of cold 

weather. The project was staffed by the following invesrigaiors fiom Rurgers 

University, Department of Civil and Environmental Engineering 1 

Principal Investigators 

Dr. Aiiel Hanaor, Assistant Professor 

Dr. P.3. Balaguru, Associate Professor 

Dr. Edward G. Nawy, Professor and Project Director 

Graduate Assisranrs: 

Prasad KudIapur, Ph.D. Candidatz 

Several Graduate and Undergraduate Sicdeats z r d  Laboratory 

Technicians. 

The research was conducted in the Civil Engineering Laboratory 

experimental and computational facilities. 

The Advisory Committee o €  the Deparrment: of Trans?orKarion o€ [he 

Projecr: comprised 

Mi. John J. Quinn, Research Engineer and Project Officer 

hlr. Jack Croreau, Chief Research Engizeer 

Mr. Eugene F. Rcilly. Director of Rzsearch 



Grateful acknowledgement is extended to each member of the Advisory 

Conmitree for the advice, enthusiasm, interest and support accorded and for tSc 

several conferences held during the duration of the project as well as :he 

numerous telephone conferences, particularly with the Project Officer, Mr. John 

Quinn. 

Thanks are also due to Senator John H. Ewins for his interest from the 

outset in the importance of this research to the State of New Jersey in 

particular. Last, but not least, thanks are due to the Commissioner and Deputy 

Commissioners of the New Jersey Department of Transportation, under whose 

jurisdiction the project was initiated. 
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Project Director 
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Resources are increasingly being devoted to maintenance and 

rehabilitation of the infrasxructure. In order to utilize availabie resources 

efficiently, Trocedures are needed for year round, all weaxher repair and 

maintenance operations. T'ne research project presented in this reporr addresses 

chis problem in the area of concrete bridge deck repair in sub-freezing winier 

conditions. 

The  report consists of two major parts. Part  I contains mainly a survey of 

the l i teramre pertinent to concrete parching with particular emphasis on cold 

weather operations. The objective of this parr of the investigation is to narrow 

the scope or' The es?erimen:al investigation to potentially effec:ive prccedures 

by identifying naierials and ne thcds  which show promise for satisfactory cold 

wea ther applicacions. 

Part I1 contains the results of an extensive experimental program, tesring 

the performance of promising materials identified in Parr I. The program 

involves two major phases: a preliminary screening phase aimed at furTher 

condensaIion of the Iisz of pocentially suitable materials for in-depth 

investigation, and a follow-up phase of in-depch performance study of the 

selected systems. 

The  preliminary screening investigation of seventeen Comner:ialil/ 

available products identified four generic materials for invesrigacion in che 

second phase. These materials are: mechyl-methacrylace (XvfX), two types of 

magnesium-phosphate and a polyurethane based composite. The tnvestiga[ion 

included early strengrh development of pa tching material, slant shear 5ond 
. .  strengrh to exisring concrzce, flexural strength of pacched specimens under 

sxatic and fatigue loading, freeze-chaw durability of pacched spec:=nens. 



corrosion across patch boundary and the effect of moisture on patch bond. All 

palcning materials were cast and cured at ttxzperatures of 1joF to 20°F, prior to 

tesimg. 

Based on the results. of the initial phase, the following materials were 

selected for indepth  investigation 

MI - TRANSPO - a methyl methacrylate based polymer 

M2 - CONCRESIVE - Yominally identical to Ml 

P1- SET 45 - A water based magnesium phosphate mortar 

7 2  - 

concrete 

BOSTIK 276 - A liquid (non-water) based magnesium 

phosphate concrete 

U - PERCOL - A polyurethane based polyiner concrete 

These daterials were evaluated for strength (compression, bond and 

flexure) and durability. The properties srudied include: 

w cylinder compressive strength 

w cylinder slant shear bond strength 

w static and cyclic flexure of parched prism specimens 

H freeze-thaw durability of patched prism specimens 

w coriosion of reinforcement in patched prism specimecs, and 

H static and cyclic flexure of patched slab specimens. 

For cylinders, two loading modes were of parricular interest; direct 

compression and shear bond. Cylinder compression tesrs were conducred on near 

patch material and shear bond tests were conducred using patched slant shear 

specimens. The total number of cylinders tested in the program exceed 310. The 

24 hour cDmpressive strength of cylinders of various products investigated 

ranged between 1760 and 9800 psi and the slant shear strengths ranged between 

2110 2nd 4230 psi. 

! 

I 

i 

. -. i x  

.; 

.. i 



For flexure, static and cyclic (fatigue) tests were conducted on patched 

prisms of size 3 x 3 I 14 in. Three 2atch depchs, namely: s;lallo\v, half and Ill11 

depr:hs were investigar:ed. A Lotal of 108 prisns  were :ssreC LO failure. 

Fourteen slab specimens (6 long patch, 6 wide patch and 2 control) of size 

20 in x 48 in. were also tested to failure to assess the two-dimensional effects 

relating to patch plan dimensions and boundaries. The  parameters investiga:ed 

were: aspect ratio (width to i e n g h  of 6" i' 10" and 10" / 6") and roughness c i  :he 

bonded surface. 

The  polyurethane material was not used for slab tests due to its inferior 

performance in the prism tests. In view of the low significance of the pztch 

depth in the prism tests, only one patch depth, i.e7 half depth was used in  he 

slab tests. Slab tests consisted of  !ozding :he specimens usder slow cyclic loading 

of 1 cycles per second to 1G0,OCO cycles, foilowed by s x t i c  Icading to failure. i fie 

tests  showed no two-dimensional effects on patch performance in the for= of 

bond or shrinkage cracks and no delamination of parches during the cyc!ic cr 

ultimate loading for the selected patching materials. In general, cracks ar: 

failure occurred at  patch boundary for wide patches and at the center for ICE% 

patches. 

c, 

Transpo, M1, performed best under most of the test conditions, followed 

by concressive, 342- However the compound has a strong odor. 

The performance of SET 45, PI, was comparabie to ?/I1 in terr-s of  

compressive and flexural strength. Its performance under freeze-chaw 

conditions was poor. BOSTIK 276, P2, which is also a magnesium phosphate 

based material performed better under freeze-chaw c3ndicions. 

In summary, the investigation identified methyl me:haciylate (?./I?/fX) and 

magnesiun; phosphate based materials as performing sar:sfac:orily under rhe  

test condition. The MMX based nateriais show somewhat superior performznce 



over the magnesium phosphate materials, particularly with regard to durability. 

The water based na,onesiun phosphate material demonstrated iriiericr 

durabiliry. When on the other nand handling of the materials is taken into 

account, the magnesium phosphate based materials and particularly the water 

based variety, show a distinct advantages over the volatile and malodonus  

me th a cry1 a t es. 

It is recommended io adopt methyl methacrylate or liquid based 

magnesium phosphate as long-term patching materials. Water based magnesium 

phosphate can be used for short term patching (less than 5 years) or when 

protected from deterioration due to freezing and thawing. 

xi 

i 

i 
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PART I - STATE OF THE ART 
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1. NTR0DC;CTXON 

1.1 Background 

The widespread deterioration of the overall infr2structure7 and of bridge 

structures, in particular, has become a n  acute problem, necessitaring the 

development and implementation of remedial measures, as bridges approach che 

limits of their design life spans. Concrete bridge decks are particularly sensitive 

to the effects of freezing and thawing, wetting and drying and che attack of 

chemical de-icing salts. Development of techniques for year-round maintenance 

and repair of bridge deck structures with minimum obstruction to traffic flow 

has, thus, become a goal of high priority. This goal. however, hzs remained 

elusive, to a large extent. Although development of new materials and 

technologies has provided a range of potentially promising soluticcs. the T^CP -* 5 me 

and exrent of constraints and requirements are such that no single technique 

has, thus far, been found completely satisfactory. As an  illustration, the 

requirement for fast setting of concrete, on the one hand, and high durability, 

on the other, are often irreconcilable as are high ductility and low thermal 

expansion-contraction. 

Investigations into methods for repair of concrete bridge decks have. [bus 

far, concentrated predominantly on mild and warm temperature conditions. 

Although no solution which satisfies ideally all the requirements has been 

found, some Satisfactory results have been reported and with ever- improving 

technology, the problem of bridge deck maintenance under such conditions can 

be expected to be mosrly under control. 

The  problem of subfreezing temperature operations, on the other hand, 

has received little attention, largely due to its increased complexity. Tnis is an 

important aspect of the overall maintenance problem. wnose treatment is 

essential for  the development of year-found maintenance procedures. 

. ,  

c 

.... i 
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Development of satisfactory cold weather iepaii procedures is necessary both on 

technical and io~is~ica~-<conOIilic ,orouods. It is durins WInt?: [:at ZIicS’L Cf  :he 

detzrioration [ a k a  place. Attacking the probiesl as soon as i t  Ceve!cps, would 

ensure minimizing the extent of damage and <:?us the cost of repair. On ;he 

logistical side, keeping highly skilled and trained maintenance-crews all year- 

round would ensure an efficient and smooth operation. 

The present project is aimed a t  addressing the issue of cold wearher repair 

of concrete bridge decks. This firs: part of the report is concerned primarily 

with surveying :he relevant literature and with laying the groundwork for an 

experimental program on the development of cold weather concreting 

procedures. 
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2. OUTLDX OF TRE PROPOSED NVESTIG-ATION 

2.1 Scope 

The  investigation is limited to the development of patching materials and 

procedures for  localized patches (“potholes”). It does not include replacement of 

large deck portions or whole decks, the stabilization of spalled or cracked areas 

or preventive measures, such as overiays. It is assumed that spalled or damaged 

areas have been thorougnly cleared and prepared in accordance with established 

procedures prior to commencement of the patching operations proposed in the 

investigation. 

The  major problems which need to be addressed in patching, in general 

and winter patching, in particular are: 

(1) strength development of the patch material wirhin 

reasonable time limirs 

bond strength between new and existing concrete 

compatability of the patch material and the parent 

concrete in terms of stiffness and thermal expansion 

long-term durability of the patch itself and the 

effect of the patch on the deterioration of adlacent areas. 

(2) 

(3) 

(3) 

22 Methodology 

The  following major factors have to be considered in the investigation: 

(1) Patch size and shape (area and depth): It is possibie 

that no single method will be capable of handling 

satisfactorily all sizes and shapes. Material composition 

will also be affected by these factors 

Temperature ran.ge: Any particular method will be suitable 

for a limited range of temperatures of application. The 

( 2 )  
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lower the temperature to which the patch is subjected during 

the je::ing Lime. ;ht harder i t  wcc!d be tc find a sasisfactcry 

material and the more coscly [he procedurz is Iikely to be. 

Setting and curing Line: This is an importanr factor which 

impacts both on traffic flow obstruction and on teapera ture  

effeca. Fast setting materials are clearly desirable bur: they 

often affec: long term perforaance unfavorably. 

Strength Short-term and long-cerm srrength targets for 

patch material and for bond to exiszing concrete have tc be 

set and met. It may also be possible to trade-off excess 

s t r engh  for sertins rateitemperature range. 

Other facrors include ease and sirnTlicity of handlirg 

procedures and equipment, applicability under varyirg 

conditions - especially under we1 conditions, availability, 

shelf life, storage rcquire,aen:s. ecc. 

T'nese are some of the major, universal facrors affecziag the invesrigation. In 

addition, each method/marerial will have its own lisr: of fac:ors which affect it3 

perfcrnance (e.g? water/cernent iatio, aggregate type. size. etc.). 

In view of the complexity of che investigation, a two tier procedure was 

used: 

(1) Preliminary iesis aimed at screening a relatively !arge 

number of materials for pocentia! saitability as patching 

materials. Specimens are tested prislarily for material 

strength development. 

Extensive laboratory tesrs of a !irnired number of prcmisifig 

rnaterials/rnethcds (suggested by [he preliminary 

( 2 )  

invesrigation) using patched spec:n=ens. Here, effects o f  
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patch geometry as well as material and bond strength and 

durability are to be assessed. 

23 Materiais and ,Methods 

7J . l  Materials 

Materials can be classified under three major caregories: (a) Portland 

cement based materials, (5) polymer based materials, and (c) misce!!aoeous and 

proprietary products 

(a) Portland cement based materials 

Portland cement (PC) requires water for hydration and is 

therefore susceptible ro freezing. Some admixtures would be required to  use 

Portland cement in subfreezing temperatures. These admixtures perform rhe  

function of lowering the fieczing tcmperature and/or raising rhe iemperarure 

by accelerating the exothermic hydration process. External heating can also be 

used (see Methods) but its use is expected to be only in a secondary, supporting 

role due to technical and economic constraints. 

PC based materials are characterized by two major components: cement 

type and admixtures. Aggregate type may play same role. particularly in 

affecting long-term behavior. 

Cement Tvpe 

Three types are ro be investigated: 

(1) regulated set cement 

( 2 )  

(3) 

high early strength cement (Type 111) 

shrinkage compensating cement (Type K). 

This might prove to be significant for the development 

. - -  

-- , 

... i 

oi  bond strength to existing concrete. 
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Adrnixrures 

. ~ i r  entrainins agents have to be used as a rxit. ~it!ess ~ t h ~ :  

admixxlres provide adequate enciained air, or  a polymer 

modified concxte  which is intended to be void free (and 

therefore im pe rmea b le). 

Acceleratin: zdmisIure - parricularly CaC12 (calcium 

chloride). These ofren serve a triple purpose or̂  acccleracing 

the set time, raising set temperacure (exothermic procsses) 

and lowering freezing temperature (anci-freezing agents). 

Anti-Freezing agencs, e.g7 sodium nitrite. These are  

nonaccelerating agents whose sole purpose is to lower the 

freezing cemperatcre. 

Polymer modifiers. The  purpose of Such modifiers is to 

reduce water contenc (and thus sensitivity to freezing). They 

may also be associami with exothermic processes and n a y  

improve bond co existing concrete. High thermal expansion 

coefficients and curing shrinkage need to be moriitored, 

however. H e a h g  may be required to acceieraie curing. 

Water reducing agent (superplascicizers) may be used in 

conjunction with other agents to reduce water content and 

drying shrinliase while main t a k i n g  workabiliry. 

Miscellaneous admixrurzs. cg., siiica fume, which has been 

shown to incrtase early strength. 

(b) Polyxer  Ccncrett  

In polyner  cmcrete,  czment is replaced with a polymer wh~ch ac:s as the 

.A Large number of polymer mater:a:s are 

iilesz problems are  primarily 

binding asen: for [he ag,arezact. 

availabie but :hey ail have some problems. 
-. 
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associated with high curing shrinkage and high coefficient of therinal 

expansionicontiaciion which tend to cause craciiiilg in [he patch or in :he 

surrounding concrete. Very few polymers will cure at low temperatuies a1 a 

sufficient rate and heating may therefore be required The following is a 

summary list of some generic materials or classes of materials which may be 

invest i 52 t ed: 

(1) Methyl Methacrylate based materials: Systems involving 

blethyl Methacrylate (MMA) with various compositions of 

accompanying materials (promoters, retarders, cross-linking, 

etc.) have been widely tested with varying degrees of success. 

The attraction of this material, particularly for low 

temperature applications is its rapid setTing and highly 

exochermic characreristics. It is highly sensitive, however, LO 

accurate composition and handlins procedure and requires 

dry conditions. 

Polyester resins have been used with moderate degrees of 

success at  ambient temperatures. 

Polyurethane has been reported to have some Sood l cw 

temperature properties, but only limited data is available. 

Various epoxy resins have been used. Most would require 

hearing to accelerate curing time but some can be used in 

wet conditions. 

Various acrylics have been mentioned in the li terature bur  

only very limited data is available. 
I 

. I  

i 

1 (c) Miscellaneous Products 

S c n e  non-Porrland cement based materials are available or have been 

Very little 

- t  

I 

reported, often marketed as pre-packaged proprietary products. 
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information is available on their low temperature applications. Some examples 

of chese producu are the various mayes i r ra  phcspkate base? prcducrs which 

are senerally fasr-setting an exothernic, liixe jiiics-phcsphaLe ces1zc1s a z d  

various proprietary producrs of undisclosed composition (see Literature Surveyj. 

2 3 2  Methods 

Methods fall under two senera1 categories - material related methods and 

applications related methods. In the current projecr, only materiais relaLzd 

methods are considered fiber reinforcement and heating. Fiber reinforcernear: 

has been shown to favorably affect bond characrerisrics and crack control. If 

properly used, i t  can also be applied for electric heating by modifying [he 

electrical resistance of the patch. 

Application related methods include precasr patch panels, ShOtCiZIZ 

application and general heating methods. Such methods are not considered as 

part of the present project but may feature in a follow-up program upcn  

successful completion of the cxrrent pnase. 
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3. LITERA?z;REsuRvEY 

Tne  literature survey and the bibliography at  the end of this report 

follow [he pattern ourlined in the preceding chapter. The  material is divided 

under the headings "General" which include general patching materials and 

procedures, Tor t land  Cement Based Materials", "Polymer Based Materials", 

"Miscellaneous Products" and, finally, "Methods" which include both material and 

application related methods. The  bibliography is comprehensive but only what 

a re  considered to be key references are  reviewed in this chapter. 

