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A.1 INTRODUCTION 

A literature search was conducted on the topic of longitudinal web cracking in the US 

and abroad. State DOT websites were searched for their current end zone cracking evaluation 

and repair procedures, and for their end zone reinforcement details.  A discussion of the 

information collected is provided in the following sections.   

A.2 CONTROL OF CRACKING IN CONCRETE STRUCTURES 

Cracking of concrete structures has been the focus of researchers for decades.  Typically, 

concrete cracks when tensile stresses become higher than the tensile capacity of the concrete.  

Cracks that are visible to pedestrians can be objectionable from an appearance point of view.  

Certain types of cracks may present a durability risk if they contribute to corrosion of the 
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reinforcement. Furthermore, cracked horizontal surfaces that are subjected to wetting and drying 

may deteriorate over time, especially if freeze-thaw cycles occur.  

Most of the literature has focused on flexural cracking in reinforced concrete members. 

Information was also found on cracking due to effects such as shrinkage, temperature, and alkali 

silica reaction.  Information on the effects of web cracking due to prestress release in member 

ends is almost non-existent.  

There is no agreement on the effect of flexural crack width on reinforcement corrosion.   

Many researchers believe that cracking transverse to the reinforcement has little impact on 

corrosion. When the building Code of the American Concrete Institute (ACI 318) introduced 

serviceability requirements into the code for conventionally reinforced flexural design, the 

committee purposely modified the Gergely-Lutz crack width equation to emphasize 

reinforcement detailing rather than crack width. The equation calculated a fictitious "z" factor 

that was limited to different levels for interior and exterior exposure. The intent was to disguise 

calculated crack widths to avoid possible unnecessary litigation. The “z” factor was 145 kip/in. 

and 175 kip/in. for exterior and interior exposures, representing surface crack widths of 0.013 

and 0.016 in. respectively.  However, these values of anticipated crack width were intentionally 

omitted from the Code to avoid being taken as exact deterministic values.  

The “z” factor was replaced in the 1999 code with minimum reinforcement spacing 

requirements. The commentary stated that “the current provisions for spacing are intended to 

limit surface cracks to a width that is generally acceptable in practice but may vary widely in a 

given structure”. The current (2005) provisions do not have distinction between interior and 

exterior exposures because “research shows that corrosion is not clearly correlated with surface 

crack widths in the range normally found with reinforcement stresses at service load levels”.  

The American Association of State Highway Transportation Officials (AASHTO) has 

generally followed ACI in adopting serviceability provisions for reinforced concrete, although 

the current AASHTO spacing provisions are in a slightly different form than ACI. They are 

slightly more conservative and allow for two classes of exposure. 

Web end cracking is most severe when the product is lifted off the bed. The cracks tend 

to get smaller and sometimes totally disappear as the vertical gravity loads are introduced by 

superimposed loads and support reactions. When these cracks are diagonal, they are “normal” to 



NCHRP 18-14, Final Report, Appendix A A-3 

that of the compression struts created by the shearing effects  and, thus,  are not additive to the 

principal tensile stresses due to shear. When diaphragms are used, the most severe cracks, at the 

member ends, are enclosed in the diaphragm concrete. Thus, it appears to be logical to have less 

restrictive cracking limitations on web end cracking than on conventionally reinforced concrete 

sections subject to flexure. 

The sections below summarize the cracking mechanisms and crack control measures 

developed for conventional reinforced concrete members. 

A.3 CRACKING MECHANISMS IN CONCRETE 

The ACI 224 report (ACI 224R-01) gives a summary of various crack mechanisms in 

concrete.  The report concentrates on the effect of micro-cracks, which are formed at the mortar-

coarse aggregate interface and propagate through the surrounding mortar. The report also covers 

some of the theories that have been used to study micro cracking in concrete, such as fracture 

mechanics and finite element theories.  Microcracking that initiates at the aggregate/paste 

interface is somewhat different from flexural/tensile stress induced cracking that occurs in 

flexural members. Both types are yet different from what is observed at the ends of prestressed 

members.  

A.4 CONTROL OF CRACKING 

Review of the literature has shown that crack width has been the most common measure 

used to quantify acceptable levels of cracks in reinforced concrete structures. The majority of the 

cracking studies were conducted to investigate flexural cracking in reinforced concrete beams.  

Flexural cracks are formed on the tension side of a beam, typically at right angles to the 

reinforcing bars. They largely depend on the concrete cover, level of stress in the steel 

reinforcement, and distribution of the reinforcement. The majority of the studies concentrated on 

providing information on sources of cracking, factors affecting crack width, and formulas used to 

estimate crack width.  The following sections give a historical summary of the information that 

has been collected from relevant literature regarding flexural crack width control. 

Recommendation of Crack Width developed between 1935 and 1965 (Reis et al.): Bulletin 

479 of the Engineering Experiment Station (Reis et al.) provides a good summary of 
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recommendations for permissible crack widths developed between 1935 and 1965.  The 

following paragraphs are excerpted from this publication. 

One of the earliest investigations was conducted by N. J. Rengers in 1935. A hollow 

reinforced concrete pile was subjected to bending to promote flexural cracking and was 

immersed in a tank filled intermittently with a sodium chloride solution to simulate marine 

conditions. The concrete cover over the reinforcement ranged from 0.5 to 0.8 inch. After 5 

months exposure, the specimen was broken open and the reinforcement checked for corrosion. 

Rengers concluded that crack widths of 0.04 to 0.08 inch certainly present a corrosion danger 

and cracks 0.012 inch wide may be excessive. Since only one specimen was tested, the results are 

far from decisive; however, the investigation did give a general idea of the range of magnitude in 

which crack widths are harmful. 

In 1937, Abeles made a summary of a long time, short time, and accelerated corrosion 

tests performed by various investigators prior to 1937. Abeles found that opinions differed 

considerably with regard to permissible crack width, yet generally it could be concluded that 

crack widths of about 0.012 to 0.016 inch present no danger of rusting, provided there are no 

special chemical influences. 

A report completed in 1947 by Tremper discusses a test series in which sixty-four 

concrete blocks were exposed to a marine environment for 10 years. The specimens were 

reinforced with three types of steel reinforcement: 16 gage annealed wire, 7 gage cold drawn 

wire, and 1/4 inch deformed bars. The quality of the concrete was varied by means of adjusting 

aggregate gradation, water-cement ratio, and cement content. Prior to specimen exposure 

cracks having surface widths ranging from 0.005 to 0.05 inch were induced by flexural loading 

and were maintained by bolting exterior bars to the sides of the specimens. After exposure, the 

reinforcement was removed to determine the amount of corrosion. Although corrosion was found 

in the vicinity of the cracks, it was not severe. Tremper concluded that under these test 

conditions cracks of fairly large widths in a sound concrete will not promote serious corrosion of 

the reinforcement. 

In 1957, Brocard reported the results of corrosion tests conducted to clear up the diverse 

points of view concerning the relationship between crack width and corrosion. The 

reinforcement consisted of thin walled steel tubes embedded in concrete prisms. As the tests 
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progressed, the change in electrical resistance of the tubes was measured, thereby providing a 

nondestructive evaluation of the amount of corrosion. The same concrete mix and amount of 

cover was used in all the specimens. The specimens were loaded in flexure to promote cracking, 

and then were subjected to cycles of salt spray and drying. After each cycle, the electrical 

resistance of the tubes was measured. It was found that corrosion was not appreciably 

accelerated with a 0.004 inch crack width, whereas the corrosion rate increased by a factor of 

five to ten with a crack width of about 0.024 inch. If the crack width is in excess of 0.016 inch, 

then corrosion becomes quite predominant. Although the results of these experiments indicate a 

relation between crack width and corrosion rate, Brocard felt that decisive quantitative 

conclusions could not be made because of the difficulty of producing cracks of definite width, 

and due to the complexity of the corrosion process. 

