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Abstract

Various types of hazardous wastes need engineered barriers to prevent outflow. Concrete is a brittle and porous material, which changes

dramatically over its lifetime. In order to design waste barriers using any type of concrete, the most effective intervention occurs at the time

when it is needed during the life of the material and at the location undergoing distress. Internally placed encapsulators containing sealants,

adhesives, and waterproofing are designed to release these chemicals where and when they are needed. Optimizing for durability requires an

understanding of the timing and location of release. In all of the cases, brittle fibers containing adhesives or sealants release the chemicals

where and when the matrix cracks, causing the fiber to crack and release chemicals. Research from over a decade is presented with special

emphasis on permeability, cracking, and data and results from field tests. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Concrete and cement permeability (due to cracking and

porosity) and brittleness can be addressed by the incorpora-

tion of chemicals in fibers, which are later released. This

changes the material matrix properties just in time to prevent

damage or to repair it. The conventional method to reduce

cracking is fiber reinforcing. Permeability is reduced by

sealants and waterproofers or creation of a tighter micro-

structure of fewer, smaller pores. Our research combines the

fibers and sealants/adhesives together for internal release of

chemicals from hollow fibers. The sensing of the cracking

of a settable material by a chemical, physical, or human

sensor starts the activation of a remedial process. It is a

distributed system in which sensing and repair occur when

and where they are needed. This research, into the devel-

opment of cementitious matrices that have a self-repairing

capability, was done at the University of Illinois Architec-

ture Materials Research Laboratory and at the Natural

Process Design.

This research concerns the repair or healing of cracks and

filling of voids in cementitious matrices by the internal

release of repair chemicals from inside of the fibers or beads

into the hardened matrix. One active and two passive mode

of activation are discussed in response to different types of

cracking that occurs in different locations and at different

times in the concrete's history. Active release is in which a

human intervention is required, while passive release occurs

automatically in response to initiation by the damaging

event itself.

It is found that factors in the deterioration of concrete can

be divided into two particular times, during the first month

and after that. Factors such as cracking due to surface

shrinkage, thermal cracking, plastic movement cracking,

and settling all occur within the period under 28 days.

The second phase in the life of concrete occurs after 28

days. That is when the concrete is considered cured. This

period lasts until the concrete is destroyed at the end of its

useful life.

The damage and repair location varies as well, the two

variables being surface or interior location or a combination

of the two. The damage caused by the internal and external

environmental events can be reversed by chemicals released

from fibers. The release can be done in a sudden manner in

response to specific changes or evenly released in response
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to slow movement or heat. There are four possible cate-

gories of release in either time zone: slow constant release,

release in response to a sudden event, and release in

response to human impetus, which is either slow or sudden

release. The examples of repair that are discussed in this

paper and their particular factors are named in the following

Fig. 1.

2. Smart materials

The smart materials using time release for each applica-

tion is made from individual components. These tailor-made

smart materials consist of several parts, including (1) an

agent of internal deterioration, for instance, dynamic load-

ing, which causes cracking; (2) a stimulus to release the

repairing chemical; (3) a fiber or other vessel; (4) a coating

or vessel wall, which can be removed or changed in

response to the stimulus; (5) a chemical carried inside the

fiber; and (6) a method of hardening the chemical in the

matrix in the case of cross-linking polymers, or a method of

drying the matrix in the case of a monomer.

3. Active mode to reduce permeability in interior of

concrete at any time

The active mode design example was the fast release of

liquid methylmethacrylate from inside wax-coated, hollow,

porous-walled polypropylene fibers into concrete to fill

voids, and reduce permeability in the interior. It is done in

response to human intervention and is, therefore, an active

mode repair. It was done after the cement was 28 days old

but could be done earlier.

When low heat is applied to the matrix, wax coating on

the fibers is melted, and the methylmethacrylate moves out

into the dried matrix. The heat is raised and the methyl-

methacrylate polymerizes in the cement pores as seen in Fig.

2 [1].

The fiber aspect ratio, material, volume capacity, size of

pores, and type of release need to be matched with the

volume needed to be delivered. The volume of repair

chemical required depends upon aggressiveness of the

environment (i.e., pore or crack size), the ability of the

chemical to move in the matrix, and the volume of chemical

in the fiber for release [1].

3.1. Results in active mode release

Visual assessment was utilized to assess the release of

dyed methylmethacrylate from fibers into white cement

upon heating. As seen in Fig. 3, the release was successful

[1]. Research shows that after the methylmethacrylate

polymerizes in the pores and cracks of the concrete, it

reduces permeability (see Fig. 4). Permeability tests were

done on samples using the apparatus described as `̀ a simple

method for measuring water permeability of concrete'' [2].