3.1 General 

This section starts with a general review of some typical aspects of bridge 

deck deterioration and methods for  its detection. This is followed by some 

references dealing with general repair procedures and factors affecting patch 

durability and fur ther  deck deterioration, with special considerations to cold 

weather. Finally a general survey of rapid serting materials and Tarriculariy 

..-.. 

polymers is reviewed- 

ACI CommitTee 201 - in its "Guide to Durable Concrete" (1977), reviews 

the causes of concrete deterioration, including the mechanism of f;cs: ac;ion in 

freezing and thawing cycles, abrasion and wear, corrosion of s e e 1  and chemical 

reaction of aggregate. It also makes general recommendations for repairs and 

for preventive measures. 

Carrier and Cady (1975) carried out an extensive survey of bridges in 

That  survey provides useful guidelines for the detection and 

It also suggests 

Pennsylvania. 

classification of deterioration and the factors affecting iL 

measures for  prevention, though not for treatment of deterioration. 

- Clear (1975) suggests chloride analysis as a means of identifying the extent 

not only of existing but  also of potential damage (particularly coriosion o i  
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reinforcement) and recommends that remedial operations (removal of existing 

conciete and re?air) be caryie:! out over the whoit  area thus identified. Fu!I 

details of n e t h c t s  for cariying out this analysis arc given. 

ACI Committee % i n  its reporr "Guide for Repair of Concrete Bridge 

Superstructures" (1980) suggests methods for evaluation of damage . I  and for the 

selection of repair methods. Among the methods covered are ordinary Porrland 

cement mortars and concrete, with or without bonding agents, shotcrete, latex 

modified concrete and polymer concretes using epoxy resins or Methyl 

Methacrylate. The  report outlines criteria for the selection of repair 

methodjmaterial as well as guidelines for their application. 

Kliethermes (1972), evaluates factors affectizg the durability of patches 
L 

and reviews a number of techniques, including the use of polymer conciete, 

protective coating of reinforcement and cathodic Trotection. Hz points out  [he 

imporrant facx that the patch itself may cause fur1her deterioration of 

surrounding areas by producing corrosion ce!ls. The  use of chloride and other 

accderators, in particular, promotes reinforcezient corrosion. Like other 

sources, the author recommends removal of conc,tte substantially beyond the 

damaged area as well as coating of cleaned reinforcing srcel wi:h epoxy resir, 

prior to patching. A method for dececing [he extent of corrosion in 

reinforcement is also provided. 

Darter (1984) outlines senera1 procedures for patching with Poxland  

cement concrete. His recommendations include exensive removal or" cor,cre:e 

in excess of damaged areas and bonding to  dry ccncrece, using cement g o u t  as 

bonding agent. He  also recommends use of supei?lasticizers to reduce water 

content and limiting the amount of calcium chloride to no inore than 1%. 

Similar recommendations with resard to prepara::cn and bondir,z are mad2 by  

Felt (1960). 
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Numerous references deal with general cold weather concreting. These 

relate mostiy to provisions for zew consIruciion but some of the provisions are 

also relevant io repair. The central issue is ihe development of a d e q u a ~ e  

strength in cold conditions, namely sufficient strength for the prevention of 

frost damage. 

ACI  Committee 306, "Cold Weather Concreting" (1975, 1980) lays out 

guidelines for minimum protection and heating requirement for concre1e for 

new construction. These requirements are strinzent and impractical for bridge 

repair application. 

Berwanger and Malhotra (1974) investigated strength development of air- 

entrained concrete at sub-freezing temperatures. They found ;hat conciere 

cured for 3 days at  50°F and then subjected to sub-freezing temperatures. 

continues io develop srrengrh and no long rerin effeczs on s:;cr;grh w c r c  

measured 

Shideler et al. (1951) found that adding between 1% and 2% czlcium 

chloride to air entrained concrete improves its short and long term strength and 

reduces heating requirement in sub-freezing temperatures. 

Litvan and Sereda (1975) have indicated that the use of porous aggregate 

improves freeze-thaw behavior of Concrete. Such aggregate acts in a simiiar way 

to air entrainment but with a more favorable pore size distriburion. 

The  following is a review of several sources relating to various general 

ciasses of patching materials. A more detailed review of specific materials is 

included in the sections that follow. 

ACI  Commi tree 543 special publication, "Application of Polymers in 

Concrete'' (1981) is a compilation of papers dealing with various applications of 

polymer materials related to concrete. Among other applications, use of 

polymers in pavemenr patching naterial  and properties of polymer concrete and 
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polymer modified c3ncrete are included. Also included are general reviews cf 
. .  research in progress aild c z T t a t  gracrices. 

specific materials are reviewed separately under the appropria1e headings. 

Scme of <he papers dealing wr:l 

NCHRP Synthesis Report 45 ”Rapid Sctting Materials for Patching 

Concrete” (19’77) is a general reporr on patching practices and on the 

performance of  various rapid se:ting patching materials, mosrIy Port!ana 

cemenr based but some epoxy and polyester resins and magnesium phosphate 

and sulfur are also included This is a ‘useful, quick reference guide to some 

commonly used materials giving data on handling times and compressive 

strengrh development at  ternperatures ranging from 20°F to IOOOF. 

Indhal e t  al. (1975) reported performance of several bituminous patching 

material and three fast selling concrece patching materials: 0c;ocrere. 

Speedcrere and Fasr-Ser-Precre te. The report is dedicared predominanrly to [he 

biruminous material. ExFeriencz with the concrete commercial patchicg 

compounds was disappointing and due to failures, operations were limited io 

application at  above 40°F with “jpeedcieIe” perforning best of the three 

compounds tested 

* 

A reporr by Hartvigas (197’9) lists a number of commercial patching 

compounds together with Icng-term (over 2 years) performance. Some o €  the 

compounds (Acmasec, Darex 240, Minute Patch 1-2-5, Set Instant, Speed-Crece, 

Texas Mix) were applied in winter. overall performance was mediocre and all 

the four winter patches deteriorated within 13 months. 

Cowan et al. (1975) presenred some data on a variety of techniques 

involving polymers, primarily ;\/le:i?yl Mechacrylate (MMA) based material (see 

Polymer Concre:e for mcrc details on this material). The techniques are: 

Polymer ImprepLcec! Concre:e in various applIcaticns. polymer concrete and 
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polymer shotcrete. The two last mentioned are relevant to bridge patching and 

are reviewed in more detail under Polymer Concrete and Methods, respectively. 

The reporr by Popovics (1974) is a thorough review and experimenIa1 

invesrigation of the properties and behavior of polymer materials with concrere. 

Two classes of materials were investigated - polymer impregnated concrete (PIC) 

and polymer modified concrete (PMC). 

Polymer impregnation of concrete can be used as a preventive measure in 

reducing its permeability to water and de-icing salts and as a means of 

stabilizing loose or partially spalled and cracked concrete. This cechnique, 

however, is not included in the present invesrigation. Polymer modified 

concrete has high ductility, high tensile strengrh, low permeability and good 

bonding characteristics and is therefore potentially suitable as a parchinz 

materiaL Popovics reviews and investigares in-depth :Se e f f e c ~  of vaiiocs 

polymers and their aqueous suspensions or solutions on the properries of the 

modified concrete. He  found that increase in compressive strengrh for. most 

polymers tested is marginal but improved tensile strength and reduced 

permeability are achieved (particularly with Urea-Formaldehyde polymer). X 

potential problem, however, is increased shrinkaze. Use of epoxies as modifiers 

resulted in reduced compressive srrengrh though other properties (tensile 

strength, bond, impermeability) were enhanced- Some limited tescs with 

Furfuril Alcohol (F-4) showed promise, particularly for cold weather 

applications (although this was not tested) as i t  polymerizes very rapidly. X 

drawback, however, would be a retarding effect on the hydration of the cement. 

These two materials, Urea-Formaldehyde and Furfuril Alcohol, as modifiers 

may deserve further attention. 

I 

i 
I 

! 

! 

. _.-. -. -. 



3 3  Portland Cement Based &laterials 

This section deals w i 3  parching =arerials based pr iaar i iy  on Porr1a.d 

cement as the binding rnaierial and aggrega[e as [he filler. This basic inix c m  

be modified to achieve the required performance by the addition of various 

admixtures. The review begins with accelerators/anti-freezing agents as the 

main acrive admixtures. Accelerating adinixrures (e.g7 calcium chloride) ofren 

acr also ro lower freezing temperatures, which makes them suitable for low 

temperature application. Following this sub-sectio-n some special types of 

cements are  viewed replaced-set cement and shrinkage compensating cerneni. 

Finally some polymer modified ccncrete mixes are surveyed 

3.2.1 Acceleratino!Anti-Fr~~zino Aoents 

Ross (1975) has conducted iesrs en a large number, ~ O S K I ~  Fordand czmen: 

based rapid set mixes for Louisiana D.O.T. Performance of the various mixes 

was tesred (at mild temperatures) in the laboratory as well as in the field 

immediately afrer casr.ing as well as afrer one year. T'ne author srresses <he need 

for rhorough preparations to achieve lasting repairs. He  points out that the six 

hours compressive s r r engh  (which ranged fiom 890 psi to 3 0 4  psi. averaging 

26CO psi) gives no indicaIion of the durability of the patch. Based cn  

performance after one year of exposure to traffic, the report recommends four 

parching mixes, but these are all non-Porrland cement based and are reviewed 

separate!y. Of the four Por:!ana cement based ma:erials cesred two cmtained 

unspecified accelerators and [he other two were P.C. Type 111. Both r,ypes 

appear to have performed ieasonably well after one year. Debonding may be a 

problem. 

Macadam et  al. (1984) iested five different accelerating compounds and 

mixes containing Porriand cement Type 111. air entrainins asent: and 

superplasricizer. T'ne five materia!s were: (I) "Accelezuard 30' - calcium ni[ia[e 
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(Ca(YO&) based, (2) "Darex" - a calcium nitrice (Ca(Y07)7) - -  based, (3) "LA30" - a 

sodium tiocyanare (3aSCY) based material, (4) "Hydra Set" - a ca lc iuz  chloride 

(CaCl3) I based mate;ial, and (5) "Daraset" - a m i x u r e  of calcium nilrate and 

calcium niiritc. Tesx  included compressive and tensile strengths, bond, set t i n e ,  

length change (shrinkage), freeze-thaw durability and corrosion potential at 

various temperatures. Lowest casting temperatures tested was 40'F. Morrar 

speciaens rcsted a f x r  24 hours at this temperature all failed to reach sufficient 

strength, except *'hydraset" which reached 1340 psi Concrete specimens 

performed better. Of all materials "Darex" appears to have performed best 

overall. It seems that some heating would be required for sufficient 

performance at subfreezing temperatures. 

Calcium Chloride 

Calcium Chloride is the most commonly used 2nd well Gccumen;~d 

accelerating admixture, yet it is highly controversial. This material can .ac: both 

as an anti-freezing agent, accelerating agent and heating azent, due to  :he 

highly exothermic hydration process. The main drawback in its m e  is its 

putative deleterious effects on corrosion and sulphate anack resistance. This is 

the reason [hat mcsi codes limit CaCl-, - content to 2% or less (by weigni j  of 

cement  Mosr sources dealing with the use of CaC17 - in cold temperatures relate 

to structural concrere and require heating for 3 days, typically, at 50°F (XCI 

Committee 306' - "Cold Weather Concreting", 1975). Both the restric:ion of 2% 

and the requirement for hearing may not be relevant to pavement patching. 

Shideler (1952) conducted a thorough research on the effects of CaCl?. - He 

found particular advantages in its use at low temperatures, but warns of possibie 

long term negative effects on durability. Some increased shrinkage was also 

observed CaCl-, d ccntent was limited to 2% in these tests. Txthill (1955) found 

-. . , 



that 1% of CaC17 - in air entrained concrete does not affect durability adversely, 

but  heacing at ZO°F €or 3 days is required 

Keeton (1970) used Portland Cement Type IIi wich 2% CaC13 - and 5-7% 

entrained air in foundations and slabs in Antarctica. Heating ac 50°F-700F for 3 

days was maintained 

Anti-Freezina Agents 

A departure from the 2% limit on CaC17 d concent was reported by  a Soviet 

group, led by  Mironov. Mironov et al. (1968) tested a number of anti-freezing 

agents, including CaC17 - on mixes cast at  temperatures as low as SOF. The  

minerals they used were NaC1, KCI, CaC17, - FeCl;, Ca(NO;)?, - NaNO.;, d and 

K,C03. - NaN07 - appears to 

delay curing. K7CO3 - accelerates curing in amounts between 7% and 13% of 

cement weight A combinacion of CaC17 - and NcCl of up to 73% of cement 

weight is also recommended Ia their 1956 paper, Mironov and Krylov followed 

up the use of combinarions of calcium and sodium chloride. The CaCI:, - 
accelerates setting while NaCl is used to lower freezing temperature and conti01 

the rate of acceieration of CaCI? - to prevent excessive acceleration. The amount 

of additives depenas on the temperature. The authors provide a guide of total 

salt content as percentage of mix water rate for temperatures ranging from 

32'F The total average amount of salt required per degree 

(Farenheit) of temperacure fail below freezing is approximately 0.64% of mixins 

water weight (e.& for cascing temperature of 20°F salt content should be 

approximately 75% of water weight). The report deals with structural concrece 

and data on very earfy strength are scant. It is likely that proportions o€ XaCl 

to CaC1, - should change for faster setting. Results on durability effects are 

ambiguous, some deletericus effects were observed parTicuIariy under dry 

conditions. Long ierm tssts (up co 2 5  years) indicated little corrosion or 

FeC13 and Ca(N0-& - did not accelerate curing. 

down to 3'F. 
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reinforcement and this was attributed largely to cracks and insufficient cover. 

The authors claim that  chlorides from the added salts do not enter into reac:ion 

with reinforcing steel and do not affect its.corrosion. On the orher hand salt 

content does affect freeze thaw durability. The effect, according to the authors, 

depends on the alumina content with cements with low alumina content 

showing improved durability. 

Stormer (1970) repeated essentially the experiments of Mironov and 

Krylov in an attempt to confirm them and his results are similar. In his mixes 

he used Portland Cement Type I and no entrained air. With typically 12% 

CaC17 - by weight of water at  23OF he reached strength of 580 psi a t  3 days, which 

is inadequate for bridse application. Using Type 111 cement with some heating 

could considerably improve this performance. Figures 3 and 3.2 illustrate some 

of his results. It should be noted that with some air entrainment, freeze-chaw 

resistance would improve. These results suggest that the 2% restriction on 

CaC1, - content may be conservative and that substantial increase can be applied 

at no significant risks, subject to further experimental verification. 

Mironov and Demidov (1975) used sodium nitrite as an anti-freezing agent 

in concrete used in foundations. Addition of 10% Na;V07 - by weight of cement 

at 5OF produced concrete of sufficient strength and with good bonding to 

existing (cold) concrete, but strength development is slow. 

Meyer (1952) reports some tests on the use of alcohol as an anti-freezing 

agent. Results with 2% alcohol by weight of water showed marginal 

improvement as compared to concrete without alcohol, cast and cured a t  4l0F 

and cycled between 41°F and 14'F for 7 days. 

3.2.2 Reoulated Set Cement 

Hoff et al. (1955) investigated the effect of a number of factors on the 

strength development and heat development of some regulated set cements- The 

1 

i 

' I  
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Fig. 3-1: Compressive Strensth of Mixes with CaC13 - and NaCl (Storrner, 
1970) 
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Fig. 52 Durability of Mixes with CaC1, - and NaC1 (Stormer, 1970) 
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high early strength of this cement is due to the calcium fluoro aluminate 

c3Gient. X a o n g  iheir majcr findings are: 

8 Specimens mixed at  3540°F and placed immediately at 

1PF de<eloped a strength of 1000 psi in 3 days and 

reached only 6G% of the 25 days compressive strength 

of the control (cast and kept at 70'F). 

Temperature of slabs cast and exposed to lS°F, rose, 

then fell again. The plate temperature and time to 

reach it depended on slab thickness and ranged from 

4GjF at 1 hour 20 minutes for 3 inch thick slab (on 

sand base) to 69'F at  1 hour 40 minutes for 12 inch 

thick slab. 

Maintaining the mix at  above freezing temperature 

(heating) prior to exposure to sub-freezing temperatures 

substantially improves strength development. 

Houston and Hoff (1981) carried out some field iesss on slabs casr: at 

temperatures varying between O°F and 32OF. The average temperature inside 

the slabs was approximately 20°F. The results were somewhat disappointing, 

srrength at  one day was only 200 psi. The authors attribute this to faulty batch 

of regulated set cement. 

Osborne and Smith (1977) cesred regulated set cement for strength acd  

durability. Specimens cast at 20°C (65'F) displayed 22-29 Mpa( 30041CO psi) 

compressive strength at  one day (and about double chis value at  25 days). 

Sulphate resistance of regulated set cements proved poor but was improved with 

the inclusion of PFA (pulverized fuel ash). This inc!usion, however, retards 

setring and reduces early strengih. 
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i It appears that regulated set cement is very variable in its behavior and 

sensitive to various parameters. Some short-term heating mzy be necessary 1 
together wirh some proteclive measures for long term durabiiity (e.g., poiymorr 

I 

- 
1 inclusion). I 

3.23 Shrinkage Compensatino Cement 1 
i Shrinkage compensating cement may be desirable to prevent shrinkage 

and debonding cracks in the patch At cold temperature i t  could be used with 
I 

other admixtures - e.g, accelerators. 