Some conclusions made by de Bruyn in 1957 were based on the results of a series of tests, 

which included variations in quality of concrete, amount of cover, and width of cracks. Artificial 

cracks were made by inserting pieces of tin plates with thicknesses ranging from 0.004 to 0.06 

inch. The plates were removed after the concrete set, leaving thin uniform notches extending to 

the reinforcement. During exposure, the specimens were sprayed with a sodium chloride 

solution. After the tests were completed and the reinforcement removed for observations, no 

particular influence of crack width could be determined. Various reasons are given for this. 

Artificial cracks do not have the same characteristics as do cracks promoted by axial or flexural 

loading. The development of actual cracks is influenced by the quality of the concrete and crack 

distribution. Artificial cracks are independent of these factors, and therefore no meaningful 

comparison can be made. In his conclusions de Bruyn emphasized the necessity of not 

considering only crack width. Other factors such as porosity, pH value, and conductivity of the 

concrete must also be considered. Therefore, the simple concept of permissible crack width will 

not solve the problem of corrosion and crack formation. Further investigations must incorporate 

the different factors which govern corrosion in order that worthwhile results can be obtained. 

Engel and Leeuwen reported in the RILEN Symposium on Bond and Crack Formation, 

1957, on the admissible crack widths which are specified in the Netherlands. These 

recommendations are made from investigations of structures existing for more than 15 years. 

They considered the maximum permissible crack width as that corresponding to an accepted 

degree of rusting of the reinforcement. For unprotected structures (external) a crack width of 
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0.008 inch is allowable, whereas for protected structures (internal) the permissible width is 

increased to 0.012 inch. With good construction and favorable conditions, larger crack widths 

may be admissible for the latter category. 

A report by Voellmy, also included in the RILEM Symposium, gives the results of 

experiments in which a number of cracked beams were exposed to the atmosphere for 10 years. 

The locations varied from rural to industrial areas to determine the influence of various 

environments. The author found that the magnitude of the crack width was more significant than 

the aggressiveness of the atmosphere. The results after 10 years indicated that no corrosion 

occurred with crack widths up to 0.008 inch. Slight corrosion at isolated regions of the 

reinforcement was observed for cracks between 0.008 and 0.020 inch. With crack widths over 

0.020 inch, a little more localized corrosion was noticed. 

Bertero states that for standard comparison, crack widths should be specified as those at 

the level of the reinforcement. Maximum allowable crack widths will certainly depend on the 

climate conditions to which the structure is exposed. Assuming the use of a dense, impermeable 

concrete, the permissible limits lie between 0.010-0.014 inch for indoor exposure, 0.006-0.010 

inch for normal outdoor exposure, and 0.001-0.006 inch for exposure to sea water, smoke, etc. 

These allowable crack widths apply to structural elements under permanent loading with 1-inch 

cover. 

In Bulletin No. 12 of the European Committee for Concrete, 1959, Haas presented the 

results of an extensive investigation concerning limiting values for crack widths in structures 

exposed to marine atmospheres. For exposed structures (external environment) the limit is set at 

0.008 inch and for protected structures (internal environment) a maximum limit of 0.012 inch is 

recommended. These values are applicable only in cases where the reinforcement is adequately 

covered and where the loads are permanent. Larger crack widths are permissible in the absence 

of heating, humidity, and other aggressive conditions. In such cases, aesthetic requirements will 

probably govern the limits. 

An investigation of the effect of crack width on the corrosion of reinforcement was 

reported by Shalon and Raphael in 1959. Cracks of 0.006 inch and 0.012 inch were maintained 

in small reinforced concrete beams which were exposed to the weather for one year. Corrosion 

of the reinforcement was quite predominant with the 0.012 inch width crack. In plastic concrete, 
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rust was observed in the regions next to the crack. In semi-dry concrete, the bar corroded 

considerably with corrosion products accumulating in pits around the cracks. It was concluded 

that permissible crack widths should be limited to 0.008 inch in exposed structures and to a 

lesser value in structures exposed to saline air. 

Hendrickson states that a 0.01-inch crack width has been the acceptable limit for 

reinforced concrete pipe during the past 30 years. It is reasonable that such a limit may also be 

applicable to other exposed reinforced concrete structures. Crack widths smaller than 0.01 inch 

may often close by means of autogenous healing and therefore present little danger of severe 

corrosive attack. 

The American Concrete Institute 1963 Building Code, Section 1508, requires that the 

average crack width at service load at the concrete surface of the extreme tension edge not 

exceed 0.015 inch for interior members and 0.010 inch for exterior members, as determined by 

tests on actual full-scale flexural members.  

Investigations of the corrosion of reinforcement in cracked concrete have been conducted 

for the past 50 years. Still no generally accepted opinion has been established. The diversity of 

the corrosion processes and the many factors with interdependent influences make the problem 

of corrosion and crack formations presumably too complicated to be solved by the simple 

assumption of a limiting crack width. The difficulty of this problem would possibly be eliminated 

if it could be shown that corrosion probability and crack width are dependent on the same 

factors such as the quality of the concrete and other conditions governing the properties of the 

concrete. This relationship can be established only by further investigations, which take into 

consideration the governing factors. Care should be taken not to consider crack width as being 

so influential as to divert attention from the other significant factors. 

ACI Journal State of the Art Paper (ACI Journal, 1968): 

 In his paper, Nawy (ACI Journal, 1968) presented the sate of knowledge on cracking of 

concrete structures.  The paper focused on flexural cracking behavior in beams and acceptable 

formulas that could be used to estimate the crack width.  Also, the paper gave a discussion and 

tabulation of the permissible crack width in concrete structures under various exposure 

conditions.   
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 Nawy summarized the flexural crack width values that were collected from his research 

and others, such as Kaar & Mattock (PCA Journal, 1963), and Hognestad (PCA Journal, 1962). 

The statistical representation of these results showed that the flexural crack width in beams, at 40 

ksi tensile stress in reinforcement bars, were in the range from 0.0025 to 0.016 in, with the 

majority of the results were in the range from 0.005 to 0.010 in.  

 Nawy also gave a summary of the permissible crack widths in concrete structures, under 

various exposure conditions, which were available at that time.  Justification for these limits was 

more based on “experience” than proven detrimental effects. A reproduction of these limits is 

given in Table A-1. 

Table A-1- Permissible Crack Widths in Reinforced Concrete Structures (Nawy, ACI J. 1968) 
Source Exposure condition Max. Crack Width (in.) 
Brice* 
 

Severe 
Aggressive 
Normal 

0.004 
0.008 
0.012 

Rusch* Aggressive (salt water) 
Normal 

0.008 
0.012 

Etsen* Severe to Aggressive 
Normal (outside) 
Normal (inside) 

0.002-0.006 
0.006-0.010 
0.010-0.014 

ACI 318-63 Exterior 
Interior 

0.010 
0.015 

CEB** Interior or exterior, aggressive and 
watertight 

Aggressive 
Normal 

 
0.004 
0.008 
0.012 

US Bureau of 
Public Roads 
(Maximum 
crack width at 
steel level 
under service 
load) *** 

 
 
 
Air or protective membrane 
Salt, air water & soil 
Deicing chemicals, humidity 
Sea water & seawater spray, alternate 

wetting & drying 

DL causes 
Compression & LL 
causes Tension 
0.012 
0.010 
0.008 
 
0.008 

DL & LL 
cause 
Tension 
0.010 
0.008 
0.006 
 
0.006 

* See reference: International Symposium, Stockholm, 1957 
** See reference: CEB, Paris, 1964 
*** See reference: US Department of Commerce, 1966  

ACI 224 Report on Control of Cracking in Concrete Structures (ACI 224R-01): 

The first edition of the ACI 224 report, “Control of Cracking in Concrete Structures,” 

was published by ACI Committee 224 on Cracking in the early 1970s. Since then, the report has 
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undergone several revisions. The objectives of the report are to give principal causes of cracking 

in reinforced/prestressed concrete and recommended crack control criteria and procedures.  The 

report discusses many possible sources of cracking, such as shrinkage cracking, flexural 

cracking, tension cracking, and end-zone cracking on prestressed concrete members. 