A head of water in a pipette is filled above a cement sample

sealed in the apparatus. Measurements are made to deter-

mine equilibrium of water flow, and permeability is calcu-

lated therefrom.

Tests were done with various volumes of fibers to ascer-

tain any strength deterioration due to these volumes of fibers

used. The results showed no deterioration. A comparison of

Fig. 1. Chart listing the factors involved in each design solution for repair of

a particular problem.

Fig. 2. Design for timed release of polymerizable chemicals to repair cracks

and fill pores by melting of the coating on porous fibers.

Fig. 3. Photo of samples in which the release of red-dyed chemical (dark

areas) from the fiber into the white cement matrix can be seen [1].
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internal release vs. exterior application of gravity feed was

made. The results showed that samples with internally

released chemicals had better compressive strength (see

Fig. 5) and less permeability (see Fig. 6) than those using

conventional surface application of methylmethacrylate and

heating. Research has shown that this interior chemical

Fig. 4. Permeability of Portland cement containing methylmethacrylate and wax released from polypropylene fibers (samples cured for 7 days, heated to 212°F

for 30 min) [1].

Fig. 5. Effect of internal release of methylmethacrylate and wax from porous polypropylene fibers and internal polymerization against conventional application

from the exterior top surface on compressive strength (samples heated to 212°F for 30 min) [1].

Fig. 6. Effect on permeability of internal release of methylmethacrylate and wax from porous polypropylene fibers and internal polymerization vs. conventional

application from the exterior top surface (samples cured for 3 days, heated to 212°F for 30 min) [1].
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delivery system works in the sense of delivering chemicals

from the outside to inside the matrix [1].

4. Passive mode Ð repair of surface cracks caused by

drying shrinkage within the first 28 days

One passive design investigated is the release of

crack-adhering adhesives and sealants into the outer

surfaces of concrete from scored hollow glass fibers to

fill shrinkage cracks. Drying shrinkage causes stress

loading, which causes cracking near the matrix surface

to pull the fibers apart at the scored line, which then

forms a weak zone in the cement and so create a control

joint. The adhesive/sealant flows out from the broken-

open tubes and fills the control joint crack. Fig. 7 is a

photo of a series of these tubes embedded in the top

surface of large-scale bridge decks.

Deck microcracking is a critical concern in bridge

design. It allows cracks to form, and later allows water

and other elements to enter the concrete matrix of the

deck and most importantly to fall onto the supporting

structure below [4]. This leads to significant structural

damage of that support structure. A field application of

this design for an in-situ means of controlling and

repairing transverse shrinkage cracking was this design

of brittle tubes filled with sealants in the concrete deck

later to be broken by drying shrinkage of the concrete.

This application can be applied to bridge decks specifi-

cally to control the location of transverse shrinkage cracks

by creating control joints on the surface as a transverse

row of sealant-filled tubes. These tubes broke due to

shrinkage strain, thereby focusing the transverse cracks

along this line. The repair sealant/adhesive has a low

modulus of elasticity, thereby allowing future movement

to resist stresses and strains in the deck without additional

cracks extending from these shrinkage microcracks.

Four full-scale bridge decks were fabricated with

repair-sealant tubes embedded at various locations as seen

in Fig. 8.

4.1. Experimental results Ð passive mode applied to

surface cracking

Visual assessment was the primary means used for

assessing behavior of the sealant-filled tubes. These

adhesive-filled fibers along the deck surface were mon-

itored for breakage beginning immediately after placement

and finishing. The sealant/adhesive, VOC, changed color,

Fig. 7. A photo of the tubes embedded in the top surface of the deck [3].

Fig. 8. A drawing of the top surface of the 4� 20-ft decks into which repair tubes were embedded [3].
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first to light blue and then orange when released into

contact with the concrete.

It was evident that tubes in the deck surface broke due to

transverse shrinkage strain. Results in the first two decks

after 1 month of monitoring showed that repair tubes

embedded just under the deck's top indeed ruptured due

to surface shrinkage and created repair control joints as

designed. Repair tubes placed in the deck surface but not

totally covered mostly broke after 2 months, while those left

totally uncovered did not break. Although these were more

exposed to the environment and freezing and thawing

weather cycles than the fully embedded ones, the environ-

mental forces did not cause breakage of the fully exposed

tubes. As seen in Fig. 9, most of the fully embedded tubes

broke by the end of 35 days; the tubes, which were not

totally embedded broke within the first 2 months, the typical

time dry shrinkage occurs in new concrete and an additional

10% broke later. The other glass tubes, which were not

covered account for the approximately 20%, which did not

break at all. These readings were taken usually on a weekly

basis although the embedded ones were read only at 35

days. The control joints created by the fully embedded tubes

could be seen because the released sealant penetrated up

through the concrete and stained it, first a light blue color

and then orange, as seen in Fig. 10 [3].