Cusik and Kesier (197677) carried out extensive laboratory tesring on 

simulated bridge deck specimens. They measured the effect of various faclors 

on the amount of expansion of the cement. The amount of expansion is 

sensitive to mixing time, admixrures (air entraining, warer reducing) 2nd 

temperature as well as curing method, reinforceinent, etc. Some typical cffec:s 

are presented in Figures 333.6. Durability tests indicated that corrosion of 

reinforcement is due to cracks and since cracking is reduced with expansive 

cement the extent of corrosion is reduced accordingly. 

Polivka et aL (1975) carried out freeze-thaw tests on air entrained 

specimens. They concluded that freeze-thaw durability of concrete made wirh 

expansive cement, in terms of weight loss was comparable to Portland Cement 

Type I1 specimens. 

3.2.4 Polvmer Modified Concrete 

As stated earlier, the objectives of using polymer modified concrere would 

be primarily to reduce water content and to improve bond characterisrics but 

other measures may be required to cope with low temperatures, e.g, heating, use 

of accelerators, e t c  The work by Popovics, which deals with polymer modified 

concretes and polymer impregnation of concrere has been reviewed in the 

i 

i 
i 

f 
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Fig. 3-3: Expansion and Shrinkase Behavior (Kusick and Ktsler, 1976) 
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Fig. 3-3: Effect of Admixtures on the Expansion of a Highly Expansive 
Concrete Made with  Type Xl Cement (Kusick and Kesler, 1976) 
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Fig. 3-6: The Effect of Curing and Storage Conditions on Expansion and 
Shrinkage of Non-Composite Concrete Specimens Made wixh 
Type M Expansive Concrete (Kusick and Kzsler, 1976). 
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preceeding section. 

applications are surveyed. 

Under the present heading some specific materials and 

Polymer modified concrete has been used in The transportation i n c u x y  

primarily as overlays on concrete bridges as a protective surface due to the 

highly impermeable properties of this material. 

Clear (1975) carried out a thorough investigation of the physical 

properties of five styreneibutadiene latex modified concrete mixes and the 

physical and chemical properties of latex emulsions. One day strengths ranged 

from EKI to 2370 psi (at room temperature). Slant shear bond tests indicate bond 

strength (to concrete) o€ 50% to 70% of the compressive strengrh. Freeze thaw 

durability in terms of reduction of dynamic modulus showed high variabiliIy 

and sensitivity to curing conditions. Entrained air iniproves markedly freeze- 

thaw durability. 

Rahal (1974) carried out compression, flexure, and freeze-thaw durability 

tests on three latex modifiers Dow hfodifier A, Dow Modifier B, and DuPont 

Latex and on one epoxy resin modifier EPI-TOP PC 10 (the last was also tested 

by Popovics). Dow Modifier A is a scyrene Sutadiene latex agd Mcdifier B is 

75% saran and 25% styrene butadiene. The DuPont Latex is a neoprene 

(polychloroprene). Dow Modifier B gave the highest compressive strength 

throughout (see Fig. 3.7), all materials showed freeze-thaw durability comparable 

to that of ordinary Portland cement concrete (Class .AX PCC) with the cpcxy 

concrete showing the smallest reduction in dynamic modulus (Fig. 3.5). Yo 

information is given on early stazes and on low temperature behavior. Initial 

sets indicated are 20-30 minutes for the epoxy, 40-55 minutes for Modifier B1 and 

45-55 minutes for Modifier A. All modifiers showed !ow permeability compared 

to PCC. Xo information is given on shrinkage and thermal csefficients which 
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Fiz. 3-8: Concrete Sirengtn vs. Dynamic Modulus (Rahi, 1974) 



are relevant to patching applications. Water cement ratios was 2% for all 

mises. 

Kuhlman (1930) surveys performance of 15 latex modified concreie 

overlays in terms of chloride penetration, half-cell potential, debonding, 

cracking and skid resistance. The latex modifiers used were Dow Modifier A 

and B. All overlays behaved satisfactorily overall and the report suggesIs a 

minimum life expectancy of such overlays of 20 years. 

A number of experiments have been performed on epoxy modlfied 

concrete not related to bridge overlays or repairs. Nawy et al. (1975,77) tesred 

concrete cylinders for compressive and tensile splitting strength for a number of 

varying cement, epoxy and water ratios. They found that signiiican: strength 

increases are achieved primarily through reduction in the waler 'cemenr x i i o  

made possible by lhe inclusion of the epoxy. The effect on tensile s t r e n g 3  n?.s 

particularly marked 

Compressive strength displays the usual dependency on water/cemenr 

(WK) ratio with W/C ratios as low as 02 made possible by inclusion of 6 K c  

polymer by weight of cement (P/C = 0.6). Compressive and tensile splitring rests 

indicate an optimum of P/C ratio of approximately 0.4 for mises wiih %:C 

7 
i 
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ratios of less than 0.6. 

The investigtors also carried out tests on the elastic modulus, modulus of 

resilience and modulus of toughness of polymer modified concrete. These aiso 
depend primarily on W/C ratios which in turn are affected by polymbi con:ent. 

For a given liquid content (prescribed by workability) P/C and W/C ratios can 

be jointly expressed as % water replacement by polymer. ,411 three marerial 

moduli are greatly enhanced by increasing water replacement percentage (from 

0% to 93%). The  Nawy group (Ukadike, 1975) also conducted freeze-thaw 

durability tests on polymer modified concrete (pmc) specimens. Polymer 

- 
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modification showed distinct improved freeze flow durability with an optimum 

content around 0 3  to 0.4 by weight of cement. 

Pike and Hay (1972) tested extensively two epoxy modifieis for ccI;cre;s 

and mortar - Epoxon and Tufchem. Their tests included compressive strength, 

tensile splitting strength, alkali resisrance, resistance to sulfuric acid and de-icing 

salts, bonding to concrete and to steel, linear shrinkage, creep, modulus o€ 

elasticity, coefficient of thermal expansion and others. Epoxon proved to have 

good overall properties, except bonding to steel, with optimum epoxy content of 

approximately 2Wu by weight of cement, however it is slow setting and thus 

unsuitable for patching purposes or for application in cold temperatures. 

Tufchem performance is reported in less derail than Epoxon bur it also appears 

to perform satisfactorily and the coefficient of thermal expansion is comparible 

wirh that of PorTland cement concrete. 30 setting t i n e  data is given for 

Tufchem but the authors do not recommend either of rhe products as ra?id 

I 

setting materials. 

From the above survey i t  appears that polymer modified concrere could 

be suitable for patching pur7oses provided it could be demonsnated ihat 

shrinkage and thermal movement do not cause deleterious effecrs cn the pacch. 

Cold temperature behavior has not been investigated. It appears likely that 

some heating would be required. With fasr setring materials this could be 

economically achieved. 

3 3  Polymer Concrete 

In polymer concrete, the cement is replaced with a polymer as the binding 

material. Potentially, this can eliminate the problem of freezing of the water 

but the requirement is that the polymer can cure in sub-freezing temperature 

or, alternatively, that i t  can cure very rapidly so that only short term hearing 
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may be required. Ideally, the polymer should bind to wet concrete (and 

aggregate) to eliminate the need to dry all bonded surfaces. All these 

requirements restricr the range of suitable materials. 

In this section some ieneral  sources on polymer concrete will be reviewed 

first This is followed by review of epoxy concretes and miscellaneous materials. 

Finally Methyl Methacrylate (MMA) based materials are covered separately due 

to the prominence of this material in concrete repair work both in research a d  

in practice. 

Manson (1982) provides a useful reference source for polymer concrete 

technology, including overview of topics such as polymer impregnated concrete, 

polymer-Portland cement concrete (polymer modified concrete) and, polymer 

COnCie It. 

Meyer et al. (1951) provide some technical details of concrete deck repair 

with polymer materials at  normal (mild) conditions but the paper is of limited 

usefulness. 

Rechner (1968) reviewed a number of conference papers on polymer 

concrete. The paper is not very recent but gives an overall idea of materials 

investigated and problems encounxred Among lne polymer materials covered 

are epoxy resins, polyester resins, polyurethane resins, furanic resin, pnenolic 

resin and aminoplastic resins. The effect of temperature on mature specimens is 

widely covered. The thermal expansion coefficient of these materials, which is 

of particular interest in the context of patching, was found KO be highly variable 

and dependent on temperature and density. In general the coefficient is lower 

the denser rhe material composition (densiry is increased by lowering the 
polymer/aggregate ratio). Some typical values are approximately 100 x 10 -6oc-1 

-60 1 C for density of - 23. for density of - 1.8 to 35 x 10 This is an order of 
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magnitude higher than for  Portland cement concrete. Curing shrinkage is also a 

potential prcblesl. 

Tremper (i960) repairs laboratory and fieid tests of repairs with epoxy 

concrete, carried out at  the- California Division of Highways. Epoxy was used 

either as filler in small patches or as bonding agent in larger patches of Portland 

cement concrete. Bonding surfaces may be damp but musr not havc free water. 

Thorough cleaning of surfaces is required In cold weather heating is rcquired 

to cure the epoxy but the heating period is short (typical setting time - 20 

minutes, 70°F). Blow torches were used for heating. 

Kemphues (1972) resred 3 epoxy resins for shrinkage and thermal 

expansion. Epoxy mortars of aggregateiepoxy ratios betweea and 101 and one 

epoxy concrete was also tested. It should be noted that all three epoxies are 

relatively slow curing with a m i ~ m u m  of 24 hours initial setting cine. Figure 

3.9 presents the results for  coefficients of thermal expansion. Linear expansion 

coefficients range from 7 x 104 in/in (for ~9 $1 ratio) to 5 3 10-5 iiu'in (PS IOJ 

ratio). Although these epoxies are too slow to use as patching materials the 

results give an indication of the magnitude of dimensional changes which can be 

ex pec t e d. 

Johnson (1980) investigated a number of polymers and two water cured 

commercial compounds for suitability to cold weather application. All materials 

are fasr setting and exothermic in their hardening process (Fig. 3.10). 

The  polymer materials included a urethane resin sysrem. epoxy resin and 

polyester resin system. The  urethane system performed parriculariy well with 

good workability and a 24 hour compressive strengrh o €  27CO psi at  -1O'C (ll°F) 

and 22CO psi a t  -lO°C (-lS°F), when mixed with sand (l.3 sand to 1 resin). In 

addirion i t  showed no volume change due to shrinkage. The epoxy j:*'srs;il cestzd 

(Epotuf) aid not perform well in the cold. The polyester resins ~ e s ~ e d  performed 
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Fig. 3-9 Coefficients of Thermal Expansion of Three Epoxy Systems 
(Ke mp h u es, 1972). 
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Fig. 3-10 Set Tesr Results of Heat &fixes a t  - 10°C (Johnson, 1980) 
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reasonably well at -lO°C (14OF) with mortar. Compressive strength of 770 psi at 

24 hours for J-27 polyesrer and 1019 psi for "Gold Label". Yo shrinkage 

information is availabie bui results with neat nixes indicate high shrinkzge and 

shrinkage cracking. Of the two water cured compounds, F-181 anchoring 

compound performed well at  -lO°C giving 1700 psi compressive strength at 34 

hours for the neat slurry. No sand mix is reported and no shrinkage 

information given. 

PrlcNerney (1981) reviews potential methods used to patch runways in 

adverse weather conditions, including low temperatures. This is a very general 

review of requirements and possible methods. Methyl methacrylate and "silikzl" 

are meationed as potentially suixible all weather materials for polyrner cmcrere. 

Merhvl Methacivlate Based Materials 

Haddad et al. (1953) investigated the effect of addition of iniria:ci 

(Benzoyl peroxide -BzP) and promoter (N,Ndymethyl-paratoluidine-DMPT) to a 

monomer mixture of 94% methyl methacrylate (>MA) and 5% trimethylol 

propane trimethacrylate (TMPTMA), at different temperatures. The  amounts 

of initiator and promoter were designed to maximize modulus of rupture. 

Results for neat polymer cast at 30°F (the lowest temperature resred) are given 

in Table 31 It was shown that promoter and initiator content can be adjusted to 

control the setting time at  any given temperature. The  investigation included 

also effect of aggregate inclusion on physical properties and bond characrerisrics 

to Porrland Cement concrete. It is interescing to note that the bond strength in 

flexure is higher at  lower casting temperature, and at 30'F i t  is comparable to 

the control monoiythic Portland cement concrete beam. No information is given 

on shrinkage and thermal expansion. 

At Brookhaven National Laboratory, use of Methyl methacrylate and 

related materials, and some other polymers have been studied. Although mcsr 
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Table 3.l Properties of ?&LA Based Polymer 

(Hadad et  al, 1953) 

Work Time 

min 

Set Time 

min 

Average Modulus 
of rupture (psi) 

24 hrs. 

4 2 
33 175 

3 l3 
72- u.5 

9 u- 
19 
21 

47 
52 
60 
70 

2029 
2224 
2444 
2376 
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of that work was focused on polymer impregnation of both sound and 

deteriorated concrete, substantial work was a!so performed on polymer-ccncrere, 

as a patching mateiizl. The four publications are reviewed chronologically in 

what f o 110 ws. 

The  report edited by DeRay and Kukacka (1973) is a comprehensive 

compilation covering review of polymer materials, polymerization and 

impregnation and fabrication techniques, test results for polymer impregnated 

concrete and various applications. The  report is primarily concerned with 

polymer impregnated concrete, with high strengths and with elevated 

temperatures and is, thus of marginal relevance to the current topic. 

The reporrs by Kukacka et al. (1971;1975a,b) are directed to bridse deck 

repair but deals with impregnation of deteriorated concrete with the polymer. 

The main technical obstacle is the need to thoroughly dry ihe concrsce since 

>MA based materials will not bind to wet or moist surfaces. The  two reporrs 

do, however, give some data on the field applications of polymer concrete using 

95% MTvlA and 5% TMPTMA in some medium sized patches on the Major 

Deegan Expressway in New York. The  lane was open to traffic 2 hours after 

completion of the patching. 19 months later, no deterioration of the parch (case 

at 50°F) was observed. 

Fontana et aL (1978) designed two mixes for application at temperatures 

of 3j°F - 70°F and at 70°F - 90°F, respectively. The mixes differ in the amounts 

of promoter and initiator. They report a number O F  field applications of 

polymer concrete patches using this mix design (including the one described 

above). Details of patching operations are given. Preplaced aggregate with the 

monomer-initiator-promoter mixture poured on top was the method used for 

small patches (up to 15 sq. it.)- For larger patches, a concrete mixer was used to 

mix all the ingredients. 

1 
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The  paper by Webster et  al. (1975) is essentially the same as the preceding 

one but gives more details on the properties of the two mixes used. 

Romano and Burrick present the implernenration of polymer C O E C X  te 

patching program at the hlassachusetrs Department of Public Works. The 

authors give details of patching operations at a number of locations. Four types 

of patches, namely: full depth, parTia1 depth, shallow and thin patches were 

performed. They used kerosene heaters and infra-red heaters io dry ine 

surrounding concrete. This also serves to raise the temperature under cold 

conditions (and thus promote curing). One of the patches they repaired was 

carried out a t  ambient temperatures of 17'F but this patch failed Problems 

were observed with shrinkage leading to debonding and cracking of the patch. 

Based on their experience, the authors proposed a procedure for patching and .  

mixing operation and for patching mix composition. 

Dinitz (1983) also gives technical derails for various operations employing 

pre-packed ?/MA based polymer concrete. 

In a three volume report by the University of Oklahoma group, Ismalia et  

al. (1980) and Root et al. (1980) give details of various appiications o€ polymer 

concrete and its pr0perTie.s. The monomer is primarily ?,4>lX + TMPT?/IX bu[ 

other monomer systems are also described. Applications include poiymer 

impregnated concrete, polymer concrete overlays and polymer concrete 

patching. Volume I1 of the report deals specifically with bridge deck parching. 

The group invesrigated a 95 MMX t 5% TMPTMA monomer with Lauroyi 

Peroxide (LP) as initiator and DMPT as promoter. Cure time as a funcrion of  

initiator content and temperature is given in Fig. 3 2  for LP and in Fig. 3.12 for  

BP (Benzoyl Peroxide). The authors give some details on field tests including 

bridge deck patching. Overall results are satisfactory but litr!e long-term 

performance is reported. All patches were carried out a t  moderat? and high 
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Fis. 3-12: Cure Time vs. BP Concentration (Root et  al, 1980) 
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temperatures. Volume III of the report is a user's manual for patching 

operations based on the investigators experience. It is interesxing to note that 

although dry aggregate is required for the PC mix, the authors do not require 

dry patch surface, but allow-damp though not wet surfaces. This is an  imporrant 

point which needs further investigation. 

It can be concluded rhat the use of polymer cmcrete, and, in particular 

methyl methacrylate based polymers, is a potential method for all weather 

patching. Performance at low temperatures needs further investigation (no 

successful patching at  low temperatures has been reporred). The  requirement 

for dry conditions of aggregate and patch surfaces is a serious handicap. The 

claim by the University of Oklahoma group that damp surfaces can be 

accommodated needs invesrigating. Other polymers - in parricular urethane 

based materials also merit investiga1ion. There may also be healch hazards 

associated with the handling of some of these materials which n a y  restrict their 

use. 