The ACI report (ACI 224R-01) gives the following guidelines, shown in Table A-2, for 

tolerable crack widths at the tensile face of reinforced concrete structures for typical conditions. 

Table A-2. Tolerable Crack Widths in Reinforced Concrete Structures 
Exposure Condition Tolerable Crack Width,  

inch (mm) 
1. Dry air or protective membrane  
2. Humidity, moist air, soil 
3. Deicing chemicals 
4. Seawater and seawater spray, wetting & drying 
5. Water-retaining structures (excluding non-pressure pipes) 

0.016 (0.41) 
0.012 (0.30) 
0.007 (0.18) 
0.006 (0.15) 
0.004 (0.10) 

Although the ACI 224 report (ACI 224R-01) recommends this table as a practical guide, 

it states that these values of crack width are not always a reliable indication of steel corrosion 

and deterioration of concrete to be expected.  The report states that engineering judgment should 

be exercised and other factors, such as concrete cover, should be taken into consideration to 

revise these values. 

 The ACI 224 report (ACI 224R-01) recognizes the fact that bursting cracks can develop 

at ends of prestressed concrete members.  The report does not give any guidelines on tolerable 

crack size for this specific type of crack. However, it can be interpreted from the report that the 

limits presented in Table 2 are applicable to all types of cracks regardless of their source. The 

report states the importance of proper design of the bursting reinforcement, and that the first row 

of the bursting reinforcement should be placed as close as possible to the member end and the 

rest should be distributed over a certain distance. 

PCI Manual for the Evaluation and Repair of Precast, Prestressed Concrete Bridge 

Products, (PCI, MNL-37-06): 

 In 2006, the Precast/Prestressed Concrete Institute (PCI) published the “Manual for the 

Evaluation and Repair of Precast, Prestressed Concrete Bridge Products,” (PCI, MNL-37-06).  

The objective of the report is to achieve a greater degree of uniformity among owners, engineers, 

and precast producers with respect to the evaluation and repair of precast, prestressed concrete 
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bridge beams.  The report recognizes end–of-beam cracking in “Troubleshooting, Item #4.”  A 

summary of the report findings and recommendations are as follows: 

• For cracks that intercept or are collinear with strands but without evidence of strand 

slippage (significant retraction of strand into the beam end), the report recommends 

injecting the cracks with epoxy. 

• The report uses the crack width values developed in ACI 224R-01 as guidelines whether 

or not to inject cracks. These values are shown in Table A-3. 

• For cracks that intercept or are collinear with strands with evidence of strand slippage 

(significant retraction of strand into the beam end), the report recommends injecting the 

cracks with epoxy and re-computation of stresses after shifting the transfer and 

development length of affected strands. 

• The report recognizes the fact that this type of cracking does not grow once the beam is 

installed on a bridge. On the contrary, the cracks will close to some extent due to applied 

dead and live loads, as end reactions provide a clamping force. 

• The PCI report does not give any guidelines on when to reject a beam with end cracks.  

Table A-3. End-of-Beam Cracks that should be Injected (PCI, MNL-37-06) 
Exposure Condition Crack Width, inch (mm) 
1. Concrete exposed to Humidity 
2. Concrete subject to Deicing chemicals 
3. Concrete exposed to seawater and seawater spray, wetting 

& drying cycles 

> 0.012 (0.30) 
> 0.007 (0.18) 
 
> 0.006 (0.15) 

PCI Report on Fabrication and Shipment Cracks in Prestressed Hollow-Core Slabs and 

Double Tees (PCI Journal 1983): 

 In 1983, the PCI Committee on Quality Control Performance Criteria developed a report 

on “Fabrication and Shipment Cracks in Prestressed Hollow-Core Slabs and Double Tees,” 

(PCI Journal 1983).  The report provides a collection of various cracks that may occur in hollow-

core slabs and double tees during casting, stripping, or shipping.  The objectives of the report are 

to help precast producers and design engineers identify possible sources of cracking and make 

decisions on the acceptability of the product.  The report recognizes end-of-beam cracking as 

follows: 
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• For Hollow-core slabs: The report provides two types of web cracking that may occur at 

prestress release due to the bursting forces. The first type is above the strands and the 

second type is at or near the strands, as shown in Figure A-1(a) and (b) respectively.   The 

report states that the crack width of the first type can range from a hairline up to 0.25 in. 

(6.3 mm).  However, it does not provide a crack width for the second type.  The report 

states that these cracks can reduce shear capacity, but it does not give any criteria on 

when to reject the product.  The report gives some repair procedures that range from 

epoxy injection for small cracks to solid grouting of the voids. 

  

(a) Above the strands    (b) at or near the strands 

Figure A-1.  End-of-member Cracks for Hollow-core Slabs 

• For Double Tees: The report recognizes horizontal end cracking in the stem during 

prestress release, as shown in Figure A-2.  It states that the crack length can extend 

horizontally for a distance from several inches to a few feet.  However, the report does 

not give any guidelines regarding the crack width or when to reject the product.  The 

report states that if the crack plane coincides with a strand, it may affect the bond 

between the strand and concrete and increase transfer and development length. 

 

Figure A-2.  End-of-member Cracks for Double Tees 
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CEB Eurocode No.2 (Schiessl, IABSE-FIP-CEB-RILEM-IASS, 1975): 

For the environmental criteria, Table A-4 gives the maximum crack widths that were 

recommended by the CEB and Eurocode No. 2. These values are valid for a concrete cover of 

1.18 in. (30 mm) and for bar diameter not greater than 1.0 in. (25 mm).   

Table A-4.  Maximum Crack Width (Schiessl, IABSE-FIP-CEB-RILEM-IASS, 1975) 

Exposure 
Maximum crack width at 
extreme tensile fiber of 

the concrete section (in.) 

90 percentile of the 
maximum crack width 

(in.) 
Appearance 

Severe: 
 Corrosive gasses or soils 
 Corrosive industrial or 

maritime environment 

0.0012 0.004 
Difficult to see 
with the naked 

eye Moderate: 
 Running water 
 Inclement weather without 

aggressive gasses 

0.0160 0.008 

Mild: 
 Conditions where high 

humidity is reached for a 
short period in any one year 

0.0200 0.012 Easily visible 

These cracks width limits were based on investigating cracks developed in beams under flexure 

and concrete members under direct tension and the effect of bar diameter and spacing on the 

crack width.  A summary of the CEB procedure to check bar spacing to control the crack width 

can be found by Leonhardt (PCI Journal, 1988).  In this paper, Leonhardt recommended to limit 

the maximum crack width to 0.008 in. to avoid any concerns by casual observers and the public. 

Inspection Handbook for Common Deterioration of Prestressed Concrete Box Beams 

(Ahlborn et al., PCI/NBC 2005): 

 In a research project funded by the Michigan Department of Transportation, Ahlborn et 

al. (PCI/NBC 2005) developed an inspection handbook to categorize deterioration types in 

bridges built with prestressed concrete adjacent box beams. Thirteen types of degradation were 

identified and ranked.  The handbook is designed to serve as a guide to aid MDOT bridge 

inspectors while assessing the condition of box beams in Michigan bridges. 

The types of distress are ranked according to their level of structural significance by a 

condition rating specific to this project (Table A-5). The condition nomenclature is determined 

by the Federal Highway Association (FHWA, NHI 03-001, 2002) for the National Bridge 
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Inventory, NBI. Various types of cracks specified in Table A-5 are defined according to their 

crack width in Table A-6.  

Table A-5. Summary of Condition States for Michigan Prestressed Concrete Box-Beams 

 

Table A-6. MDOT Handbook Crack Width Limits 

 

Reviewing these tables shows that FHWA and MDOT classify bridges with hairline 

cracks (<0.004 in.) and narrow cracks (<0.010 in.) to be in good and fair condition, respectively.  

Bridges with crack widths greater than 0.010 in. are classified as in poor condition.  