During these first several months, the decks were sub-

jected to the extremes of freezing and thawing, yet those

tubes fully exposed and not bonded or covered with con-

crete did not break. The conclusion is that breakage was due

to shrinkage tension from the concrete on the scored brittle

tubes, which were bonded into the concrete, not from freeze

thaw or weather damage. The result was a transverse line of

repaired cracks, a control joint [3].

Future testing and monitoring is planned for additional

information acquisition. Corrosion monitoring was

attempted, but no conclusive data was obtained. Additionally,

salt water will be ponded on the surface, and leaking due to

cracking will be assessed as a change in the voltage potential.

The continued corrosion monitoring is expected to give useful

information regarding the adhesive/sealant's effectiveness in

sealing cracks to prevent water penetration and corrosion. The

issue of reduced permeability will be tested at a later date. The

small cracks generated by drying shrinkage may take years to

become large enough to test in a through thickness flow

permeability test.

5. Passive mode Ð repair of internal shear cracking

after 28 days

This research focuses on the repairing of structural load-

induced shear cracks after 28 days in the four full-scale

bridge decks. Tubular capsules containing stronger, high

modulus adhesives were placed below the surface in areas

of tension caused by bending, for example, in the top of the

section over supports. These structural cracks, which were

induced by loading, were successfully repaired as evidenced

by higher strength than a tested control deck without

adhesives and by the creation of new cracks in some places

where the old repaired cracks had not re-opened.

The same four decks that showed a repair system's

effectiveness in dry shrinkage crack repair were loaded in

bending to study the repair effectiveness on internal struc-

tural shear cracking. The bridge decks were loaded three

times allowing time in between tests for the repair adhesives

to set. From these test results, the strength gain and/or

behavioral changes could be assessed. A simple method

was devised to induce structural cracking in the decks. The

steel I-beams, which were composite with the deck, were

sawed through at mid-span to eliminate the additional

strength offered by this composite system. However, the

top flange was still embedded in the deck, and would

therefore offer significant additional tensile reinforcing at

the bottom of the slab, if load was applied at the top of the

deck. The load was applied upward at the mid-span of the
Fig. 9. Chart of the percentage of tubes, which released sealant over

time [3].

Fig. 10. A photo of the control joint line created by the release of sealant

from embedded tubes or fibers [3].
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deck with a pneumatic jack as seen in Fig. 11. This jack

replaced the initial middle support. In most cases, the ends

of the deck were tied down to prevent uplift. An 18-in. long

steel, T-shaped steel member was placed transversely at the

deck mid-span with its flange against the deck bottom and

its wide web balance on the 1-in. diameter jack head. The

jack supplied an upward load that was measured by the

force in the cylindrical base. A 1000-psi pressure converts to

0.785 kips at the deck mid-span.

Based on the deck dimensions and materials, the follow-

ing behavior was approximately expected: Initially, the deck

is only subjected to gravity-causing bending with tension in

the bottom of the deck. The upward jacking force is then

applied. Once a jacking force of approximately 0.80 kips

(1000 psi) is reached, the deck is in equilibrium (no

bending). Any force beyond this, put the deck into the

opposite bending, causing tension at the top of the deck.

The applied loads were recorded in sequence, as were the

resultant upward deflections of the mid-span of the deck.

Deck cracking was also monitored visually and measured

with a crack caliper.

5.1. Experimental results Ð passive mode applied to

shear cracking

All four decks were tested three times each in bending.

Deck 1 had VOC embedded at its surface and cyanoacrylate

repair capsules through its section. Deck 2 was the control

deck, and contained no repair adhesives. Deck 3 has several

hundred Tripp-filled capsules embedded randomly through

a 2-ft wide section at mid-span of the deck's length. It also

has a transverse row of longitudinally aligned capsules with

VOC just beneath the top surface of the decks. These are

within the tensile zone during load-induced bending. Deck 4

had Tripp on its surface and nothing through its section.

All decks were several months old at first break. The

ends of all decks were tied to the ground with a continuous

chain before applying the jacking force. The mid-span of the

deck was then forced upward. After jacking the mid-span up

1 in. to a pressure of 1000 (0.785 kips), the deck was held in

position for 4 min. The mid-span was then jacked further to

1500 psi (1.178 kips), at which point the deck yielded or

cracked so that it would no longer take additional loading.