3.3 Miscellaneous Materials 

This section contains various non-Portland cement materials which do not 

fall under preceeding categories and various proprietary materials. 

The  report by Hartvigas (1979) was mentioned in the General section. Of 

the 15 commercial products reviewed by Hartvigas. three are ma,onesiuin 

phosphate based (Acmaset, Darex 240, Set 45). Two of four other compounds 

rated for winter patching (Minute Patch 1-2-5, Speed-crete) are of undisclosed 

composition, one (set Insrant) is silica based on one (Texas mix) consisu of 

Portland cement and gypsum. The remainins mixes were tested in summer 

conditions only. Of the above mentioned materials the Set Instant patch lasted 

15 months, the remaining failed within 12 months. Only three of the compounds 
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were placed at  sub-freezing temperatures: Set Instant (14'F), Minute Patch 

(26'F, snow). and Speed-Crete (25'F, snow). Lanes were opened to rraffic 1 5'2 - 3 

hours after patching. 

The report by Ross-(l975) was mentioned under the Portland Cement 

section. As mentioned there, the four recommended patching compounds are 

non-Portland cement based, but they were tested only a t  normal temperatures. 

The four compounds are: a calcium aluminate based materiai, a regulated set 

cement based material, a gypsum containing material (other ingredients not 

specified) and a premixed packaged material (System M) of undisclosed 

composition. The regulated set cement material had low durability factor in 

laboratory tests. The calcium aluminate material had a set time of over 4 hours, 

all four had relatively high shrinkage (from .025 to .OS9 in/in at 16 weeks) 

Fast setting materials for bridge patching have been investigated at  

University of Texas, Austin (19%). Beer et  al. (1954) and Ballou er: aL (1954) 

invesrigated four packaged producx Duracal, which is a modified Portland 

cement based material, Set 45 which is a magnesium phosphate based mortar, 

Neco-Crete which is magnesium polyphosphate based and Gilco Patch which is a 

modified Portland cement material. The control was Type I11 PorTland cement 

concrete. Tests included compressive strength, modulus of elasticity, flexural 

strength, flexural shear bond, flexural bond, and sand blast abrasion. Ail 

experiments were performed at normal (mild) temperatures on mortar and 

concrete specimens. All materials except Duracal reached sufficient srrength 

within 1 hour (above l500 psi) and Duracal reached it within 3 hours. Some 

results are presented in Fig. 3J3. Figure 314 presents curing exotherm for three 

materials and suggests that Set 45 and Neco-Crete may be suitable for low 

temperature applications. Shrinkage, thermal expansion and durability tests are 

yet to be reported. 
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Smith (1974) reports the use of Pre-Krete which is supposed to be fast- 

setting, "non-shrinking, non-cracking" parching material. However, Hairvigas 

(1979) who tested this calcium aluminate bzsed material in summer conditions 

reports only qualified success: four "feathered" patches out of six cracked within 

12 months but two "squared patches were sound at 30 months. The  material 

may warrant investigation at low temperatures. 

El Jazairi (1982) reports on the properries of a magnesium phosphate 

based compound - FEBSET45 used in the UX, which is probably a derivative of 

the U.S. compound SETS5 (produced by Set Products, Inc.) and tested under 

normal conditions by Hartvigas (1979) and by Beer et al. both reporting good 

performance. El Jazairi reports also some low temperature behavior. A patch 

was placed in a cold store floor a t  temperature of -18OF (OOF) although the 

mixing was done outside the srore and the floor was infrared heated prior to 

6 

placing (to melt any present ice). 

Janowiecki and Semler (1970) and Semler (1974) investigated a quick 

setfing silico-phosphate cement. The material is based on Wollasronire mineral 

which contains 51% of silica and 47% of lime with traces of other minerals. To 

the ground mineral is added a buffered phosphoric acid solution with given 

specifications. The resulting cured material is porous and white in appearance. 

The  authors report very high compressive strengths (32003500 psi) reached 

within 4 hours and with set time of 15 to IS0 minutes. 

The material behaves well at elevated temperatures but no low 

temperature results are reported. Bonding to Portland cement concrete appears 

to be poor and bonding agents are required. Freeze thaw durability appears 10 

be good and thermal coefficient of expansion is compatible with concrete (mean 

4.6 x 10 F ). The curing process is exothermic which may imply suitability for -60 1 
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cold weather applications. The porosity of the material, however may require 

coating or other measures to reduce permeability to water and de-icing saits. 

3.3 Methods 

As mentioned in Chapter 2, two special methods are considered for the 

specimen tests - stee! fiber reinforcement and heating. For large scale 

applications, shotcreting, use o€ precast patch panels and bonding agents may 

also be considered. Some sources dealing with these methods are reviewed 

below. 

Fiber Reinforcement. Heatinn, Shotcrete 

Fiber reinforced concrete has a rich literarure on its own. Here only 

sources directiy related to bridge patching or heating will be reviewed. As 

mentioned in Chapter 2, the main objective of fiber reinforcement in [he 

current project is to provide a simple heating method- Improved bond and crack 

control may be additional benefits. 

Pailleri and Sarrano uszd fiber reinforced concrete as a means of 

adjusting resiszance for electric conduction heating. Fiber content between 03% 

to 2% by volume, a voltage of 30V (-4C) and current of 3.4 (ie? a power supply 

of 6OW) was used for heating. 

Other short term heating methods have been mentioned in conjunction 

with other repair techniques and materials, e.g, blow torches, kerosene heaters, 

infrared heaters. 

Fowler (1979) and Pand et al. (1975) characterize properties of fiber 

reinforced shotcrete. Fowler investigated the effecr of different types of stee! 

fiber on the mechanical properries. Pand €ound that fibers improve tensile and 

flexural properties of shotcre te but reduce somewhat comprehensive strength 

(probably due to reduced compaction). 
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A short article in Better Roads (in "Sub-Freezing Weather Bridge Deck 

Repaired with Quick-Set Gunned Conciete", 1975) describes the use of 

shotcreting for winter repair. The magnesium phosphaie based material 

(probably Acmaset - see report by Harrvigas, 1979) set in 20 minutes and reached 

2500.3OOO psi in 3 hours at 2OoF. This rapid patching method could be a good 

solution for winter repair operations. The mixing of components is performed 

in the nozzle and thus overcomes problems of short workability times. Conti01 

on mix proportions may be a problem though. 

Precast Panels and Bonding Agents 

Precast panels can be used to repair large areas. Two problems arise - 
maintaining continuity of the reinforcement and bonding of the paxels to 

. _. . 

.__. , 

I 

existing concrete. 

Elkins and McCullough describe a repair s y s ~ e m  which lilaintains I 
I -_ 1 

reinforcement continuity through lap joints filled with cast in-place accelerated 

set or polymer concrete. To shorten required splice length, "positive" connection 
I 
I 

of reinforcement can be achieved by welding or clamping. 

Meyer and McCullough (1953) give more details on the procedure 

described in the preceeding paper, including illustration of acmal implemenrioi: 

(on lH-30 near Mt. Fleasant, Texas). Welding on some patches and U bolts on 

others were used to connect the reinforcement and MAMA based polymer 

concrete was used for bonding. Performance is reporzed good 3 years later. 

Creech (1975) performed laboratory and field tests for partial penetration 

precasr panel patching. The problem associated with partial depth patching is 

cutting a constant depth smooth patch and bonding to the horizontal surface. 

The  experiments demonstrated the feasibility of cutting a satisfactory patch. 

Epoxy was used for bonding and performed satisfacrorily but cured too slowly. 

A fasr curing epoxy is required. Due to the additional difficulties involved. 

I -- 

I 



careful preparations and more experience is required with this technique. Cold 

temperatures present special problems, especially with respect io the bording 

agent. 

Huggenschmidt (1986) reports tests of three epoxy adhesives (normal 

temperatures) for bonding new to old concrete. The author claims that simiiar 

formulations can be used to bond precast concrete panels and even reinforcing 

steels. The t e s s  at Ciba Geigy, Switzerland incIuded fatigue and c x e p  t e s x  

Two of the adhesives are claimed to be curing at  low temperatures. No data are 

given for set time, however. 

Dixon and Sunley (1953) give a brief report on tesrs on a styrene-butadiene 

Diagonal split prism tests resin modified cemezt grout as a bonding agent. 

indicated bond srrength lower than the control of concrete to concrete bond. 

The problem of cold weather bonding of fresh c3ncree to old apyezrs 

unresolved If bonding agents become necessary (as may be indicated by results 

of the current progam)  this subject will require further investigation. 
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it. SUMMARY OF MATERXAL PROPER= 

Table 4.l presents a summary of reported properties of materials reviewed 

in Chaprzr 3, which are relevant to cold weather patching of concrett bridge 

decks. Also included are some brand names not covered by the literature survey 

for which the manufacturers' supplied data were csed. 

From rhe table, which is only a partial list of available marerials, i r  can be 

seen that potentially suitable materials are available for winter parching. 

Experience with actual performance, however, is very scant, and to the extent 

that it exists, has been disappointing. 

A n  extensive testing and assessment program is called for to evaluate 

performance of available materials and to develop a reliable and economic 

system for winter parching. This is the objective of the experiment21 portlon of 

the current project, presented in subsequent sections of the report. 
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Table 4 . 1  - Suriiiirary of Material  Proper t ies  

-. 

Cure t i%c, Ease o f  Appl  icabi  1 i ty  
Set t i  lire temperature trcindl i n g  & i n  Wet 

apppl . -I-- i c a t i o n  Conditions Coiiriicn t s Ma t e r  i a 1 1irs:iirins s t rength  

PC Type I 1 1  i - 1 tir 3 days @ 50°F Cdsy Yes Too slow, h c d l i i i g  required 
CdCl 2 %  

CdC'12 - 1 Irr 3-7 days 0 Cdsy Yes Too slow, inay I)c ok with soiiic 

( i N d C 1 )  c 20 X 0°F - 1 4 ° F  trea t i  ng . 
not known. 

C f 1 oc 1 on durabi 1 i l y  

"Ilydra Set" I n i t i a l :  1:50-3 trrs 24 hrs @ 40°F 
( CaCl 2 )  F i n d l :  -2 :15 -4  tirs 1660 psi 

"Darasct" I n i t i a l :  - 2  8 lrrs @ 75°F - 
( C ~ I ( N ~ , ) ~  -t. F i l i a l :  - 2:30 2000-2500 Ilsi 

Ca( NU2); ,  

"L/\-40" ( N d S C N )  I n i t i d l :  2-1) 3 days @ 40°F 
Fiiidl: 4-12 32!jO psi 

Easy 

" / \ccclecJu~rd 1)O" I n i  l i a l  : 3 days I? 40°F 
( ca (  N O j )  1 2 : 40- 4 : 50 20GO psi 

F iiial : 
3:15-7:30 

Yes 

Ileported by Md~tidaiii e t  a1 . 
(1904)  

Daraset not s u i l a b l e  f o r  low 
leiiiperatures. Uarcx has best 
a1 1 arourrd p r o p c r l i e s .  
Ilytlraset d l so  s d l i s f d c t o r y  

No sub- f rwz i iig pcrfortnance 
rcpor ted 

lleating may 1,c rcqui red 



~ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

m 
U 
S 
a 

0 
W 

gI - 

I 3L. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

v) 
L 
0 
4 
el 
L 
Y 

-- . 

I 

0 a n  
5 
J o c  

+ a  

m 
a 
2- 

m 
aJ =- 

v) 
a 
> 

h 
Y 
> 
7 

.- 
I 

5: 5 I 
I 

I 
I LJ 

2 ?J 

w 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

LL 5, c 3 .- 
h -  
o z  .- 

- - - 
3 
3 
L 

v) 
i) 
L 
3 
4 
10 
L 

I 
0 

* E  
< z 

3 
3 
3 
T 

I 
h -  I 

I 
I 
I 
I 
I 

m 1 

- I 

a 3  I 

5 I 

v I m  
c L  

c z I 
N I 
I I 

,-+ I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 

UI I 

i 
.-J 

Y c I 
1 

J 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
h I 
3 I 
Y I - I 

h 

V 
Y - 



53. I 

h 
3 
- v1 

QI 

i3 

0 
a 

2 
I 
I 
I 
I 
I 

a 
2 
a L 

c . v 1  
a 
U 
L 
a c 
0 
L 
c 

.C 

- 
rJ .- 

w 

L 
a 
a 

- 
U 

-- IT 
Y- 
O 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

b 

Y 
4 
m 
a 
h 
0 c 
c Y 

L 
3 



Table 4 . 1  - Suiiimary o f  Material Proper t ies  

_ _ _  Applicabil  i t y  
Cure tiiiie, Ease  o f  

Set tinie tenipera t u r e  liantll i n g  & in  Wet 
Conuncn t s Material hrs:inins .~ s trenq tli appl ica t ion  _ -  Conditions _-__ 

-- Maqnesi uin Phosphate - 

Sct-45 : 15 niin CJ 6 Iirs @ 0°F 
20°C 2000 IJSi  

Uarex 240 - - 

Aciiia se 1 

E ~ I S Y  

Spcc i a 
ac l i  va 
Spec i a 
so l  veil t 

Necocrele 

Uostick 276 

S i  1 ico-Pliosplia te 
Cenieri I 

- 10 niiqs @ 
-70°F 

- i G O  a i n s  @ 
32°F 

Adjustable 
: 15 inin-2:30 
a 1  -70°F 

: I 6  iiiiris P 
roo111 tcnl[l 

1 Iir Ca 70°F 
1780 psi 

1 Iir (3 72°F 
2000 psi 

4 hrs @ -70°F 
3200-4500 psi 

3 tirs P rooni 
Lelnp. 2200 psi 

o r  

Easy 

Easy 

conip 1 c x 
prcpara t ion 
no pre- 

p a c k a (J e d 
1, a c k a ge 

Yes Pronii s ing . Ncctls i r ives t i  ya t iori 
in  cold.  

Probably Not enough i 11 I orwa 1 ion. 
Doubtful per1 orniance in  

Probably col ti. See "lhi-cx" as 
a c c e l e r a t o r .  IloLIi clainied 
s u i t a b l e  f o r  cold.  

Yes 

Yes 

Yes 

i'oor bond ' to  iiti rtlcned concrete .  
Porous, perwicdbl e .  

No cold tciiii) 1~t:i.I orniarice 
reported.  A p i w d r s  t o  requi r e  
snioolli bounddi.ics. 



', I 

Table 4 . 1  - Suinmary o f  Material Proper t ies  

Cure t7nie, Ease o f  Appl icabi  1 i t y  
Set tinre tenipera l u r e  tiandling E i n  Wet 

Material trrs : n i i  ns s trenqth apkl i c a t i o n  Conditions Coiiiincn I s  

Speed - c re  t e 

Texas n i i x  
( P o r t 1  and cenien t 
E gypsum) 

Minute  
Patctr 1-2-5 

Set Iris tdn l  
( S i l i c a )  

Anti I-iydro 

Concresi vc 
1001- regula lor  

100 1 - I. 1'1. 

1419 

Ooncres i ve 1422 
Epoxy bond i ng agurr t 

:3-5 iiiins @ 24 tirs cd room Easy 
roo111 te1iip Leilip , 2200 p s  i 

- niore than 4 hrs  Easy 
i n  winter  

Yes Some exper icricc:s i n  wi ri t e r ,  
doubtful .  Scciiis bel te r  
w i t h o u t  grave 1 .  

Doubtful iti winter.  
Yes Good experictiice i n  suninier. 

1 

2 tirs in  winter  Easy Yes Low wear pcr.f uriiidnce. 

90 iiiins, Easy 
winter 
tieating 

24 tirs, 500 psi  Easy 
( rooni teiiip. ) 

5 tirs (? 75°F 3 days @ 75°F ttiiii l i q u i d  

4 hr>s @ 40°F 4 Iirs (3 75')IY v.iscous 1 iquid 

- 40 tirs CJ 1G"F reasonably 
3600 p s i  easy 

- 24 hrs  L? 25°F 

Probably 

Yes 

Doubtful perforwarice, 
pos s i b1 e ti i CJ Ii slir i nkage. 

Doubtful pc r forwiarice i n 
winter (riol repor ted) .  

too  slow 

working teinp. 25-50"F 
(soinc heatiiig iiiay be required)  . 

Ul 
u1 

I 



Table 4 . 1  - Suniiiiary o f  Material  PropcrLies 

________. _______ - 
Cure tiiiie, Ease  o f  A p p l i  cab i 1 1 t y  

Se t L i irie teiiipera l u r e  Iiaritll itig & in  Wet 
Ma t e r  i a 1 hrs : i i i ins s treriy tti a p p l  icat ior i  Coridi t i o n s  Coiiiincn __- 1 s -- 

Coric res i ve 2020 
Acryl i c  polyiiier - 4 5  i i i ins @ 1 - 3  lirs @ 20°F 
coricre tc ( MEIA) 40°F 

Tran spo 
Po 1 yiiie r 
Coircre l e  (EIMA) 

I 

pol  l i f e  32°F:  105 i n i n s  
10-15  i i i i t is  14°F:  120  in ir is  

See MMA 

see MMA. I)iwl)ably s i i i i i lar .  
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PART II: EXPERJM3”AL PROGRXMS 
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58. 