Crack Widths as Governed By Aesthetic Requirements: 

 In the absence of aggressive environments, permissible crack width may be determined 

by aesthetic considerations. A crack width of about 0.005 inch is probably the lower limit for 

observation by the naked eye, depending on the surface texture of the concrete. A crack width of 

such small magnitude can be detected only by close observation. Also, crack widths 2 or 3 times 

larger than this limit (0.010 to 0.015 in.) would be difficult to see when viewed at any 

appreciable distance.  

 Aesthetic considerations must also be based on the type of structure, i.e., whether 

industrial, commercial, or monumental. For critical structures such as bridges, gaining the public 
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confidence may be more important than appearance and the limiting crack width may be smaller. 

There have been no reports on the influence of aesthetic requirements on allowable crack widths, 

and no definite limits have been set in the literature. 

Crack Control Criteria Received from the National Survey 

 Question No. 10 of the national survey, conducted in this research project, asked about 

established criteria used to decide when to repair end zone cracking.  The majority of the 

respondents stated that crack width is the sole criterion that they use.  The responses were 

analyzed and the results are shown in Table A-7. 

Table A-7. Responses to Question 10 of National Survey  

Crack width Action 
Less than 0.007 in. (0.18 mm) 
Between 0.007 in. and 0.025 in. (0.18-0.64 mm) 
Over 0.025 (0.635 mm) 

Surface Sealing 
Epoxy injection 
Reject beam 

It should be noted that the figures given above represent only the pool of respondents. 

Also, very few of the respondents have set a rejection criterion, and those who have a rejection 

criterion stated in their response that it is very unlikely to reject a beam. The researchers believe 

that the limits shown above may be too restrictive. One might be able justify, based on Phase II 

research, that  0.015 in. (0.38 mm) and  0.15 in. (3.75 mm) are more realistic limits for surface 

sealing, epoxy injection, and rejection. The first limit is the same as was recommended in the 

early editions of the ACI Code, with no repair required, for flexural members. Cracks between 

0.015 and 0.15 in. may be repairable with epoxy injection to restore their pre-cracked condition. 

As an example, the following section provides a summary of the crack control criteria 

used by the Illinois Department of Transportation. The Illinois DOT allows a maximum 

individual crack width of 0.007 inches in I-Beams and Bulb T-Beams, and a cumulative 

horizontal end crack width of up to 0.015 inches (0.38 mm). The crack widths are measured from 

the end view of the prestressed girder. Diagonal cracks on the web also have a maximum 

cumulative length of 40 inches (1 meter). Cracks that appear at formed holes or inserts, as shown 

in Figure A-3, follow the same criteria as diagonal cracks and are included in the cumulative 

length. Cracking is not allowed, regardless of its width or size, if it crosses more than 10% of the 

strands or if it directly follows a strand. 
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Figure A-3.  End Zone Cracking as Illustrated in the IL DOT Bridge Manual 

Cracks that do not meet the above criteria must be repaired or the product rejected. For 

cracks on the bottom and sides of a member that are less than 0.007 inches, a concrete sealer is 

applied. Cracks in the range of 0.007 inches to 0.015 inches are pressure injected. Cracks that are 

exposed to the environment are repaired using a low viscosity epoxy-polysulfide resin or by 

pressure injection. Illinois uses the PCI Manual for the Evaluation and Repair of Precast, 

Prestressed Concrete Bridge Products to supplement their repair work.  It appears that the crack 

width limitations imposed by Illinois DOT are too restrictive, but their repair methods appear 

reasonable. 

A.5 DESIGN OF END ZONE REINFORCEMENT 

 This section provides a sampling of end zone reinforcement details developed for 

pretensioned precast concrete girders, based on information collected from the literature and the 

survey. 

AASHTO LRFD Specifications (AASHTO LRFD 2007): 

 Article 5.10.10.1 of the AASHTO LRFD Specifications (AASHTO LRFD 2007) requires 

that the end zone reinforcement be designed to resist four percent (4%) of the total prestressing 

force at transfer.  The reinforcement must be designed for a stress not exceeding 20 ksi, and 

should be located within h/4 (one-fourth of the depth of the girder) from the end of the girder.   

Pr = fs As > 0.04 fpiAps     Eq. A-1 

Where:   
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Pr  = bursting resistance of pretensioned anchorage zones provided by vertical reinforcement in 

the ends of pretensioned beams at the service limit state 

fs  = stress in steel not exceeding 20 ksi 

As  = total area of vertical reinforcement located within the distance h/4 from the end of the beam  

h  = overall depth of precast member 

fpi  = stress of the strand at transfer 

Aps = area of prestressing steel 

Also, Article 5.10.10.2 of the AASHTO LRFD Specifications (AASHTO LRFD 2007) 

requires that for the distance of 1.5d (where d is distance from top flange surface to centroid of 

tension reinforcement) from the end of the beams, other than box beams, reinforcement shall be 

placed to confine the prestressing steel in the bottom flange. The reinforcement shall not be less 

than No. 3 deformed bars, with spacing not exceeding 6.0 in. and shaped to enclose the strands.  

For box beams, transverse reinforcement shall be provided and anchored by extending the leg of 

stirrup into the web of the girder.   

Alberta, Canada: 

 Alberta has adopted the method proposed in the PCI Journal Article “End Zone 

Reinforcement for Pretensioned Concrete Girders” written by Jongpitaksseel, Tadros, Tuan, and 

Yehia (PCI Journal 2004). It states that the vertical end zone reinforcement should be designed to 

resist four percent (4%) of the prestressing force at release with a uniform stress of 20 ksi. Fifty 

percent of this reinforcement (or 2%) should be placed within an h/8 distance from the end of the 

beam (where h is the depth of the girder). The remainder should be placed between h/8 and h/2 

from the end.  

Florida DOT: 

 Figures A-4 and A-5 show the cross section and end zone of a 5’-3” deep, Type V Beam. 

Florida uses 42#5 vertical bars spaced at 3 inches (20 spaces, 60 inches). The bars have top and 

bottom hooks. In addition, 12 #5 bars at 3” spacing are bundled with the first set of bars over a 

distance of 15 in. (5 spaces).  
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Figure A-4.  Cross Section of the FL Type V Beam at Girder Ends 

 

Figure 5- Longitudinal Profile of the FL Type V Beam at Girder Ends 
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There is horizontal reinforcement as well, as shown in the figure. It is not clear whether 

that reinforcement is counted in the end cracking analysis. Florida required a clear cover on the 

reinforcement of 2 inches. Girder web widths are 7 in. in some girder sizes and 8” in other girder 

sizes.  This cover requirement forces placement of the bars close to the centerline of the web. 

Lack of “skin” reinforcement may exaggerate the extent of cracking as the surface cracking 

could be much wider than the cracking at the reinforcement being protected from corrosion.  

Illinois DOT: 

 In July of 2005, the Illinois Department of Transportation, IL DOT, introduced new end 

zone details to help reduce end zone cracking to within acceptable limits as stated above. The 

design came from studying other state practices and completed research. The end zone is 

reinforced with a plate and rod assembly, as shown in Figure A-6. The top and bottom plates are 

connected with ¾ inch diameter threaded rods. The bottom plate also has 4 inch long studs 

located in pairs along their edge.  

Figure A-6. End Zone Detail used by IL DOT 
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Massachusetts DOT: 

 The Massachusetts Department of Transportation uses #4 or #5 shear reinforcement 

stirrups in pairs for their prestressed girders with a 1½ inch clear cover in the web. The stirrups 

are completely contained inside the concrete and have horizontal bends on each end that extend 

towards the outer flange ends, as shown in Figure A-7. Within the distance h/4 (one fourth the 

height of the beam), the area of steel for the vertical stirrups must satisfy the requirements of 

Section 9.22 of the AASHTO Standard Specifications, resisting 4% of the total prestress force at 

release and acting at a unit stress of 20 ksi. The Massachusetts Department of Transportation 

allows fabricators to debond 50% of all strands 6 inches from the beams end.  