The embedded repair adhesive could be seen out through

the continuous transverse crack at mid-span on the top of the

deck. In Decks 3 and 4, circles of it came to the surface at

least every 1/2 in. The deck was held there for another 4±5

min. The deck was then gradually released down to 1100 psi

(0.864 kips). More glue released, forming puddles of an

average diameter of 1/4±1/2 in., and dried within 4 min.

Finally, the deck was released of any loading The data are

summarized in Fig. 12.

All four bridge decks were loaded again several months

later in October. This would test how much effect the repair

adhesives and sealants had on the decks for repairing load-

induced cracks. Two of these decks had been poured over 1

year prior (Decks 1 and 2); the other two (Decks 3 and 4)

were over 6 months old. All four decks had been loaded to

failure previously: Decks 1 and 2 (2 months previously),

and Decks 3 and 4 (4 months previously). The concern with

these repair chemicals in the field was their longevity,

however, even after as long as 1 year, there was still liquid

adhesive released during this second loading.

Deck 1 originally broke at 1250 psi (0.982 kips). The

crack from the first loading remained closed under this

second loading until 900 psi (0.707 kips). At that time, only

the eastern 2/3 of the original transverse crack re-opened to

0.007 in., and glue was released. However, the western 1/3

of the original crack, where adhesive had been released

during the first test, remained closed. A slight increase to

1000 psi (0.785 kips) widened the eastern 2/3 of the original

crack to 0.010 in., while a secondary parallel crack (0.007

in.) opened 7 in. offset form the 1/3 of the original crack that

remained repaired. This correlates with results from earlier

loading. At that time, glue was seen as it released in the

Fig. 11. A diagram of the testing method set-up used to induce structural shear cracking.

Fig. 12. List of strength results at a crack size of 0.007 in. in two bending

tests applied by jack to full-scale decks in the field.
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western 1/3 of the transverse crack at mid-span. This glue

repaired the original crack in this region, allowing it to gain

strength beyond the rest of the concrete matrix. Under a

second loading, this repaired portion did not re-open. In

fact, it remained closed as the failure was actually diverted

to a previously intact portion of the deck. In the re-opened

crack, visibly more repair adhesive was released. The new

offset cracks showed slight signs of adhesive release.

Deck 2 was the control, and therefore, had no strength

gain, as anticipated. After failure from the first loading,

additional loading was unable to be held. Whereas, Deck 1

was able to reach 1000 psi (0.785 kips) before cracks re-

opened or new ones were formed; cracks in Deck 2 re-

opened as soon as the dead load of the deck was overcome

by mid-span upward loading. By a loading of 800 psi (0.628

kips), the crack widths were about 0.010 in.

This Deck 3, with VOC at the surface and Tripp through

the section, did not appear to repair as well as Deck 1; no

portion of the crack remained closed or was diverted under

secondary loading. The original transverse crack did not re-

open until a load of 1000 psi (0.785 kips), at which time it

was measured at 0.010 in. The crack continued to widen

under loading. No apparent crack repair occurred in this

deck. The re-opened crack did again release VOC under this

second loading as it had under its first loading as seen in

Fig. 13. Therefore, it seems that the VOC releases as

necessary, but does not supply desired strength gain proper-

ties. The failure is caused by the poor properties of the

chemical chosen for release.

Deck 4, which had Tripp repair adhesive embedded just

below its surface and nothing through its section, showed

more successful signs of structural crack repair than Deck 3.

The original crack remained closed under this second

loading until a load of 1100 psi (0.864 kips). At this time,

the outside 16 in. of the transverse crack re-opened to a

width of 0.004 in.; a new 0.007-in. crack opened 6 in. offset

from the original crack in the middle 28 in. of the transverse

crack. A slight load increase to 1200 psi (0.942 kips) caused

the original crack to then re-open in this middle section, to

0.004 in., while the new crack widened to 0.007 in. At this

load, the outside edges of the original crack were opened to

approximately 0.0101 in.