INTRODUCTION 

Part I of the report surveyed the relevant literature and identified a large 

number of materials and methods, potentiaily suitable for cold weather 

application. Part I1 covers the second phase of the project, involving an 

extensive testing program aimed at evaluating the performance of some of those 

materials, at the specimen leveL 

The large number or' marerials identified in the literature search 

necessitated splitting this second part of the project into two main phases. The 

first phase comprised screening tests of a large number of commercially 

available products The  tests involved the determination of early sxength 

development Those materials which performed well in these screening tests 

were subjected to a more extensive and rigorous testing program which involved 

various types of srrength and durablliry tests. A supplementary phase, invclvll7-g 

slab specimens was implemented to assess two-dimensional eff e m .  

The report presents experimental procedures and results of the rhree 

series of tesrs, namely the cylinder screening tests, the prism tests and the slab 

tests. Conclusions are drawn and recommendations made concc:niil,o the 

performance of the tested materials and the need for furrher invesllgatlcns. 

Table 5.1 lists in categories the extensive testing program conducted. 



- 
. Cvlinders 

Preliminarv Tests: Materials 
Strength 
Slant Shear Dry Patch) 
Slant Shear I Moisr: Patch) 
Trial Mix - Parent Concrete 
Control Cylinders for prism tests 
Control Cylinders for slab tests 

Table 51 Testing Program Listing 

Prisms 
Static Tests (Dry Patch) 
Static Tests (Mdist Patch) 
Cyclic Tests Dry Patch) ' 
Cyclic Tests i Moist Patch) 
Freeze-Thaw Tests 

Slabs 
Long Patch Smooth Surface) 
Long Patch I Rough Surface) 

Control 

Smooth Surface) 
Rough Surface) 

51 
21 
21 
21 
60 
90 
4.6 

30 
30 
15 
E 
18 
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6. SCREEXIXG TESTS 

6.1 Materials 

As mentioned in the introduction, a large number of materials emerged 

from the literature survey as potentially suitable for cold weather application. 

These materials can be grouped under three categories: Portland cement based, 

polymer based, and non-Portland cement based materials. 

65-1 Portland Cement Based >laterials 

To  adapt them to low temperature applications, Portland cement 

concretes are modified in some way. The modification may be of the cement 

itself or of the fresh concrete through the addition of admixtures, or a 

combination of the two methods. In addition to cold wearher application, 

concrete for pavement patching involves set acceleration. Set acceleration is 

often an  exothermic process 2nd n a y  help prevent premature freezing. Scme 

accelerating admixtures (e.g, calcium chloride) may also have an antifreezing 

I 

effect. 

Modified Portland cements include high early strength cement (type 111). 

Regulated ser cement (932.2) and shrinkage compensating cement (S3.22). The 

relevance of the latter in patching COnCitte may be for improving bond to 

existing concrete. 

Admixtures may include, in addition to air entraining and water reducing 

agents, accelerating and/or antifreezing and other early strengrh promoting 

materials (e.g, silica fume). Of the acceleratinglantifreezing agents, the most 

commonly used is calcium chloride (CaC1,). d The effect of this agent on 

corrosion is still controversial. In the United States its content is generally 

limited to 2% or less. For calcium chloride to be effective on its own. withour 

heating, substantially higher contents are required. Most of the experience wirh 

high calcium chloride contents comes from the Soviet Union wi;h supporring 



evidence from the U.S. (533-1). Other antifreezing agents were used by tSe 

Soviet sroup, particularly sodium nitrite (XaNOT). - The latter, however, does ace 

have an accelerating effect. 

Various proprietary admixtures are available for cold weather application 

which contain various active ingedients but actual experience and test data at 

sub-freezing temperatures are very scarce. 

Some polymer modifiers are accompanied by exothermic reactions w nich 

could have a freeze retarding in addition to water reducing effect 

(332.4). Polymerization, however, is usually retarded a t  low temperatures. 

6 U  yolvmer Concrete 

The binding agent for the aggregate in polymer concrete is a 

rather than Portland cement. Since they do not contain water, 

concretes are not subjected to frost damage. Low temperatures 'can, 

affect their setring rate and other physical properties. 

8 

polymer 

polymer 

h 0 w 2 v z r, 

The  most widely used and tested polymer concrete is methyl methacrylate 

(M-MA) based (333) but only one source (Romano and Butrick, 1981) reporrs a 

sub-freezing application, which was successful- Other polymers for use as 

binders in polymer concrete, include polyester, epoxies and polyurethane. Some 

tests at  low temperatures were carried out on these polymers (Johnson, 1980) 

with encouraging results reported for polyester and polyurethane, but epoxies 

do not set well at  sub-freezing temperatures. 

6 - E  Non-Portland Cement 

Most prominent amon: non-Portland cements is magnesium-phosphace 

cement. Other materials are based on calcium aluminate (high alumina 

cements), gypsum and various commercial products of undisclosed composition. 
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6 3  Test Procedure and Results 

Seventeen materials were obtained from manufacturers and tested under 

the screening tesrs program. The materials are listed ,oenericaily (with resulLs 

and commenrs) in Table 6.l, under their respective groups. Some fast setting 

materials, particularly water based, may require short-term heating to accelerate 

serting and/or prevent premature freezing. A heating method was deveIoped to 

accommodate such options (Pailleri and Serrano, 1977), employing 0.75% to 1% 

steel fiber reinforcement and a low voltage power source. The fibers act as 

conductor/resistor for the electric current which can be adjusted to provide the 

required amount of heating (Fig. 6J) 

All specimens were 4x3 inch cylinders cast and mainrained a t  arnbien: 

temperatures of b0F to 20°F. The cylinders were tested for compressive 

snengrh at 21 hours after cas:ing. Orchary  Por:land cement mixes were 52szd 

on a standard mix (see specimen tests for details) Commercial producrs were 

prepared in accordance with manufacturers’ instructions. 

I 

Results of the screening tesrs are presented in Table 6.1 for both heated 

and non-heated specimens. It can be observed that none of the Portland cemenr 

based mixes produced adequate strength ar 24 hours. Of the polymer concrecss. 

methyl mechacryla te and polyurethane based materials performed well. The 

polyester based material, although possessing adequate strength, performed 

poorly by other criteria, having very poor workability, high shrinkage and 

strong odors. The material was, therefore, omitted from the second phase. In 

the non-Portland cement materials group, the magnesium phosphate based 

products performed very well. 