 

(a) Cross Section Details 

Figure A-7. End Zone Detail used by Massachusetts DOT 
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(b) Longitudinal Profile Details 

Figure A-7(cont.). End Zone Detail used by Massachusetts DOT 

Nebraska Department of Roads (NDOR): 

The Nebraska Department of Roads (NDOR) uses the end zone reinforcement detail 

outlined in Article 5.10.10 of the AASHTO LRFD Specifications. It requires the area of steel for 

the end zone reinforcement be enough to resist 4% of the total prestressing force at release and 

be located within h/4 from the end of the girder. It must also be designed for a 20 ksi stress. As 

shown in Figure A-8, the end zone reinforcement consists of welded wire reinforcement and 

supplemental bars as needed to meet the 4% requirement.  

 (a) Cross Section Details 

Figure A-8.   End Zone Detail used by Nebraska Department of Roads 
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(b) Longitudinal Profile Details 

Figure A-8(cont.).   End Zone Detail used by Nebraska Department of Roads 

 

Tennessee DOT: 

 The bursting reinforcement in the Tennessee Department of Transportation details 

provided to the research team consists of 10 pairs of vertical #6 bars, using 4 spaces at 3 in. and 5 

spaces at 6 in. Some of the bars project above the top flange and some are bent in the top flange, 

as shown in Figure A-9. This amounts to 8.8 square inches of steel in a space of 48 in. from the 

girder end. For a 72 in. deep girder, this distance is longer than the h/4 specified AASHTO. 

However, the area of steel is also considerably more than what the 4% rule would give. This 

strategy is somewhat consistent with the Washington State strategy as given below. The girders 

contain confinement reinforcement on the bottom flange and also reinforcement on the top 

flange. 
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Figure A-9. End Zone Detail used by Tennessee DOT 

Washington State DOT: 

 A design procedure developed in conjunction with the fabricators is used in Washington. 

It is somewhat of a deviation from the AASHTO procedure. The area of steel required is a 

function of the girder depth, as originally developed for AASHTO, by Marshall and Mattock. 

The splitting force in that original method was proposed to be = 0.02*P*h/Lt, where P is initial 

prestress force, h is member depth and Lt is strand transfer length. For 72” deep sections with 0.6 

in. strands, this formula reduces to 0.04*P as stated in AASHTO. Please note that the formula as 

developed by Marshall and Mattock was based on much smaller lab specimens. The vertical 

reinforcement consists of 9 pairs of #5 bars at 2 ½” spacing.  This amount of steel is 

supplemented with 20 pairs of #5 bars spaced at 5 inches, see Figure A-10. This corresponds to 

about 18 in2 of steel in 10 ft-9 in. The h/4 distance over which the bars are to be placed, is not 

enforced in this method. Similar to the Tennessee details, a relatively large area of steel is placed 

as closely spaced as practical, without strict conformance to the h/4 requirement.  A unique 

feature in the Washington DOT details is the #3 double looped reinforcement in the web, as 

shown in Figure A-11. It is not clear why such reinforcement is required, as no vertical splitting 

has been reported in the literature.   
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Figure A-10. End Zone Detail used by Washington State DOT 

 

Figure A-11. Additional Horizontal Reinforcement used in the web, Washington State DOT 

 Central Pre-Mix Prestress Co. of Spokane, Washington uses a bursting reinforcement 

detail shown in Figure A-12. It is a single #8 bar that travels vertically through the center of the 

girder and is bent back into the interior of the beam at both the top and bottom. This detail has 
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excellent potential and merits further exploration. It is possible to combine this reinforcement  

with a series of closely spaced #5 or #6 bars over a distance = h/2 to produce adequate 

reinforcement. Placing a large bar (or pair of bars) at the very end of the member, which is 

enclosed in a concrete diaphragm anyway and does not have to be not subjected to the clear 

cover requirements, can result in arresting the cracks. Placing the other bars will assure 

controlled crack width and distribution over the critical length at member end.  

 

Figure A-12. End Zone Detail used by Central Pre-Mix Prestress Co., Spokane, Washington 

End Zone Reinforcement Detail Proposed by University of Nebraska (Tuan et al, PCI J. 

2004): 

The proposed procedure states that the end zone reinforcement should be designed to 

resist four percent (4%) of the prestressing force at release with a uniform stress of 20 ksi. Fifty 

percent of this reinforcement should be placed h/8 (one-eighth of the depth of the girder) from 

the end of the beam. The remainder should be placed between h/8 and h/2 from the end.  

According to the proposed procedure, the remainder of the end zone reinforcement that is 

provided between h/8 and h/2 from the end is not in addition to the vertical shear reinforcement.  

In this particular distance, i.e. between h/8 and h/2 from the end, the design engineer should 

compare the vertical shear reinforcement that is required through this distance with the end zone 

reinforcement and use whichever is greater. 
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Background of the UNL proposed procedure: 

In a research project funded by Nebraska Department of Roads (NDOR), Tadros and his 

team of researchers tested a large number of NU I-Girders and Nebraska Inverted Tee Beams.  

The two-phase research concluded that: 

• An upper bound on bursting force may be estimated as 3% of the prestressing force, see 

Figure A-13.  However, since the research project did not utilize other types of girders that 

are commonly used in other states, such as PCI Bulb Tee and Double Tee girders, the final 

recommendation kept the 4% bursting force given by the LRFD Specifications. 

 

Figure A-13. Bursting Force Comparison 

• About 20% of the total stress caught by the end zone reinforcement is due to release of the 

draped strands.  The remainder 80% of the total stress is due to release of bottom straight 

strands, see Figure A-14.  Removal of the hold down devices of the draped strands has almost 

no effect. 

• 60% of the bursting force develops in the end h/4, 85% in the end h/2, and 100% in the end 

distance h of the member, see Figure A-15. 

• A steel stress limit of 20 ksi may be placed on the bursting reinforcement for crack control. 

However, the stress in the bursting reinforcement drops sharply with the distance from the 
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end. At h/8, the center of the (h/4) reinforcement zone in AASHTO, the stress average is only 

10.7 ksi according to the experiments, see Figure A-15.  

• If most of the bursting reinforcement is placed in the end h/8, it would have the most 

effective crack control with the least amount of steel. 

• Adequate anchorage of the bursting reinforcement should be provided, especially in the end 

h/8 zone where the stress is highest.  To provide anchorage from the bottom side of the bars, 

the research team proposed welding the end zone reinforcement in this area to the base 

bearing plate, see Figures A-16 and A-17.  To provide anchorage from the top side of the 

bars, U-shape bars or headed bars can be used.  The U-shape bars or headed bars should be 

completely embedded in the precast girder.   

 

Figure A-14. Effect of release stages on End Zone Reinforcement 
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Figure A-15. Average Stress in End Zone Reinforcement vs Distance from the Member End 

 

    

Figure A-16. Anchorage of End Zone Reinforcement for Nebraska Inverted Tee Beam 
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Figure A-17. Anchorage of End Zone Reinforcement for NU I-Girder 

 The details developed in this program appear to work well and appear to be consistent 

with the successful experiences in Nebraska, Tennessee and Washington. However, welding 

threaded rods to the base plates at member ends may not be the most cost-effective method in 

achieving the goal of controlled cracking. The various successful design and detailing methods 

would need to be re-examined in Phase II to achieve an optimal solution.  

A.6 SOURCES OF END ZONE CRACKING 

Longitudinal end zone cracking occurs in pretensioned girders during release of the 

pretensioned strands. The draped strands are usually released first using flame cutting at the ends 

and then by removing the hold-down anchorage devices at the harp points. The straight strands 
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are then released by one of two methods: (1) flame cutting, which is a practice used by a large 

number of precast producers, or (2) gradual release (jack down) in which the abutment of the 

prestressing bed is equipped with a hydraulic system that allows it to move gradually towards the 

concrete member. 

During release, the strands grip against the concrete, gradually transferring their force to 

the concrete girder through a distance known as the transfer length. The force transferred from 

the strands causes member shortening. The member slides on the bottom pallet, dragging the 

ends at the bottom. The horizontal sliding is accompanied by upward camber, and the precast 

member becomes supported at its ends only.   