Three weeks later, all four bridge decks were loaded for

a third time to test the effectiveness of the repair adhesives

in repetitively repairing load-induced cracks. The results

can be seen in Fig. 14. Deck 1 held its strength, much like

the previous re-loading. At the east end, the primary crack

re-opened and released glue. On the west end, the primary

crack re-opened, but the secondary crack remained closed

through most of the loading. This seems to indicate that the

secondary crack (approximately 7 in. offset from the

primary crack) was repaired by the cyanoacrylate embedded

in a 2-ft section of the bridge deck. Bridge Deck 3 released

a modest amount of new adhesive (dots 1/16 in. in

diameter). This was concentrated in the western 18 in. of

the transverse width. Deck 4 released adhesive all along its

transverse length in this third loading. The primary crack in

the middle of the transverse length opened first. The rest of

the primary crack and the entire secondary crack re-opened

under additional loading. Larger amounts of adhesive (1/4±

1/2-in. diameter dots) appeared along the primary trans-

verse crack, with most of it outside the middle third of the

crack's length.

6. Conclusions

The specific conclusions are:

1. Tests on active-mode time release of methylmetha-

crylate revealed an improvement in permeability and

no loss of strength due to fiber addition.

Fig. 14. A listing of loads carried at failure point by the four bridges in three

bending tests.

Fig. 13. Photo of release of adhesive into crack on second testing for

release of adhesive when subjected to upward bending, Deck 3 with

VOC embedded.
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2. Tests on the passive-mode example of release of

adhesives from glass pipettes to address drying

shrinkage crack conditions on the surface revealed:

(a) Sealant/adhesive-filled scored repair tubes

embedded in the concrete surface can create

control joints in the deck by controlling the

location of cracks caused by dry shrinkage

of concrete.

(b) Sealant/adhesive will be released into the cracks.

(c) Whether further damage caused by the propa-

gation of cracks to create a crack though the

depth of the deck was not be tested in the field

at this time.

This in-situ means of controlling and repairing trans-

verse shrinkage cracking, utilizing brittle tubes with

sealants in the concrete deck, is an effective means of

repair in actual field testing as predicted by laboratory

testing using a different sealing system, the methyl-

methacrylate one.

3. Tests on the passive-mode example of release in the

interior to address shear cracks revealed:

(a) The most successful evidence of the structural

crack repair capabilities of this system are the

diverted cracks in the second loadings of Decks 1

and 4. In both cases, original cracks from the first

loading were repaired; secondary cracks opened,

at least in portions, during the second loadings

before the primary cracks did re-open. In both

cases, the secondary cracks were offset 7 in. from

the original cracks.

(b) Compared to the second and third loadings of the

control deck, Deck 2, which contained no repair

adhesives, Decks 1, 3, and 4 all showed signs of

bending strength re-gain in their later tests.

(c) Re-release of repair adhesives in second and

third loadings occurred in all of the decks

containing repair adhesives, subsequent loadings

revealed additional adhesive release all along the

re-opened crack. These adhesives survived for

over 1 year in field conditions ranging from

below freezing to over 100°F.

6.1. Comparison of attributes of release

6.1.1. Timing and location

Timing of release in the cement life is totally related to

when the distress appears. The location for release is

usually near the site of the damage or area needing

improvement. If that is impossible for some reason then

force should be used to push the repair chemical the

required distance.

6.1.2. Passive and active release modes

The release of methylmethacrylate by melting the wax

fiber coating with the subsequent release of chemicals from

the fiber wall is activated by human control. This is an

active sensor. The timed release of chemicals by fiber

breakage is a passive actuation process.

In the passive sensing and activation example, the

breakage of the fiber is the sensor that causes the passive

activation release to occur. In the example of active mode,

the sensor is in active mode. Optimization control studies

allow us to compare these modes and predict circum-

stances when each will be most efficient. In the methyl-

methacrylate example, the amount of chemical is

predetermined, but the timing is left up to human action.

In the example of release of adhesives from broken glass

fibers, the location of release is predetermined, but neither

the amount of chemicals nor the timing is controlled by

human intervention. The amount from a fiber at any

specific loading with certain fiber wall strength must be

calculated and designed ahead of actual use.

The passive sensing and actuation example has the

advantages of freedom from external control and an auto-

matic sensing and release of chemical. The cost-savings

would be significant especially in terms of reduced main-

tenance by humans, reduced repair costs as well as a

reduced delay in the time to first repair.

The active system gives confidence because humans

activate the system. The passive system is cost effective

precisely because human maintenance is eliminated. These

systems could be combined to give both confidence and

reliable maintenance and yet be an economical system.

6.1.3. Speed of release

The speed of release needed partly depends upon the

flow rate of the chemical and the distance to be traveled

to do the repair. Mainly, it is in response to the type of

problem to be addressed. If the problem needs instant

repair, such as impact damage, then the force and speed

of release must be high; if the problem recurs at a slow

rate, such as corrosion, then release can be slow even a

constant release.
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