1 
1 



Table 6-1: Screening Test Results 

24 hrs. Compressive 
Strenorh (?si\ 

Manufacturer Son-Heated Heated Comments Product 
~~~ ~~ 

Portland Cemenr: Admixtures 

L CaC1, (14%) 
2. Antin'ydro 
3. Plastocrete 161HE 

(accele r a tor) 
4. Plastocrete 16LF 

(accelerator) 
5. Sikamentjc 
6. Regulated set 

cement 

Dow Chemicals Did not set Y.A. 
An tihvdro Did not set 
SIKA ' 

S IKA 

SIKA 
National 
Gypsum 

, 

3cco 

39GO* 

3600* 

1760* 

* 

450 

N.X. 

N.A. 

N.A. 

?i.-A. 

Polvmer Concrete 

7.  Gold label 

8. Transpo T17 
(>MA) 

9. Concresive 2020 
(Mlvl A) 

10. Percol S-1CO 

(polyester based) 
Preco Indusr. 

Transpo Indust 

Adhesive Eng. 

Sxong odor. 
low workabiliiy 

Strong odor, 
good 
workability 
very fasr se1 ARXCO 

(polyurethane) low elastic modules. 
disposable utezsiis 
required 

Non-Portland Cements 

IL Set 45 . Master Build 
Magnesium hosphate 
(water based! 

12. Bostik 276 UPCO 
Magnesium Phosp hats 
(non-water based) Products 

3cco* N.A. good 
workability 

1600- 3800 
Bostik Const. 

mild 
odor good 
workability 

13. Pr e Kre t e 
(calcium aluminate) 

Pa tterson-Kelley 760 1000 

517 

14. 
15. 
16. 
17. 

Sonopatch 
Sonorrrou t 

Rexnord 
Chemical Did not sell 

Did not sell 

Did not sell 

High shrinkase 
Sonoi'et Products 
Speed Crete TAMlvLS Indust. 

N.14 = not applied 
= selected for furrher investigation x 
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Fig. 6-k Heating Method 
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7. SPECIMEN TESTS 

7.1 >laterials 

Based on results or' the preliminary screening tests, five produc:s 

representing four generically distinct materials, were selected for furrher 

investigation at the specimen level. These materials are designated as follows: 

.- 

Ml 

1%~ 

Transpo - Methyl methacrylate based polymer concrere 
(No. 8 in Table 6J) 

Concresive - Methy1 methacrylate based polymer concrete 
(No. 9 in Table 6-1) 

P1 

P2 

U 

Set 45 - Water based magnesium phosphate 
(No. ll in Table 6-l) 

Bosrik 276 - Non-water based magnesium phosphate 
(No. 12 in Table 6J) 

Percol S-1CO - Polyurethane polymer concretz 
(No. 10 in Table 6-l)- 

The specimens thenseives, representing "existing" or "parent" concre t z  

were cast of a standard mix, using ordinary Portland cement,ASTM Type 111. 

Weight proportions of cement to sand to coarse aggregare were U.45LL63. The 

water/cement ratio was 0.45 and the coarse aggregate was 3iS in. crushed basa!t. 

Air entrianing agent was used with air contznt, as measured by the pressure 

method (ASTM C231-82), ransing from 55% to 7% by volume. Slump ranged 

from 1 in. to 4 in. 

7.3 Design of the Experiments 

An experimental investigation normally consists of assessing the effecrs 

of a number of controlled parameters (factors) on a number of measured 

response variables. The main objective of the present investigation is che 

evaluation of the performance of the selected patching materials. In order co 

provide as many evaluation criteria as possible, a l a q e  number of response 
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variables (i-e-, experiments) was adopted- Experimenrs fall under two general 

catzgories: strengTh and durability. 

Strength tests involve t e s t i q  of the strengtn of the parching material, on 

one hand, and the bond of the patching material to existing or "parent" concrete, 

on the other. The measurement of strength depends on the mode of loading - 

compression, tension, shear and flexure strengths, for instance, are distinct pyes  

of strength. In addition, in the conte.xt of structures subjected to dynamic loads, 

both static and cyclic loading are of interest. 

Durability of concrete in highway structures is affected by two major 

processes: freeze-thaw cycling and corrosion of reinforcement due to de-icing salt 

chloride attack. It has been established that the cause of corrosion is nor so 

much the presence of chloride and orher cations, but of ion gradients which 

cause ion movements in which steel in areas of high cation concentrations ac:s 

as the anode. Since patch material does not normally contain chloride ions, ion 

gradients are established across the patch boundary between the patch and the 

surrounding concrete, which may promote active corrosion. 

The above considerations led to a testing program which consists of six 

1 
7 

. ~ -  -1 
i . .  

experiments as follows 

Strength Tests. 

Cylinder Tests: 

L Compression of neat patch material 
3, Slant shear of patched specimens (Fig. 7.1) 

Flexure Tests 

3. Static loading of patched prism specimens (Figs. 7.2.7.3) 
4. Fatigue loading of patched prism specimens (Figs. 7.3, 7 3)  

Durability Tesrs 

5. Freeze-thaw durability of patched specimens (Figs. 7.2, 7.4, 

6. Change in half cell corrosion potential across patch 
73)  

boundary during f reeze-thaw cyciing (Fig. 7.6). 
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Patch Mater ia l  

Saw Cut Surface 

Pa ren t  Ma te r i a l  , 

Fig. 7-1: Slant Shear Specimen 
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1 

S b  

112 

Full 

l l o w  

D c p  h 

I 

D e p t h  3 

Fig. 7-2: Flexure Specimens 



cs ", . 

.. . . . . . . . .. . . - -. . . 

Fig- 7-3: Flexure Test Set-up 

Fig. 7 3 :  Freeze-Thaw Chamber Layout 
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Fig. 7-5: Freeze-Thaw Specimens in Salt Bath Prior to Testing 

Fig. 7-6: : Hal€ Cell Corrosion Potential Measurement 
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Havmg designed the experiments in [ e r a s  of measured responses, what is lefc is 

to determine what parameter effzc:s need to be considered. Many factors n a y  

affect the behavior of patches in concrete. Naturally the major parameter is the 

patching material itself. Additional factors may include patch geometry, patch 

surface conditions, ambient conditions (temperature, humidity) and others. In 

view of the large number of responses selected, only one factor was iixtiaily 

included in the investigation in addition to material type, in order to limit the 

size of the experiment This additional factor was patch depth, which is related 

to patch geometry (see Fig. 73). Three patch depths were involved: a shallow 

depth (approximaIely 10th of the full specimen depth), half depth and full depth. 

This factor applies, naturally, only to prism specimens. A third facror - age - was 

applied to cylindrical specimens (stiength cests) only. Cylindzrs wtre tzsrz6 a i  

ages of 7 and 24 days (see procedures below) 

The  experimental design can be summarized as follows: each of the four 

experiments involving prism specimens can be considered as a factorial 

experiment involving two factors (material and patch depth) at five levels 

(materials) and three levels (patch depths) respecrively. Cylinder tesis are 

factorial experiments with two factors (material and age) at five levels and two 

levels respectively. Since methyl methacrylate materials occur in two 

configurations - with and without Sravel - these experiments were modified co 

seven levels for the materials and two levels for age. 

Following completion o€ the test series, experiments 2 through 5 were 

repeated under conditions of moist contact surface between patch material and 

parent concrete. The objective of this supplemental test series was to assess che 

effect of humid patching environment on patch performance since avoidins [he  

need to dry the patched surfaces prior to testing can be highly beneficial. 
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Although the sequential nature of the proedure ,  dictated by time schedule 

constraints, may introduce some systematic eriors, it was thought ;hat such error 

could not amount to a hignly significant e f fecr  This supplementary test series 

introduced an  addirional factor - moisture - at two levels (dry and moist). 

7 3  Procedure 

7 . 3  Suecimen Preoaraiion 

Specimens were cast of the standard mix over a period of six months. 

Specimens consisted of 4x8 in. cylinders and 3x3~14 in. prisms, with the patch of 7 

in. long by the appropriate depth blocked o u r  Some full prisms were casi as 

controls. Prism specimens were reinforced with two #3 bars (Fig. 7.2). Specimens 

were cured for  seven days under plastic cover and then stored in air in the 

laboratory for  a minimum of 3 months prior to patching and i e s m g  operations. 

This procedure ensured mature concrete with time and maturiry effects 

expected to be negligible. Cylinders were taken from some barches for 25 days 

moist curing and testing to determine compressive s t rength 

732 Cvlinder Tesis 

Cylinder specimens for  slant shear tests were diamond cut at  45' to their 

axis, as shown in Figs. 71 and 7.7, each cylinder producing two half cylinders €or 

parent material. In all, twelve 4x8 in. cylinders were cast of each patching 

material - six full cylinders and six half cylinders cast Over the diamond cut 

surface of the parent concrete (Fig. 71) 

All cylinders were cast in a temperature COntrOlled room a t  temperatures 

of 15'F to 20°F. Patch mixes were prepared in accordance with manufacturers' 

instructions, where appiicable. M a p e s i u m  phosphare materials were 

prepackaged and cast as received. hClzthyl methacrylate may be cast w i t h  or 

without coarse pea gravel added to the sand containing prepackaged material. 
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- - -  
Fig. 7-7: Diamond Saw Cutting of Slant Shear Specimen 
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deDending on patch depth. Accordingly, two sets of cylinders were cast of each 

of ;he two MMA based materials - one with and one withoui 3i5" pea gravel, 

thus augmenting ;he number of materials tested by two. 'The gravel containin,a 

mixes are denoted Ml(G) and M2(G) to distinguish them from the non-gravel 

containing mixes of -hN and M2, respectively. The  polyurethane binder is a low 

viscosity liquid which is poured over the preplaced aggregate (31'8'' pea gravel). 

Three cylinders of each specimen type were tesred in compression at 24 

hrs. and at seven days after casting and curing in the cold room for The full 

period. Specimens were allowed to thaw for 1 to 2 hrs. prior to testing in order 

to maintain uniform conditions during the test. 

Control cylinders of the parent concrete were tested at age of 25 days 

moist cured. Other cylinders were cured with the speciizens and tesztci 

simultaneously with flexure tests to assess the actual strength of the parent 

concrete at  the time of tests. 

733 Flexure Tests 

Casting procedure for flexure specimens was similar to that of cylinders. 

Patches were cast in the cold room and stored there for seven days. Shallow 

patches of MMA marerials contained only sand. Half and full depth patches 

also contained 3/5 in. pea gravel. Shallow, polyurethane patches contained no 

aggregate while half and full depth patches conrained 3/5 in. pea gravel. 

Static tests consisted of loading the specimen at a consrant rate of 

deflection (stroke controlled) to failure. The full loaddisplacement curve and 

the failure mode were recorded (see Fig. 73 for the test set-up). Fatigue tests 

were carried out  in the same test frame. Load was cycled between 250 Ibs. and 

1.750 lbs. (approximately 0.06 to 0 5  of the ultimate load) a t  10 cyc1es:second. 

Ultrasonic pulse velocity readings were taken prior to testing and after 3O.OCO 

-1 
I 

.-.-.. 

- J 
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cycles to assess the extent of cracking (see Fig. 7.9). Cycling was then continued 

to failure or to 1 million cycles, whichever occurred first. 

17.4 DurabiIitv Tars  

Durability tests werecarried out on prism specimens similar to those used 

in flexure. In order to initiate a corrosion cell, specimens were placed in a 

saturated salt solution for seven days prior to patching (Fi,o. 73). Half cell 

potential readings were taken prior to patching and confirmed :he existence of 

potentially active corrosion celL Patching operations followed the same 

procedure as for flexure specimens. After seven days of cold storage, specimens 

were put in the freeze-thaw chamber (Fig. 7.4) and subjected to 300 freeze-thaw 

cycles in accordance with ASTM Standard C666 Procedure A. Half cell 

potential, ultrasonic pulse velocity and weight measurements were taken prior 

to cycling and at  intervals not exceeding 36 cycles of exposuie to the freezina- 3 

and-thawing cycles. 

735 Moist Surface Tests 

Moisture is regarded as a qualitative factor in these experiments. Patched 

surfaces were moistened with a wet rag outside the cold chamber prior to 

patching in the cold chamber. This procedure has the effect of converring 

surface moisture to surface ice at the time of patching. However the moderate 

amount of moisture was insufficient to produce an ice film. 

7.1 Test Results 

7.4.1 Cvlinder Tests 

Table 7.1 presents results of compressive strengths and slant shear bond 

strengths for the seven patching materials in dry conditions. Failure modes of 

slant shear tests are also indicated. The threc failure mcces - bond failure, 

material failure (parent or patching) and the combined node - are illusrrated in 
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Table 71 Cylinder Test Results (Dry) 

Con?ressive Slant Shear SiiengIh (psi) 
Pztch Material Parent *+  and Failure Mode (F.M.Y 

-Material 1 day 7 days 28 days l d a y  FM. 7 days F-M. 

9788 7918 3541 4138 PC 3661 PC 
9823 8475 5 6 1  4019 PC 3820 PC 
9825 5037 4536 PC 3700 PC 

M 

4806 4456 PC+B 5252 PC 
PC 

m ( G )  6605 7003 
644% 8117 @81 65ll PC 5133 

7878 4456 PC+B 5889 PC+B 

6923 6257 3385 4215 PC 3700 B 
7525 6326 d 2 4  5650 B 3899 
7043 6366 , 3571 B 3661 B 

B 
M2 

M2(G) 4775 5610 40’70 
4934 5531 3 2 4  
3775 5570 

4297 PC 5i33 TC 
1536 PC+P?/L 54U PC+PM 
4457 PC 5093 PC 

6923 7639 3573 2984 B 4934 B 

6366 7162 425.7 PC 
B 

P1 
6724 7242 9 5 0  2149 B 5252 

PZ 4a.5 4775 3501 3320 PC+B 4576 PC 
4536 5769 - 7 3  3,467 PC+B 3979 PC+PM 
4775 5411 5342 PC+B 3479 PC+B 

1671 2984 4505 2109 B 7 s  PC+P?VI 
1570 2565 -54.8 2149 B 2905 B 
1751 2565 2069 B 2525 i3 

U 

* 
PbI = parch material, PC = parent concrete, B = bond. 

Mean + Standard Deviation of six sets of 3 cylinders taken from parornt 
concrefe batches used in slanr: shear tests 

L* 

. .  

1 
z1 
. I  . -  

‘i 
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Fig. 7.8. The  results are presented graphically in Fig. 7.9. The  error bars shown 

in Fig. 7.9 are the srandard deviation and indicate the variability of the resulLs. 

It can be observed that all materials possess adequate srrength. Sianc 

shear srrengrhs are generally lower than compressive strengths, with gravel 

containing & M A  based material having somewhat higher strength than the 

magnesium phosphates. The behavior of M3fA based materials is noteworthy: 

Mixes with gravel have higher slant shear strength but 
lower compressive strengrh than the plain mixes. 

While generally there is an increase in strength with 
age, plain MMA mixes appear to shed strength with age. 

There is considerable difference between the two MMA 
compounds with bll being clearly superior to &12. 

These aspects are further commenced on in the discussion that follows. 

Results for slant shear of m o i s  patch cylinders are presented in Table 7.2 

and Figure 7.9~. 

7.1.2 Flexure Tests 

Figure 7.10 displays a typical lcad de€lection curve of a statically loaded 

and of a cyclic loaded specimen. Additional curves are reproduced in Appendix 

A. 

Figure 7.U shows typical failure modes of the three patch geometries. 

Failure is often initiated by tensile bond failure a t  the patch-parent boundary, 

followed by a shear failure. No delamination of patches (particularly shallow 

patches) was observed for dry specimens. Some moist path specimens showed 

limited delamination under cyclic and static loads, particularly Percol (U). 

Results of the two replicates of sracic tesrs are presented in Tables 7 . 2  

and 73b and in Fig. 7.12. The cyclic tests are presented in TabIes 7.la and 7.4j  
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Fig. 7-8 Slant Shear Failure (continued) 
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Fig. 7-8 Siap: Shear Failure (continued) I 
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( h )  @(G) - 7 d a y s  

Fig. 73: Slant Shear Failure (continued) 
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Fig. 7-8: Slant Shear Failure (continued) 
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Fiz. 7-8: Slant Shear Failure (continued) 
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Fig. 7-8: Slant Shear Failure (continued) 
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Table 7 2  Slant Shear Strengrh - Moist Specimens 

Ma t er i a1 1 day - F.M. 7 days F.M. 

Ml 4058 
3661 
2575 

PC 
PC+B 
PC+B 

3661 
4337 
4655 

PC 
PC 
PC 

I 
88. 1 

I 
7 
7 

MqG) 4775 
3899 
3661 

B' 
PC+B 
B 

3104 
4615 
4337 

PC 
PC+B 
PC 

M2 4775 
3899 
3661 

B 
PC+B 
B 

3104 
4615 
4537 

PC 
PC+B 
PC 

>E(G) 4058 
4934 
4297 

PC 
B 
PC 

4058 
3 x 2  
5371 

PC+B 
PC ' 

B 

P1 2507 
I552 
2865 

B 
B 
B 

1035 
1472 
955 

B 
B 
B 

L1 

P2 1592 
7% 

2706 

B 
B 
B 

1790 
1074 
1432 

B 
B 
B 

477 B 1472 B 
1472 B 1432 B 
1592 B 1432 B 

I 
J 
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Fig. 7-10: 

F I e x u r e T es t ( S ta t i c) 

(a) Static Load 
Typical Flexure Load-Displacemenr. Curves 
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(b) Cyclic Load 
Typical Flexure Load-Displacement Curves (continued) a Fig. 7-10. 
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Fig.7-ll: Typical Failure Modes of Flexure Specimens 
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Fig 7-11: Typical Failure Modes of Flexure Specimens (continued) 
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Table 73a Static Flexure Test Results - Dry Patch 

Material Depth’ Pu(K) fc’ (psi)- Failure Mode” 

” C 2.6, 3 3  
H 4.4, 3.9 
F 4.2, 3 5  

6700,6050 
59C0,640 
&50(+), 6300 

B+S, B+S 
B+S, B+S 

B, B 

312 S 33,325 
H 3.1, 35 
F 3.9, 3.75 

5700,6300 
5700,6300 
6800,6400 

F+S, B+S 
B+S, B+S 
B+S, B+S 

P1 S 3.6, 3.7 
H 4.l. 4.0 
F 3.9; 3.4 

5500,6;00 
5900,6300 
6960,6600 

s ,  f 
F+S, S 
B+S, B+S 

P2 S 3.45, 4.0 
H 2.7, 4.0 
F 27, 3.0 

59C0,5600 
5500,6400 
6300,6400 

F-S, F 
B-iS, F+B+S 
B, F+B+S 

U S 3.4, 4J 450,6300 B+S, B i S  
H 35, 3.7 5700,6300 BtF, B+S 
F 2.7, 32 5050,6400 B, B 

Control 4.0 
43 
3.9 

5100(+) 
6100 
7200(+) 

F+S 
F+S 
F+S 

* 
Patch depth  S = Shallow, H = half depth, F = full depth 

Cylinder strengsh of parent concrete cured with specimen 

B = tensile bond, D = delamination (shear bond), 
F = flexure, S = diagonal shear. The letters in combined 

modes appear in sequence of occurrence. 

n* 

xp* 

(t-) = 25 days moist cured cylinder 
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Table 73b Static Flexure Test Results - Moist Patch 

f ,‘(psi)” Failure Mode” Material Depth* P . 4 4  

M2 

P1 

P2 

U 

S 7_8,33 
H 3.9, 335 
F 26,29 

S 
H 
F 

6 2 ,  3.6 
29,31 
32,35 

S 38, 3.8 
H 33, 3.75 
F 23, 3.0 

S h  385, 4.0 
H X 5 , 3 3  
F 3.0, 25 

6400,630 
6050,6400 
6500,5600 

6500,6400 
5600,5500 
5500,6000 

6000,5600 
5700,6400 
6200,56CO 

5700,5600 
6200,5600 
5700,5600 

5500,7050 
5500,3600(+) 
- ,7100(+) 

B+S, B+S 
B+S, B+DtS 

B, B 

B+D+S, B+D+S 
B+S, B+DtS 

B, B 

F+B-!-D, F 
B+S, Bi-D+S 

B, B+S 

B+S, F+S 
B+S, B-S 
B+S, B-S 

B+D-S, B-D-S 
B+D+S, B+D-S 

B ,  B 

* 
Patch depth: S = Shallow, H = half depth, F = full depth 
14 

Cylinder srrenzth of parent concrete cured with specimen 

B = tensile bond, D = delaminarion (shear bond), 
F = flexure, S = diagonal shear. The letters in combined 

modes appear in sequence of occurrence. 

**Q 

(+) = 28 days moist cured cylinder 

I 

I 
I 

- I 
i 
i 
1 
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Table 7.4a Cyclic FIexure Test Resulu - Dry Specimens 

(aEd/Ed)ma.n % Maximum No. 

Material Depth* 30,000 cycles* of Cycles Comments 

S 
H 
F 

15 
9 

28 

106 
106 
106 

Bond, flexure cracks 
N o  cracks 
No cracks 

M2 S 
H 
F 

100 
100 
81i 

P1 S 
H 
F 

I 37 
183 
24 

3 3 . ~ 1 0 ~  Bond-shear failure 
No cracks Ek NO ciacks . 

P2 S 
H 
F 

10 
45 
24 

106 Bond, flexure cracks 
106 - NO cracks 
iiSxl0' Bond failure 

U S 
H 
F 

52 
33.2 
135 

Flexure cracks 
No cracks 

204.6~10' Bond failure 

Control 175 
13.9 
23.9 

106 
lo? 
loo 

Flexure cracks 
Flexure cracks 
Flexure cracks 
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i 
Table 7.4b Cyclic Flexure Test Results - Moist Patch Specimens 

-Material Depth* 30,000 cycles Comments 

S 
H 
F 

52 
6 

14 

Flexure cracks 

No cracks , 

NO cracks 

M2 S 
H 
F 

38 
17 
425 

Flexure cracks 
No cracks 
Bond cracks 

P1 I S  12 

H 21  
F Readings nor taken 

Bond, shear, 
flexible cracks 
No cracks 
XI cracks 

P2 S 
H 
F 

46 
18 
10 

Bond, shear crack 
No cracks 
No cracks 

U S 
H 
F 

Delaminated 
De bonded 
De bonded 

Xote all species tested to 1 million cycles 
t 

S = shallow, H = half depth, F = full length 
1EI 

,Maximum change in dynamic modulus: 
3 7 7 

(AEdEd)ma, = m a ~ l ( u ~ v ) i ~ i t i a l ) - ~ u ~ v f i n a l ) - l / ( u ~ v i n i t i a ~ ) ~  

upv = ultrasonic pulse velocity 

7 

-- 
i 

, 

J 
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and in Figures 7 3  and 714. Figure 7.E presents the results in terins of number 

of cycles to failure. Figure 7.14 presents thz results in terms or' the change in 

dynamic modulus, as measured by ultrasonic pulse velocity ar'Ler 3C,CCO cycies as 

compared to the value prior to testing. Figure 7 5  shows the positions of che 

electrodes for measuring pulse velocity. The maximum change in dynamic 

modulus which is proporTiona1 to the square of the pulse velocity, is given in 

Tables 7.4a and 7.4b and in Fig. 714. Tne maximum change in velociIy IS che bes: 

indicator of a major crack, but it should be noted that the presence of 

reinforcing bars makes the detection of cracks difficult In Fig. 714, results for 

the three patch geometries of each material were combined, since parch 

geometry would not affect patch-parent cracking significantly and no such 

effect was observed in the results. This allows for error estimate as shown by  

the crror bars in Fig. 714. A11 moist patched specimens susxined 1 olillicn cycles 

without failure. 

7.43 Durabilitv Tests 

Results of the various measurements of freeze-thaw durability and of 

change in half cell corrosion potential across patch boundary, are presented in 

Table 75 together with visual observations on the conditions of specimens afrer 

3 0  cycles of freeze-thaw. Photographs of the specimens are presented in Fig. 

756 and 717. 

All materials, wirh the exception of the water-based magnesium 

phosphate (Pl), exhibited good durability and had betrer durability than che 

parent concrete. Weight loss results are not very meaningful and are given for 

the sake of completeness only. The results do not discriminate between weight: 

loss of patch and of parent material. In addition, since specimens were not 

saturated initially, initial weight increased due to adsorption of water. The 
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Fig. 7-14 Drop in Dynamic Modulus of Cyclic Flexure Specimens (Dry 
Patch) 
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Fig. 7-15: Ultrasonic Pulse Velocity Measurement Positions 