The release process is typically accompanied with formation of longitudinal cracks at the 

girder ends.  These cracks may occur in the web or at the junction between the web and the 

bottom flange. There are many possible sources that may increase or decrease the likelihood of 

this longitudinal end zone cracking in pretensioned girders. Within the literature search and the 

survey responses, multiple sources were suggested: 

a) Method of detensioning: As explained before, the bottom strands can either be flame cut 

manually while still fully tensioned, or they can be slowly jacked down by a hydraulic release 

before being cut. Since flame cutting is done manually, the strands are released individually, 

which creates uneven forces throughout the beam and presents a more localized aggressive 

introduction of force to the beam. Slowly jacking down the strands prevents the sudden 

introduction of force that flame cutting causes and gives the concrete girder more time to 

accommodate the transformed compressive force.  Although, hydraulic release is preferred to 

reduce end zone cracking, very few state DOTs mandate its use because it requires the 

precast plants to restructure the existing prestressing beds. 

b) Release of the top straight or draped strands before the bottom straight strands: This sequence 

puts the bottom flange in tension (especially with deep precast members), trying to stretch it 

out. Since the beam at this stage is in full contact with the bottom form of the prestressing 

bed, and its bottom flange is restrained by the straight strands that are not released yet, the 

frictional force produced at the bottom surface of the member resists this movement and 

produces a vertical crack at the side of the bottom flange that extends vertically towards the 

web/bottom flange junction.   In order to treat this problem, some state DOTs require not to 
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fully tension strands located in the top flange, reduce the height of the draped strands to the 

level that makes release stresses within their allowable limits, and/or uniformly distribute the 

draped strands across the web height rather than concentrating them close to or in the top 

flange. 

c) Order of release of bottom strands with the flame cutting method: Due to limited accessibility 

of interior strands, the edge strands on each layer are generally released before the interior 

strands. This order puts the tips of the bottom flange in compression and makes them act as 

free cantilevers, which initiates horizontal cracking at the web/bottom flange junction or 

sloped cracks in the web close to its junction with the bottom flange. A specific pattern must 

be followed in order to not increase cracking. Angular cracks can occur from the stress 

difference of cut and uncut prestressed strands if the cutting pattern is not idealized. Both 

ends of the same prestressing strand should also be cut simultaneously to prevent uneven 

forces. However, researchers found that the sudden introduction of stress into the girder from 

flame cutting of the strands is conducive to cracking, even with a planned pattern (Mirza & 

Tawfik, PCI Journal 1978; Kannel et al, PCI Journal 1997). 

d) Length of the free strand in the prestressing bed: As the first strands are cut and the precast 

member is compressed causing elastic shortening, the remaining uncut strands must lengthen 

to accommodate the shortening of the member. The resulting tensile force in the uncut 

strands causes vertical cracks to form near the ends of the member, where the compression 

from the cut strands has not been fully imparted on the section. This source can be very 

detrimental in cases where more than one precast member is cast on a single prestressing bed. 

In a study conducted in 1987 (Mirza & Tawfik, PCI Journal 1978), researchers found that this 

source of cracking can be eliminated by making the free strand length between the abutment 

and the concrete member or between adjacent members as short as needed for fabrication. 

e) Friction with the bottom form of the prestressing bed (Koyuncu et al., TRB 2003; & PCI 

Repair Manual, MNL-37-06, 2006): In cases where the bottom form of the prestressing bed is 

not properly oiled or has indentions, horizontal cracks are developed in the bottom flange. 

When cutting the strands the beam may be moved horizontally along the bed floor, causing 

friction on the surface between the concrete and steel.   
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f) Heat concentration during flame cutting (Marshall & Mattock, PCI Journal 1962; & PCI 

Repair Manual, MNL-37-06, 2006): It was reported that concentrated heating of a strand 

leads to high sudden shock of the released prestress force. It is always recommended to heat 

the strand over a long distance to allow slow elongation (annealing), and that flame cutting of 

strands be done by trained and experienced workers.   

g) Lifting the precast member from the bed (Tuan et al., PCI Journal 2004): The prestressing 

force causes the girder to camber so that the center of the beam is forced higher than the ends. 

Shortly after prestress release, the precast member is lifted from the bed and moved to the 

storage area. In most cases where the member is relatively long, the lifting points are 

generally recessed by as much as 15 to 20 feet from the member ends, at camber raised 

locations. The lifting point locations are subject to negative moments not only from the 

prestress but also from the self weight. This latter effect is often ignored by designers. It is a 

major contributor to the temporary crack widening that occurs at the time of lifting. At this 

initial lifting of the beam, the prestress force has not yet diminished and is at its highest while 

the concrete has not yet reached its full strength. It has been known to contribute to 

downward diagonal cracks in the upper part of the web. 

h) Hoyer Effect (Collins & Mitchell 1997): Upon release of the prestress, the diameter of the 

strand expands and pushes against the surrounding concrete. This action, which is known as 

the Hoyer Effect, improves the bond between the strand and the concrete and helps in 

transferring the prestress force to concrete. However, it creates radian tensile stresses in the 

concrete volume, which leads to a radial crack that extends from the strand to the nearest 

concrete surface at the end surface of the member. This type of cracking would generally be 

controlled with bottom flange confinement of the concrete around the strands.  

i) Use of 0.6 inch strands: With the increasing use of concrete with high strength, a number of 

state highway agencies have begun using 0.6-inch diameter strands at the standard 2-inch 

spacing in place of the conventional 0.5-inch diameter strands. Also, a demonstration project 

is under way by the Nebraska Department of Roads to implement the use of 0.7-inch strands 

on the Pacific Street overpass over Interstate I-680 in Omaha. A full-scale specimen was 

fabricated for the University of Nebraska research team. The specimen, an NU 900 (36 inches 

deep) I-girder was prestressed with 24 0.7-inch strands at 2.2 inches horizontally and 2.25 
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inches vertically. This prestress was the same amount required for a two-span bridge, 100-ft 

span, 10 ft-10 spacing. Previous research at the University established that cracks are more 

extensive with the larger 0.6 and 0.7-inch strands than with the 0.5-inch strands. 

j) Inadequate design of end zone reinforcement: Increased vertical reinforcement concentrated 

at the ends of the girder has been shown to reduce the lengths and widths of end zone cracks. 

Therefore, insufficient amounts of end reinforcement or misplacement of the bars too far 

away from the edges may increase the amount of cracking experienced. Also the lack of 

confinement stirrups around the prestressing strands may increase cracking. It has been found 

that the presence of confinement steel can increased the ultimate shear resistance by about 

13.2%.  It should be noted that the end zone reinforcement is not presented to eliminate end 

zone cracking but to control it. 

k) Concrete Type: Lightweight concrete has a reduced tensile strength capacity and modulus of 

elasticity, and is therefore less able to withstand the extreme prestressing forces. This leads to 

longer, wider, and a larger quantity of cracking along the ends. 

l) Low concrete release strength: The concrete must be allowed to set and cure long enough to 

reach a certain strength before release. This strength value, known as the minimum release 

strength, assures that the concrete is strong enough to handle the prestressing forces. If the 

concrete does not reach this strength, it may be too weak to resist the prestressing forces, 

leading to cracking.   

m) Strand distribution: Girders with a large number of draped strands appear to have more 

extensive cracking than girders with fewer or no draped strands. The concentration of the 

prestressing force at the top of the web and the bottom flange increases the bending of the 

section and the vertical tensile stresses.   

Other proposed variables related to end zone cracking include form geometry, beam 

length, the number of strands, thermal and shrinkage stresses, the number of debonded strands 

and the debonding lengths, residual stress from curing, restraint of forms during curing, and 

using forceful means to remove the side forms and bulkheads. From the survey responses, the 

commonly cited cause was strand distribution (72%), and the second cause was detensioning 

(50%). 
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A.7 MATERIALS AND PROCEDURES USED FOR REPAIR 

 This section provides the information the research team has collected from precast 

concrete producers on material and procedures used for repair of precast prestressed concrete 

girders with end zone cracking. 