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Table 75 Durability Test Results 

Dynamic If2 Cell 
Weight LModulus Potential 
Loss (7%) Drop (%’.>” Change Visual 0 bserva t ions Material 

a) Drv Patch SDecimens 

Ml 1 33kl.7 Equalized in Some scaling of 
90 cycles concrete 

E ualized in Extensive scaling 
2 & cycles of parent concrete 

M2 

P1 

6 22t12 

2923 2 No change 

No change 

Conside.rable 
scaling of patch 
material 

I 

P2 2 Slight scaling of 
patch but less t ha2 
parent concrece 

U 5 532.5 E ualized in Exrensive scaling 
25 8 cycles of parent concrete 

- Exrensive scaling Con tr 01s 35 33t3.5 

b) Moist Patch Soecimens 

-Ml l.3 - Equalized in Shallow patch 
30 cycles delaminated 

Equalized in 
30 cycles 

-- 

Extensive 
deterioration of 
patch material. 
Reinforcement 
exposed in full 
depth specimens, 
see figure. 

P1 12.6 

P2 

U 

Ll 

5.7 Equalized in Total delamination 
230 cycles of shallow patch, 

debonding of other 
patches 

*Mean 2 Standard Deviation. 
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Freeze-Thaw Specimens after 300 Cycles (Dry Patches) 
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Fig. 7-16 Freeze-Thaw Specimens af te r  300 Cycles (continued) 
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Fig. 7-16: Freeze-Thaw Specimens after 300 Cycles (continued) 
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Fis. 7-16: Freezc-Thaw Specimens af tcr 300 Cyclcs (con t inucd)  
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Fig. 7-16: Freeze-Thaw Specimens after 300 Cycles (continued) 
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Fiz. 7-17: Moist Patch Specimens P1 af:er 300 Freeze-Thaw Cycles 
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figures give the weight loss (in percent) from the condition of maximum weight 

measured 

The values of dynamic modulcs reducrion suggesr subsrantial inrernal 

craclung. The results for dynamic modulus drop are presenred zraphically in 

Fig. 758 The values are changes in the square of the ultrasonic pulse velocity 

measured, which is proportional to the dynamic modulus. The  actual values of 

the pulse velocity and the dynamic modulus are of no interest since [hey are 

affected by the reinforcing bars. Readings of pulse velocity fluctuated a lot 

during the cycling, possibly due to the presence of ice in the specimen. The 

values given are averaged over all readiog positions and all patch depths and are 

indicative only. Patch depth is not expected to have significant e f fec~s  orr aily of 

the parameters measured, and no trend was observed in the results 
I 

Half cell potential results give the number of cycles after which poien:ial 

readings in the patch equalized those in the parent material, indicating ion 

movement acToss the patch. Magnesium phosphate specimens gave 

approximately equal readings from the start, probably due to the presence of 

phosphate ions. 

Specimens subjected to freeze-thaw cycling were subsequently subjec:ed 

to cyclic flexural load to assess the effect of freeze-thaw cycles on fatigue 

strength. Results are presented in Table 7.6a and 7.6b and in Fig. 7.19. Finally, 
freeze-thaw specimens were broken up ro expcse the reiniorc, *men1 in crder to 

observe any corrosion, parricularly at patch boundary (half depth and full depth 

specimens). Results of this visual inspection are presenred in Table 7.7. The 

observations are combined for dry and moisc parches. Corrosion categories are 

ranked mild, moderate,substantial and intense. The top surface is the surface 

initially immersed in salt solution. Observations on half depth patches relate to 

the Lop reinforcement bar which passes through the patch, observations on full  

! .  
I 1  

.li .1 
i 
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Fig. 7-18: Reducrion in Dynamic Modulus of Freeze-Thaw Specimens 
(Dry Patch) 
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Table 7.6a Results of Cyclic Loading of Freeze-Thaw Specimens - Dry 

Material Depth 
No. of 
Cycles 0 bservations 

S 
H 
F 

It0 
17-p 
10 

Bond-shear failure 
Shear failure 
No cracks 

S 
H 
F 

570 
223.50 

177,700 

Shear failure 
Shear in parent 
Shear in parent 

P1 
S 
H 
F 

6% Bond-shear failure 
820 Bond-shear failure 

Not tesred due to excessive wear 

P2 
S 
H 
F 

(ti60 

1 3 
Shear failure 
Bond failure 
Bond failure 

U 
S 
H 
F 

10 Shear in parenr 

10 Bond, shear failure 
- Shear in parent 

7 
1 

I 

:1 

11 

Control 106 Flexural cracks 
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Table 7.5b Results of Cyclic Loading of Freeze-Thaw Specimens - Moist 

Material Depth 
No. of 
Cycles 0 bserva tions 

S 
H 
F 

D laminated - not tested 
No cracks 3 NO cracks 

% 

S 
M.2 H 

F 

Limited de bonding 
No -cracks 
Limited debonding 

P1 
S 
H 
F 

Not tested due to 
excessive deterioration 
of patch material 

P2 
s 
H 
F 

No cracks 
No cracks 

- No  cracks 

S 
H 
F 

D laminated - not tested 
Debonded but not cracked 
Debonded. Failed by swel 
bond failure 

% 3 
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Table 7.7 Corrosion in Freeze-Thaw Specimeas 

Material . Observations 

116. , I 

I 
1 
-1 

P1 

P2 

u 

Control 

Intense corrosion at  patch boundaries for half and full 
depth patches Some localized corrosion for shallow 
patches 

Intense corrosion at patch boundaries for half depth. 
substantial corrosion for full depth and some localized 
for shallow patches 

Intense corrosion at patch boundaries for full and half 
depth patches. Some corrosion of bar adjacent to shallow 
patch. 

Moderate to substantial corrosion at patcn boundaries 
for full and half depth patches 

Inzense corrosion ar patch boundarv and subsIanTia1 
corrosion along patch for full and half de?r:? pa:cS,es. 
Some. localized corrosion for shallow patches 

Some localized mild to moderate corrosion, particularly 
inner surface of top bar 

i 
I 
I] 

I 
I 
1 
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depth patches relate to both reinforcing bars while observations on shallow 

patches relate io the top bar adjacent to the patch. Table 7.7 lists the relative 

corrosion behavior of the various patching materials. 
- 

7 5  Analysis and Interpretation of Test Results 

In this section, the results presented in the preceding section are discussed 

in terms of their statistical Significance and implications for winter patching 

applications. The discussion follows the same sequence as the presentation of 

results. Under each experiment, results for dry patched specimens (where 

applicable) are discussed first followed by discussion of the effect of moist 

patching on the results. The reason for separating the effect of moisture from 

other effects (particularly of the materials) is discussed in the relevant context. 

75.1 Cvlinder Tests 

The results of cylinder tests are presented in Tables 75 and 7.9 for the 

compressive strength and slant shear tests, respectively. Tables 7Sa and 7.9a 

present the means and standard deviations of the observarions of Table 7.1 in the 

form of two-way tables. The row and column means indicate the effect of 

material and age, respectively. Tables 73b and 7.9b present the analysis of 

variance of the results. The F test of significance yields very high significance 

(at less than 1% level) for both age and material effect and for their interaction 

in both experiments. The srrong interactions means that the effect of one factor 

(e.,a7 material) depends strongly on the level of the other (age). This s1rong 

interaction is due largely to the anomalous behavior of bfl and M2 without 

gravel, namely, the reduction in strength with age. The interaction is apparent 

in Fig. 7.9 by the out of parallel of curves for different materials. If the two 

plain methacrylates are ignored, the interaction becomes small and the row 

means of Tables 7.Sa and 7.9a provide a Sood comparison o€ material 



Table 7.8 Compressive Strength-Analysis of Results 

2. >Ieans zcd  Srandzrd Dtviatiozs (psi) 

i 

1 
1 

A oe 
kl a t eri a1 1 day 7 days Row Mean 

9815 I 23 
6545 k 84 -~ 

6830 k 271 
4828t92 
6671 ? 282 
4642 r 122 
1764 t 100 

5143 k 293 
7666 k 586 
6326 k 40 
5570 k 40 
73.8 k 255 
5318 -+ 503 
2905 I 689 

3979 
7106 
6578 
5199 
7014 
4980 
2325 

Column 
Mean 

5871 6138 6027 
Overall mean 

I 

7 
b. Analysis of Variance 

Sum of Degrees of Mean Significance 
F F(O.O1) 

Source or' 
Variation Freedom 

Mate ri a1 159.4 

Inter action 9598 
Residual LS94 

Age Lo29 
6 2557 392.5 326 
1 Lo29 152 7.68 
6 L50 23.6 356 
27 0.06764 (error) 
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Table 7.9 Slant Shear-Analysis of Results (Dry Patch) 

a. Means and Scancard Deviaiions (psi) 

Ace 
Mate ri a1 1 day 7 days Row Mean 

M2(G) 
P1 
P2 
U 

4231 ? 271 
4774 2 551 
4438 k 1060 
4430 2 122 
2567 ? 590 
3209 k 686 
2109 ? 4.0 

3727 ? 83 
5473- k 
3753 k I225 
5212 t 173 
4514 2 185 
4175 2 345 
2759 c 188 

3979 
5100 
4118 
4521 
3691 
3694 
2419 

Column 
Mean 

4263 
Overall mean 3974 

b. Analysis of Variance 

Source of Sum of Degrees of Mean Significance 
Variation Squa e Freedom F F(C.O1) 

WO5 

hf a terial 27.49 
Age 3.4% 
Inter action 3802 
Residual 5.976 

6 
1 
6 

27 

4352 19.6 326 
3.4% 14.9 7.63 
1 6 7  63 346 
0224 (error) 

TOTAL 45.47 40 
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performance. Ignoring the M and M2 behavior is justified on the grounds that 

the merhacrylates are not used without gravel except in very shallow parches. 

where the material behavior is not well represented by a cylindrlcal specimen. 

Since all materials possess adequate strength, the slant shear tests are the more 

I 
I 

interesting of the two experiments for comparison of performance. Table 7.Sa 

yields the following grading of performance in descending order: Ml(G); M3(G); 

P2-P1; U. This grading is, roughly, in agreement with failure modes observed ia 

Table 7 1  (ascending number of bond failures). - 

Table 7J0a presents the means and standard deviations of moist-patched 

Table 710b presents rhe analysis of variance (ANOVA) of the specimens. 

combined effects of the three factors - material, age, moisture. It can be seen 

from the ANOVA table that the effect of Icoisture, which is significant at the 

1% level, srrongly interacts with both material and age factors With the resulr 

that the age effect is obscured. Even the three factor interaction, which: 

normally should be small is significant at the 1% level. 

The strong interaction of moisture with material is to be expected, since, 

clearly, the effect of moisture is differenr for different materials. In order to 

avoid confusion resulting from the interaction, the effect of inolstuie is handled 

separately from material effects in the following discussion. Materials are 

compared on the basis of dry patched specimens and the effect of moisture is 

considered for each material separately. 

The results of the modified ANOVA are presented in Table 7.11 for the 

seven materials. Here, the tests for each material are considered as an 

experiment with two factors (age and moisture) at  two levels each. It can be 

seen that the effect of moisture is highly significant (at 1% level) for the 

magnesium phosphate and the polyurethane materials but not for t he  

methacrylates. The interaction of moisture with age is also significant for some 

-. 

J 
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Table 710 Slant Shear-Moist Patch-Analysis of Results 

ZL !vvTeans and Scandara DeviaLions (psi) 

hf a te rial 1 day 7 days Row Mean 

M l  3553 c 602 4218 c 50s 
Ml(G) 1563 c 1220 4165 c 850 
M2 4 l E  c 557 4019 c 804 
hE(G) 44% t 453 42.57 t 1030 
P1 2308 c 679 ll54 t 275 
P2 1698 t 959 1432 t 358 
U U80 f 6l.2 144.5 c 23 

3875 
4364 
4066 
4244 
1731 
1565 
1313 

Column Mean 3ll7 

b. Analysis of Variance of 3 Factors 

Source Sum of Degrees of Mean Significance 
of Variation Square Freedom Squ re 

(.lo$ F F 

?/faterial (A) .~ 
Age (B) 
Moisture (C) 
Interacrion (AsB) 

Residual 

6 
1 
1 
6 
6 
1 
6 

56 

15141 
0.635 
19.041 
0327 
2006 

L619 
0.403 

32300 

375 1% 
135 X.S. 
472 1% 
0.81 N.S. 
4.98 1% 
5.705 5% 
4.02 1% 
(error) 

TOTA4L 83 



Table 711 ANOVA of Age and Moisture Effects on 
Slant Shear Strength 

Material Effect 
~,4e0~ Square 

F Significance 

I 
122.  i 

-1 
1 
"-1 

1 
I 

Age 
Moisture 
Interaction 
Residual 

0.017 
0.023 
LO04 
0239 

0.09 
0.U 
5.29 
error 

N.S. 
N.S. 
5% 

Age 
Moisture 
Interaction 
Residual 

0.010 
32-34 
0 3 9  
0.946 

0.01 
268 
037 
error 

N.S. 
> 5% 
N.S. 

Age 
Moisture 
Interaction 
Residual 

050s 
0.cos 
0304 
0533 

0.95 
O X  
057 
error 

W ( G )  Age 
Moisture 
Interaction 
Residual 

0.279 
0.685 
0.684 
0327 

0.85 
'A 
7zl 
error 

N.S. 
> 59" 
> 5% 

P1 Age 
Moisture 
In teraction 
Residual 

0.902 
llJ4l 
8.694 
0257 

3-14 
40.2 
3 3  
error 

> 5% 
1% 
1% 

P2 Age 
Moisrure 
Interaction 
Residual 

0.215 
12552 
0.855 
0.455 

0.47 
27.6 
LSS 
error 

N.S. 
1% 
N.S. 

U Age 
Moisture 
Interaction 
Residual 

0.627 
3.770 
0.111 
0.103 

6-1 
36.6 
L1 
error 

5% 
170 
N.S. 

,US. = Yot significant 

.~ - 

' I  

i 

I 
1 
.J 
- 1  

11 
J 
1 .  1 
J 
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of these materials (Pl). Figure 7.9 indicates that the effect of moisture is to 

mitigate, and in some cases reverse, the effect of age on dry patched specimens. 

Indeed, the effect of age fails to attain significance in any of the maxrials 

tested, when the effect of moisture is added. 

73.2 Flexure Tests 

(a) Static Loading 

The results for the ultimate ssatic load of patched specimens (Fig. 7J.2) show 

very high variability in behavior, expressed as strong interactions between 

material and patch depth. The low result for shallow patch of M l  is parricularly 

surprising, since shallow patches are not expected to have much effect on the 

static load behavior since they are entirely in the cracked zone under flexure. 
I 

Statistical analysis of the results shows relatively high variability. Tine only 

effect which attains sigitiiicance at 5% level is the iilteractions of patch depch 

with material type- If, however, results for shallow patches are ignored and the 

analysis performed for half and full depths only, the interaction is small. When 

the interaction variance is combined with the residual variance for error 

estimate, material affect just reaches 5% significance level while the depth 

effect is significant only at the 10% level (Table 723). Ignoring shallow patches 

is justified on the grounds that such patches are not recommended in praccicc 

since they are subject to delamination. The strong interaction is due largely to 

the methacrylate materials, which, at shallow depth do not contain gravel. 

The following tentative hypothesis is proposed to account for the unexpected 

behavior of shallow patches of methyl methacrylate and particularly MI.. The 

methacrylates which do not contain gravel are subject to substantial shrinkage. 

This shrinkage probably accounts for the deterioration with age of the 

cylindrical specimens. The relatively high tensile and bond strength of  this 

material, and parricularly b11, allow this shrinkage to introduce local prestress in 



Table 7 2  ANOVA of Static Flexure Tests (Dry) 
for Half and Full Depth Patches 

Source Sum of Degrees Mean 
of Variation Squares ~ of Freedom Square F Significance 

Material 

Depth 

Interaction 

Residual 

Ll75 

0.421 

0.637 

I325 

4 

1 

4 

10 

0544 

0.421 

0339 

0332 

3.1 - 5470 
2.4 1G70 

} error 

Total 5306 19 

. .. 
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the concrete adjacent to the patch (Fig. 720). The magnitude of the prestress 

depends on the tensile strength of the patch material since !ow tensile strength 

results in cracking or' the patch material and relizving of the stress. The 

prestress effecrs result in high tensile srress concentration and possibly cracking 

of the parent concrete in the vicinity of the patch boundary which enhance 

crack initiation and propagation under stress. This hypothesis is supported by 

the cracking and failure mode of static and cyciic loading tesrs and the 

comparison of dry and moist patch behavior. Further analytical and 

experimental work is needed to confirm it. 

The  analysis of variance of effects of patch depth and moisrure each material 

separately is shown in TabIe 7 3 .  Moisture effect reached a 5% significance 

level only for the water based magnesium phosphate. Comparing Fig. 7.E(b) 

with Fig. 7l2(a), it can be seen that  the effect of moist paiching on shallow 

methacrylate patches appears to mitigate the shrinkage effect on strength 

reduction. Such behavior can be attributed to reduced bond srrength. Further 

analytical and experimental work is needed to clarify this behavior. 

(b) Fatigue Tests 

The results of fatigue tests arc very erratic, as apparent from Table 7.1 and 

Figs. 7 3  and 714. This is the reason Figs. 7 3  and 714 were drawn as block 

rather than line diagrams. This high variability makes statistical analysis 

meaningless. A general trend, however, emerges. 

As in sratic tesrs, and perhaps even more so here, patch depth does not 

appear to have significant effect With the exception of material M2 all 

materials performed very well, most specimens sustaining in excess of 1 mi!lion 

cycles and extent of cracking at 30,COO cycles comparable to that of the controi. 

The reason for the apparent inferiority of b12 is not clear. It could indicate high 

variability in the performance of > M A  in Zeneral, high sensitivity to small 
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Fig. 7-20: Effect of Patch Shrinkage on Stresses 
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Table 7 s  Results of ANOVA of Patch Depth and Moisture 
Effects on Each Material 

- Mean 
Material Effect Square F Significance 

iM1 Depth 
Moisture 
Interacrion 
Residual 

0.460 
05-90 
OSLO 

&I2 Depth 
Moisture 
Interaction 
Residual 

P1 
I 

Depth 
Moisrure 
Interacrion 
Residual 

P2 Depth 
Moisture 
Interaction 
Residual 

U Depth 
Moisture 
Interaction 
Residual 

0.403 
0.090 

0544 
0542 
0331 
0.069 

0.439 
0255 
0.058 
024-7 

U.28 
429 
338 
error 

207 
023 
4.46 
error 

7.94 
7.91 
4.51 
error 

193 
02 
0.005 
error 

299 
194 
0-395 

error 

1% 
1070 
1Wo 

N.S. 
NS. 
1wo 

5% 
5% 
1wo 

N.S. 
N.S. 
N.S. 

N.S. 
N.S. 
N.S. 

N.S. = Not significant 
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variations in composition and, hence, variability of sources, or it may be due 

simply to a faulty batch of material received. 

Contrary to expectation, mois; parched specimens performed betrer than di)i  

patched specimens in terms of the number of cycles sustained All specimens 

sustained over one million cycles. Even the polyurethane 'which was partly or 

fully debonded from the start of the test sustained the full number of cycles. 

This unexpected result could be due to weakened bond in the moist patched 

specimens which reduced stress concentrations, or it could be due to improved 

batches of parent material. Although there is no evidence for the latter 

possibility, in terms of compressive strength of the parent material, there is 

some support for this icterpretation in cyclic load test results of f reeze- thw 

specimens as can be seen from Table 7.7 and the accompanying diszussicn in 

Section 7.63. 

75.3 Durabilitv Tests 

Only qualitative judgement can be made of durability tesx. In general, 

durability, as judged by visual deterioration, appears good with the exception of 

water based magnesium phosphate. Reductions in dynamic modulus susges: 

some internal cracking but this could be due to deterioration of parent concrete. 

N o  statistical significance of this effect can be established due to the high 

scatter of results (see standard deviations in Table 75). 

Some internal cracking or inicrocracking of patch material is suggested 

also by half cell potential results for M>L4 and polyurethane materials. Since 

the polymers themselves are impermeable, the ion movement indicated by 

equalization of potential across patch boundaries can only be artributed to the 

presence of microcracks. Magnesium phosphate based materials did not produce 

changes in half cell potential due probably to the presence of phosphate ions. 

The implications of this phenomenon for  the corrosion process is not quite clear 
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at this stage. Further investigation is required to esrablish whether the potential 

equalization would prevenc che establishment of corrosion cells or whether the 

phosphate iors themselves would have a ccriasive effect  The visual inspection 

of the extent of corrosion-after completion of the test, strongly suggest the 

latter possibility (Table 7.7). This is an important aspect of the material 

performance which requires in-depth testing. 

The effecr of moist patching on freeze thaw durability does not appear to 

be significant for the MI, M2 and P2 materials. The  polyurethane (U) should 

not be used in the presence of moisture, as observed previously. The effect of 

moisture on this material is to cause complete de-bonding. 

The water based magnesium phosphate (PI) appears to have sustained a n  

even more severe wear under the moist patch conditions than under dry 

patching. Although other tests (slant shear, sratic fiexure) suggest sensitiviiy of 

this material to moisture, it seems unlikely that the boundary conditions of the 

patch would affect the wear of the material itself. It can be concluded that this 

material has inferior freeze-thaw durability as compared to other materials 

tested. 

As in the case of cyclic loading of flexure specimens, moisx patched 

specimens performed better under cyclic load than the corresponding dry 

patched specimens. It can also be observed that most dry patched specimens 

failed in shear in the parent concrete. Tnis observacion supports [he assumption 

that the improved behavior is due to improved batches of parent concrete rather 

than to the effect of moist patching, taking into consideration that moisr 

patching and tesring was carried out  subsequent to the dry operations 
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8. SLABTESTS 

8.1 E.xperimental Design of Slab Tests 

A series of ttsts on patched slab specimens was czrried out follo\vir,g 

completion of the prism specimen tests, to assess the two-dimensional effects 

relating to the patch plan dimensions and boundaries. In addition to patching 

materials, the parameters considered included: aspect ratio of the parch 

dimensions (width to length). and the roughness of :he boundaries. The 

polyurethane material was dropped from this test series due to its inferior 

performance in the prism tests. The methyl methacrylate materials were 

represented by one material only (Ml). In view of the low significance of patch 

depth in the prism tests, only one patch depth - half depth - was used in the slab 

tests. The specimens are shown in Fig. 81 and the experimental design is 

summarized in Table 81 The experiment is, thus, a full fac:oriai ex?cri."-exc 

with three factors at three levels, two levels and two levels, respeciively, 

comprising 12 specimen tests. In addition, two control unpatched slabs were 

1 

tested. 

Table 8.l- Slab Tesss - Experimental Design 
' 

Factor Levels 
~~~~~ ~ 

ivl a t e ri a 1 

Aspect Ratio 

Boundary Roughness Smooth, Rough 

M A  P1, P2 

6'/10" (long), 10"/6' (wide) 

! 

I 

3 

.d 

J 
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19" t.+- . __  . . . 
LO" 19" .-* . -+ - . -4 

6 x 5 cm hard d r s n  %ire 
r 

Fig. 8-1: Patch Slab Specimens 
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I 
8 3  Testing Procedure i 

Slab specimens were cast of the s a n e  type of concie:e mix as the prism - 3  
I 

specimens aod well in advance of testing (approximately 51s months). In this 

manner, the parent concrete at the time of patching and subsequent testing was 

mature. Smooth patches were formed out, allowing for passage of 

reinforcement Rough boundary patches were trowelled out to a rough finish. 

I 
I 

--I 

i 

1 
Specimens were patched in the laboratory cold chamber, following :he same 

procedure used in preparing the prism specimens (373), and tesred after seven 

days of storage in the cold chamber at temperatures of S0F. The  test frame is 

shown in Fig. 52. Testing consisred of loading under slow cyclic loading of 4 

- ,  
I 

! cycles per second, up to 100,000 cycles, followed by static loading to failure. The 

cyclic load ranged from 250 lbs. to 1750 lbs. Load-deflection curves due to cyclic 

as well as to s a t i c  loadin,o were recorded. Typical CUiVeS x s  shown ia Fig. 3.3 - -1 
and additional curves are reproduced in the Appendix B. Typical failure modes -7 
are shown in Fig. 8.4 and photographs of all slabs after failure 

Appendix C. 

83. Test Results 

Slab test results are presented in Table 3.2 An estimate of 

stiffness due to cracking was obtained by comparing the initial 

deflection curve with that after 100,000 cycles (i.e7 at the static 

t 
are presented in 

t 
the reduction in 

slope of the ioad 

loading), see Fig. 

3-3. The  figures in the table present the ratio of the initial displacement per 10 

kip of load to the final displacement in uniu  of 0324 in. I 

1 
f 

In addition, the table also contains failure load, the slab thickness -t, the 

effective depth of slab d from the top fiber to the reinforcement and the 

concrete compressive strength at the time of test, obtained from cylinders cast 

and cured with the slabs. 
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( a )  Dimensions 

( b )  V i e w  

Fig. 9-2 SIab Tesr Setup 
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( a )  Crack ng a c r o s s  pa t ch  

~ ~- 

( b )  Cracking a r o u n d  pa t ch  boundary 

Fig. 8-4 Typical Failure Modes of Slab Specimens 
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( c )  

Figure 8-4: 

Close Up View o f  cracked s lab  a t  f a i l u r e  

Typical Fa i lure  Modes o f  s l a b  specimens (cont inued)  

, .. i 
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1 
. I  e. 

.I 



l ab le  0.2  - S l a b  l u s l  Ilc!sults 

_ _  _- .____ _ _ _ ~ -  
Fina l  S lope  
I 

Pa t c  ti A S P  t d f '  I' 11 
Ma t e r  i a 1 Rat . Boiindd r y  ( i n )  ( i n )  ( p 4 i )  ( k )  I n i t i a l  S lope  Collilllerl t s 

.- 

s 2.34 1.87 3700 2.9 . 1.64/2.73 = 0.60 I n i t i a l  bond c r a c k s ,  
c e n t r a l  f a i  llu!*Ccrack 

c e n t r a l  fasiu! 'c 

f a i  1 tire 
3.95 1.42/2.93 = 0.48 lhnd  cracks---  

__- L R 2.69 2.05 4100 3.55 1.4/2.27 = 0.62 I n i t i a l  bounrllrr~y c r a c k  

M 1 s 2.59 2.10 2800 3.3 1.75/2.85 = 0 Bond c racks -cyc l  i c  and 
-- - 

_ _  w -- 
2.63 -1.88 5200 s1)- 2.38 1.69 4800 - 1.44/2.8 = 0 .51  1) F a i l e d  a t  10,000 c y c l e s  - R 

bond c r a c k s ,  cc r i t r a l  f a i l u r e  
1.96 3000 - 1,9/4.17 = 0.46 2)  F a i l e d ' a t  24,500 c y c l e s  2)' 2.63 

R 2 .47  2.02 5500 3.55 1.45/2.12 = 0.68 Uond and cenl t -dl  c r a c k s  L 
Froiii s t a r t  

P 1  s 2.59 1.80-~~00 3.05 2.473.13 = 0.77 I n i t i a l  diaqoriX) c r a c k  i n  - 
p d  -____-- ren t colic re t - c - L ~ e  n t r'a 1 f a  i 1 u re 
Bond c r a c k  - 

w ____ ____-- 
1.95 4500 3.0--- Not  a v a i l a b l e  2 - 6 3  _I- 

R 
s 2.6U 1.94 2U00 2.85 1.82/4.08 = 0.45 One good,  one c e n t r a l  

R 2.63 2.01 5600 3 . G  0 .95/2.0 = 0.46 Dond c r a c k  (? cycl  i c ,  
c r a c k  froiii s t t i i  1 - L -  

---- f a i l u r e  __ ili froiii - .- boui\tlary 
Bond c r a c k s  f j - g i i G l a r t  

froa s t a r t  . - 

F a i l e d  a t  21,000 c y c l e s ,  
--- 3 c e r i t r a l  cr_d_c& 

~ _ _ _ -  ---_ __ ---- 
1.5f2.2 = 0 .68 s ____----- 2.63 2.20 3200 3.c- - 

P 2  
w R 2.63 2.11 5500 3 .45  1 .4 /2 .1  0.67 Uond arid c c n l r a l  c r a c k s  

_ -  - -__ 
- Contro l  1 2.56 1.80 3300 1.97/3.5 = 0.56 

Conlrol  2 2.56 1.97 3300 3.6 0.96/2.4 = 0 .40 2 ce ib t ra l  c r ~ i r k s  - 
Notes :  L = l ong ,  W = wide, S = siiiooth, R = rough,  t = t o t a l  t h i c k n e s s ,  d = e f f e c t i t e  thickness,  

--__-I___--- I-- -- -- 

y u  = ul  tiilia t e  lodtl 
The Les 1 W ~ S  repcd l e d  t o  coi l  I i tw t h e  f a  i 1 urc tliiri rig cycl  i n g  1 o d d  i ng 
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8.1 Discussion of Results 

The results are presented in Table 83 in the form of two way tables. 

containing rhe values of Pu/d, namely the ultimate load divided by the effective 

depth, for each material. This procedure eliminates the effect of the variability 

in effective depth on the results. Consideration of the stress block in the under- 

reinforced cross-secricn, leads to the following expression for the ultimate load 

of an unpatched concrete slab: 

where Pu is the ultimate load, L is the span of the slab, A, is the steel area, f u  is 

the tensile sriength of steel, d is the effective depth, b is the width of rhe slab 

and f‘, is the cornpressive srrength of the COnCiet?. 
3 The following values can be substituted: L = 36 in, As = Oil526 in-, 

b = 20 in, 

(Table $2). 

f, = 56.9 Ksi (from tension tests) and fc’ ranges from 3 Ksi to 6 Ksi 

This substitution yields: 

0.823 
i’ P u  = 1 .7634  - - 
C 

or 

This value 

suggesring 

of P,/d is approximately equal to the overall mean for patched slabs, 

that 

strength. This 

cracked zone. 

patching, in general, does not significantly affecr the ultimate 

result is to be expected, since the patch lies entirely in the 
J 

I 
-. ! 



139. 

Table 53 - Two-way Tables for Pu/d 

Material Aspect 
Bcundarv 

Smooth Rough Mean 

P1 

L 
W 

M can 

L 

W 

L55 

l37  

- 
L69 

173 

UO 

164 

184 

176 

195 

P2 

Mean 

L 
W 

L47 

L73 

L60 

179 163 

103 L a  

Overall mean: 173i3Ll75 
95% Confidence interval l.33 to 2.08 
Computed value L64 to L70 
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,Material effects, as expressed by the variation in the overall mean for each 

The  largesr material (underlined in Table 8.3) are probably not significant. 

effect is the surface roughness effect on the nethacrylate, bu: considering ihe 

low effect of patching in general, this effect is probably due to the variability of 

test conditions rather than a true effect 

It is significant to note that no twodimensional effects were observed on 

patch perforinance in the form of bond or shrinkage cracks. Also, no 

delamination of patches was observed during the cyclic or ultimate loadins, and 

no shear bond cracks were observed along patch edges parallel to the span axis. 

The crack pattern observed during loading provides an indication of the 

upper and lower bounds on the tensile bond strength of patches. In general, 

cracks occurred at patch boundary for wide patches and at the center for long 

patches. 

I f- 0.72  - long patch 

3.83 - wide patch 
Mboundary = 

Mnlax 

From this, one can infer that the upper limit on the bond strength is 

approximately 8070 of the patch material tensile strength, and the lower bound 

is 70% of the patch material s1iength or the parent conciete srrengrh (wi-. licl 'I ever 

is lower). 

1 
I 
1 
1 

I 

-1 - 

J 
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9. S L ~ E V L ~ Y ,  CONCLGSIONS XXJI RECOMMEhDXTIOIS 

9-1 Summary of >laterial Performance 

A preliminary screening program identified four generic malerials as 

potentially suitable for sub-freezing temperature applications. These four 

materials are based on the following compounds: 1) methyl methacrylate based 

polymer, 2) water activated magnesium phosphate, 3) liquid activated 

m a p e s i u m  phosphate, 4) polyurethane. 

An extensive experimental investigation on cylindrical and prism 

specimens confirmed the overall suitability of all four materials for low 

temperature applications. The polyurethane material, however, proved 

considerably inferior to the other three materials in almost all perform-ance 

criteria and is, therefore not recommended for general applicatiori pur?oses iZ 

cold weather concreting. The remaining materials are compared herein on the 

basis of the following criteria: 

Slant shear bond Strength. 

Flexural response. This included static and cyclic 

response in terms of strength, failure mode and bond 

between parch and parent concrete. 

Freeze-thaw durability. Comparison is based primarily 

on visual inspection of the condition of the patched 

specimens and of the bond between patch and parent 

material afrer freeze-thaw cycling and after cyclic 

load testing. 

Effecc on reinforcement corrosion of patch boundaries. 

This is based primarily on visual inspection of broken 

specimens after testing. 

Effecc of surface moisture on patch performance, 
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particularly on patch bond to parent material. 

Environmental factors. These include ease of 

handling of :he material, toxicity, corrosiveness 

to skin, unpleasant odors, ease of cleaning tools. 

6) 

Items (1) through (4) are evaluated on the performance of both dry and moist 

patches. Material strength is not included in the comparison since all materials 

possess more than adequate strerigth. 

Although two different brands of methyl methacrylate compounds were 

tested, with substantial variability in performance, the two materials are 

nominally identical and are considered together, based on their average 

performance. It is assumed that patches are deep enough to allow use of rne.;hy! 

methacrylate compounds mixed with pea $ravel at l e a s  3/8 inches in size. The 

use of methyl methacrylate wirhout gravel is not recommended due 13 i:s i::gn 

shrink age. 

. , .  

Comparison of the performance of the three materials is summarized in 

Table 91 In an  attempt to quantify the comparison, each criterion has been 

assigned a weight, based on its perceived importance and on the reliability of the 

results.' The performance of each material under each criterion has beer, 

assigned a rank from 1 to 5,1 being poor to fair, 5 being excellent. The weighted 

average then provides an estimate of the overall performance of each material. 

Two weighted averages are provided, one for overall performance, including 

environmental factors, the other for tested criteria only, excluding 

environmental effects, whose significance assessment is highly subjective. 

9.2 Conclusions 

The following conclusions can be drawn from the investigation: 

1. Of the four materials tested, three perform 

satisfactorily under sub-freezing temperatures. These 

1 
I 

1 
-1 

I 
1 

I 
1 
zi 
' I  

1 

I 
I 

. . J  

J 
J 



TabIe’9.l- Comparison of >facerial Performance 

Methyl Magnesium Phospnate . 
Liquid Criterion Weight Methacrylate . Water 

-- . 
L Slant shear 2 
2. Flexure 1 
3. Freeze-thaw 2 
4. Corrosion 3 
5. Moisture 1 
6. Environmental 4 

2 
4 
2 
1 
2 
5 

Weighted average 2 3  
Weighted average A - 5  

2 3  
2 9  

2.5 
7 3  

3.l 
35. 
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are: methyl methacrylate, water activated magnesium 

phosphate, and liquid activated magnesium phosphate. 

Poiyurethare is inferior in performance to the other 

three materials. 

The  magnesium phosphates emerge from a comparative 

performance assessment as somewhat better than the 

methacrylate, taking into account environmental factors. 

On the basis of tested performance alone, excluding 

environmental considerations, methyl methacrylate and 

liquid activated magnesium phosphate are better than water 

based magnesium phosphate. 

Water based magnesium phosphate has poor freeze-thaw 

durabiliry as compared to thz other rssred ma:eriz!s. 

All materials tested are subjected to significant 

corrosion of reinforcement at patch boundaries under 

the severe te5t conditions of high chlorine ion 

concentration and water saturated specimens. Polyurerhane 

shows the most severe corrosion, while liquid acIivated 

magnesium phosphate the least. 

Merhyl methacrylate and both magnesium phosphates may 

be applied under mild surface moisture conditions. 

Polyurethane requires surf ace-dry conditions. 

93 Recommendations 

L Liquid activated magnesium phosphate or gravel 

containing methyl methacry late are recommended 

f n r  llse when imDroved uatch performance and 



,...- 

durability are needed 

When using methyl methacrylate, patch depth 

should not be less than 1 t'3, icch. 5 0  as io 

expose the top layer of reinforcement 

When environmental factors such as ease of handling 

and absence of unpleasanr: odors are a consideration, 

in addition to performance, liquid activated ma,anesium 

phosphate is recommended. Although ir: has moderate 

odor and is not as convenient to handle as the water 

activated variety, its odor is nor as aggressive as 

that  of methyl methacrylate. 

2. 

-I 
2. 

Heavy molecular weight methacrylam arc currently 

under development, which are expec:ed :o mitigate 

the environmental deficiencies of the ordinary variety. 

Should their performance prove equivalent to that of 

lightweight methacrylate, they may become preferable. 

Water activated magnesium phosphate should be used 

only for limited term patching (five years lifespan), 

unless further research indicates that it has adequate 

freeze-thaw durability. 

Large-scale field tesring of the perforrnance of the 

three recommended patching material is recommended. 

Furrher investigation is needed of the following 

par a m e t e rs: 

(a) 

4. 

5. 

6. 

Freeze-thaw durability of water acrivated 

magnesium phosphate and ways to improve its 

long term performance. 



(b) The corrosion of bridge deck reinforcement 

at patch boundaries under realistic field 

conditions, and ways to control ic. 

The variability in strength and performance 

of methyl methacrylate compounds and the 

factors influencing it. 

(c) 

1 
1 
-1 

I 

i 
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Fig. C-3: Test Slab M1LR 

Fig. C4. Test Slab M1WR 
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Fig. C-7: Test Slab P2LS 

Fig. C-8 Test Slab P2LR 
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Fig. C-10 Test Slab P2WR 



Fig. C-l l  Test Slab PlWS 

Fig. C-13: End View of Slab Specimens Tested to Failure 
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