Concrete Industries, Inc., Lincoln, NE: 

Concrete Industries, Inc. is a manufacturer of precast/prestressed concrete products, 

based in Lincoln, NE.   Concrete Industries fabricates NU I-girders, box beams, and double tees.  

Crack Sealers: 

 Typically, the end zone cracking that Concrete Industries experiences is very fine 

(between 0.006 and 0.01 in.). Since the crack width is so small, crack sealers, such as Degadeck 

and Transpo Sealate are used to cover and seal the fine cracks. These products are simply 

brushed over the cracks and allowed to seep down.   Concrete Industries prefers DegaDeck 

because it is easier to work with. It has a two-part mixture and a longer pot life than Transpo 

Sealate. 

(a) Degadeck® Crack Sealer Plus: 

Degadeck® Crack Sealer Plus is a clear reactive methacrylate resin designed for sealing 

cracks. It has a very low viscosity, low surface tension, and can cure in 1 hour. It is UV resistant, 

weather and aging resistant, and can be used at temperatures from 41°F to 104°F. 

When applying DegaDeck, the concrete surface must first be cleared of all contaminants. 

The concrete must also be dry prior to application. Once cleared, the surface is brush-blasted to 

expose the cracking. The surface and cracks are then cleared out with oil-free compressed air.  

DegaDeck is made up of two components. Right before application, the DegaDeck is 

mixed with a specific amount of Powder Hardener. The amount that it is mixed with depends on 

the temperature of the air and concrete. The two components are mixed together for 

approximately one minute until dissolved, and then applied to the desired cracks immediately. A 

broom or roller is used to apply the mixture in a gravity-fed process, and then to work it into the 

cracks. Working time is 10-15 minutes after application, and full cure occurs 45-60 minutes after 

application. To be safe, one hour should be allowed for the sealer to gain full mechanical 

properties. The dried product will be darker than its liquid form and have a matte finish. 
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(b) Transpo Sealate (T-70 & T-70 Mx-30): 

Transpo Sealate is a High Molecular Weight Methacrylate (HMWM) resin that fills and 

seals cracks in concrete. Its very low viscosity allows it to penetrate deep into the crack to create 

a better seal. This bonding prevents the crack from growing larger and further damaging the 

concrete. It cures quickly and has a low odor and a low volatility. Transpo Sealate has a low 

modulus and a higher tensile elongation, allowing it to move slightly with the concrete crack as it 

shifts from thermal stresses. It is applied to the cracked surface with a brush or broom and 

worked into the crack as much as possible. Unlike DegaDeck, nothing needs to be mixed 

together; therefore the time of application is decreased.  Properties and cure time of Transpo 

Sealate are given in Table A-8.  Figure A-18 shows application of Transpo Sealate to a concrete 

deck. 

Table A-8. Properties and Cure Time of Transpo Sealate 
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Figure A-18. Application of Transpo Sealate To A Concrete Deck 

Epoxy Injection: 

 Concrete Industries used epoxy injection to repair end zone cracks on some of the NU I-

girders of US-6 West Dodge Road Expressway Bridge, Omaha, NE. The largest cracks that they 

experienced on this project were about 0.02-in. wide, occurring in the area connecting the web 

and the bottom flange. These sized cracks also occured in the middle of the web, traveling at an 

angle to the top flange.  

Epoxy injection is performed with a Lily Epoxy Injecting Machine, Model #CD15, as 

shown in Figure A-19. This model can create a maximum fluid pressure of 2000 psi and is also 

able to control the ratio of the two components being mixed. First, the crack is examined and the 

placement and spacing of the injection ports are planned. The ports are installed on the crack, 

with the maximum center-to-center distance being 18 inches. Before applying anything, the 

concrete should be cleaned and cleared of debris. The remainder of the crack is sealed with either 

Sikadur 31 Hi-Mod gel or Sikadur 33. These are also placed around each injection port.  
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Figure A-19.  Lily Epoxy Injecting Machine, Model #CD15 

Once the epoxy sealers have hardened, pressure-injection can begin. Sikadur 35 Hi-Mod 

LV is injected into the lowest port until it begins to run out of the next port up. Then, the 

injection nozzle is removed from that lowest port and it is plugged. The process can then be 

repeated, with the injection nozzle pumping epoxy into the second lowest port until it comes out 

of the third lowest port. This process continues until the highest port at the top of the crack is 

reached. Once epoxy comes out of the uppermost port, the crack has been completely filled and 

the final port can be plugged. 

(a) Sikadur 31, Hi-Mod Gel: 

Sikadur 31, Hi-Mod Gel, is a high-modulus, high-strength, moisture-tolerant, structural 

epoxy paste adhesive. It is used to seal the cracks around the injection ports, so that the epoxy 

does not escape the member and instead fills the crack voids. It is also designed for structural 

bonding, bolt grouting, window sealing, and other vertical or overhead repair. The thick 

consistency of this product allows it to work well in the vertical environment of the web. It is 

made up of two components that must be mixed prior to use with a 2:1 ratio. The pot life is only 

30 minutes, so it must be applied quickly after mixing. This is accomplished with Concrete 

Industries’ Lily Epoxy injecting machine. Sikadur 31, Hi-Mod Gel, has a 14-day tensile strength 

of 3,600 psi, a 14-day flexural strength of 6,000 psi, and a 14-day shear strength of 3,400 psi.  

The mechanical properties of the product are shown in Table A-9. 
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Table A-9. Mechanical Properties of Sikadur 31, Hi-Mod Gel 

 

(b) Sikadur 33: 

Sikadur 33 is a high-modulus, high-strength, moisture-tolerant, structural, very rapid-

curing, smooth-paste epoxy adhesive. Its main purpose is to seal cracks and secure injection 

ports for pressure-injection grouting. The smooth-paste is ideal for the vertical cracks in the web. 

The very rapid curing makes it possible to inject as soon as 1 hour after applying. However, this 

also means that there is only a 15 minutes pot life after mixing. There is a 1:1 mixing ratio of its 

two components. Sikadur 33 has a 1-day tensile strength of 3,300 psi, a 1-day flexural strength of 

4,800 psi, and a 1-day shear strength of 2,200 psi. The mechanical properties of the product are 

shown in Table A-10. 
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Table A-10. Mechanical Properties of Sikadur33 

 

(c) Sikadur 35, Hi-Mod LV 

Sikadur 35, Hi-Mod LV, is a clear high-modulus, low-viscosity, high-strength, moisture-

tolerant, grouting/sealing/binder epoxy resin adhesive. It is designed to be pressure-injected into 

cracks in concrete, masonry, and wood. Its super low viscosity, 375 cps, allows it to flow easily 

deep into narrow voids to completely seal the crack. It has a high-early-strength development 

and an excellent chemical resistance. It is made up of two components that must me mixed prior 

to use with a 2:1 ratio, and the pot life for this mixture is 25 minutes. Sikadur 35, Hi-Mod LV, 

has a 7-day tensile strength of 8,900 psi, a 14-day flexural strength of 14,000 psi, and a 14-day 

shear strength of 5,100 psi. The mechanical properties of the product are shown in Table A-11. 
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Table A-11. Mechanical Properties of Sikadur 35, Hi-Mod LV 

 

Concrete Technology Corporation, Tacoma, Washington: 

The Washington State Department of Transportation (WADOT) works with Concrete 

Technology Corporation of Tacoma, Washington as their prestressed concrete manufacturer. The 

research team has been in contact with Mr. Steve Seguirant who is the Director of Engineering at 

Concrete Technology Corporation. They have never had to do anything to seal end zone cracks, 

whether it is injection or surface sealing. The end zone cracking that they experience is hairline. 

They feel that their end zone reinforcement details prevents major cracks from occurring. 

WADOT also states that these hairline end zone cracks will close up when the member is loaded.  

Epoxy Injection: 

Concrete Technology Corporation does have a crack repair procedure, approved by the 

Washington State Department of Transportation, for any other miscellaneous cracks that occur. 
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Larger cracks that are not greater in width than 0.25 in. are epoxy injected with Sikadur 35, Hi-

Mod LV LPL. This epoxy is mixed as required by the manufacturer and is injected manually with 

a low viscosity fluid injection gun. The concrete containing the cracks must be older than 21 

days and it must be cleaned of all foreign material. Dirt, oil, or other debris could disrupt the 

bond to the concrete. Entry ports are placed along the crack, with their spacing no further apart 

than the thickness of the panel. A surface seal epoxy is applied to the rest of the crack and around 

each port. If the crack goes all the way through the member, then the surface seal epoxy is also 

applied to the other side of the crack. This surface sealer must be strong enough to withstand the 

pressure forces of the injection resin and also be able to hold the ports in place while working. 

The surface seal epoxy must be given the full time to cure before the injection is started. When 

ready, the Sikadur 35, Hi-Mod LV LPL, is pumped into the lowest port until it begins to emerge 

from the second lowest port. Then, the lowest port is sealed off and injection continues into the 

second lowest port. This process continues up the member until the epoxy is emerging from the 

uppermost port at the top of the crack. This final port is also sealed, and the epoxy is cured for 12 

hours at 120°F. The surface is then blended to match the repaired area with the rest of the 

concrete. 

(a) Sikadur 35, Hi-Mod LV LPL: 

Sikadur 35, Hi-Mod LV LPL is a clear, high-modulus, low-viscosity, high-strength, 

moisture-tolerant, extended pot life, multi-purpose epoxy resin adhesive. It is designed for low 

and high-pressure injection into cracks of concrete, masonry, and wood. This formula has an 

especially long pot life. It is made up of two components that must me mixed prior to use with a 

2:1 ratio, and the pot life for this mixture is 90 minutes. Its low viscosity allows it to penetrate 

deep into cracks for better bondage. The application surface may be either damp or dry, but 

cannot be covered in standing water. Other debris such as grease, dirt, wax, or any other foreign 

object must be cleared from the concrete before injecting. Sikadur 35, Hi-Mod LV LPL, has a 7-

day tensile strength of 7,200 psi at 60°F and 7,500 psi at 73°F. It has a 2-day bond strength of 

1,100 psi and a 14-day bond strength of 1,300 psi. The mechanical properties of the product are 

shown in Table A-12. 

 

 



NCHRP 18-14, Final Report, Appendix A A-41 

Table A-12. Mechanical Properties of Sikadur 35, Hi-Mod LV LPL 

 

Epoxy Injection Procedure by PCI Manual for the Evaluation and Repair: 

 PCI Publication MNL-37-06, 2006, titled “Manual for the Evaluation and Repair of 

Precast, Prestressed Concrete Bridge Products,” provides detailed information on the process and 

steps used on epoxy injection of cracks in precast, prestressed concrete bridge products.  The 

responses of the national survey that was conducted in this research project have shown that this 

manual is currently used by many Sate DOTs and precast producers for repair of end zone 

cracking.   

Chapter 4 of the PCI publication states that the epoxy injection procedure applies to 

cracks that are wider than 0.006 in. or are noticeable after soaking with water. The publication 

gives the epoxy injection procedure for two cases:  (1) cracks accessible and visible from both 

sides, and (2) blind cracks, not visible or accessible from both sides.  Chapter 5 of the same 

publication provides information on how to prepare these cracks.  It also states that 75 psi to 200 

psi injection pressure is commonly used for crack widths in the range of 0.006 to 0.007 in. The 

following section is excerpted from Chapter 3 of the PCI Publication. 
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CASE 1: Cracks accessible and visible from both sides. 

A. Prepare areas adjacent to the crack: cleaning away dirt, dust, grease, oil, and other foreign 

matter detrimental to the bonding of the injection surface seal system. Corrosives should not 

be used for cleaning. 

B. For cracks of sufficient width to permit entry of loose particles, blow out debris using high-

pressure air equipment capable of filtering out any oils from the compressor. 

C. Apply an appropriate surface seal to both sides of the crack, allowing sufficient curing time. 

D. Install injection ports at intervals of at least 8 in. Note: The maximum port spacing is a 

function of crack width and pump pressure and relies on technical judgment considering the 

injection equipment used. (See Chapter 5 for a discussion of port spacing.) 

E. For essentially horizontal cracks, begin at either end of the crack. For cracks exhibiting any 

verticality in orientation, start at the lowest port. Begin and continue injecting epoxy until 

the adhesive reaches the next port. 

F. Clamp or otherwise seal off the port and begin injecting through the next port. Do not skip 

successive ports; this will avoid entrapment of air, which would prevent complete filling of 

the crack. 

G. Perform the injection procedure continuously until the crack is filled. If port-to-port travel of 

the adhesive is not indicated, immediately cease injection and notify the engineer. 

Determine the cause of the problem before continuing on a course of action. 

H. When injection is complete, allow the adhesive to cure the length of time and in the manner 

specified by the manufacturer. 

I. Remove the surface seal by grinding so that the face of the crack is flush with the adjacent 

concrete surfaces with no depressions at the entry ports. 

J. If the faces of the beam are not to be subsequently texture coated, apply a color-matching 

sand and cement mix. 
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CASE 2: Blind cracks, not visible or accessible from both sides 

Use the same procedures described in Case 1 with the exception that port spacing must not 

exceed the thickness of the member for through-cracks. (Examples are cracks through the web or 

flange of a box beam.) 

NOTE: Specimen cores of completed injections may be needed to verify the effectiveness of the 

procedures used in both Cases land 2. 

All work should be accomplished in the presence of the owner’s inspector. 

The following section is excerpted from Chapter 5 of the PCI Publication. 

How are cracks prepared? 

Crack preparation for epoxy injection is critical to the ultimate success of the repair. Before a 

crack can be injected, it must first be properly sealed at the surface in order to accommodate the 

pressure required to completely fill the void, in most applications, simply sealing the surface 

with an epoxy paste will suffice because forces acting on the seal are low. For example, a 0.007-

in.-wide crack being injected with 200 psi pressure only exerts 1.4 lbs of force per linear inch of 

crack length. 

If the crack is as wide as 0.028 in., or four times as wide, the force per linear inch increases 

proportionally to 5.6 lbs. As the force increases due to increased crack width or increased 

pressure, additional reinforcement of the seal may be required. The amount of contact area 

required for the epoxy seal can be calculated based on the surface tensile strength of the 

concrete, conservatively valued at 75 psi. 

1. For proper sealing, the areas adjacent to the crack must be sound, clean, and dry, as well as 

free of curing compounds, laitance, oil, dust, and moisture. In most cases, wire brushing is 

adequate for remaining surface contaminants. 

2. The crack should be cleaned of debris, to the extent practical, utilizing filtered compressed 

air. Do not attempt to flush the void using water, solvents, detergents, or acids because they 

will only diminish the bonding capabilities of the epoxy. The injection process can be used to 

flush dislodged debris by allowing the epoxy to flow from the adjacent ports until the seepage 

is free of debris. 
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3. Locate the epoxy injection ports based on the length and depth of the crack. There are no hard 

and fast rules as to the appropriate spacing of ports, but the following rules of thumb should 

be considered: 

         • Ports should not be placed closer than 8 in. apart. 

         • Ports for injecting through-cracks that are not accessible from one side should have a 

spacing not exceeding the thickness of the member. 

         • Where possible, insert ports on both faces of through-cracks narrower than 0.007 in. in 

order to verify complete through-thickness injection. 

         • For cracks greater than 0.007 in. and up to 0.025 in. in members 8 in. or less in thickness, 

no backside porting is usually required. 

        • Do not port the extremities of cracks, but locate the ports about 4 in. from the crack 

terminus, as the void fills more quickly through the adjacent fissure than through the 

port. 

        • In all cases, consult the manufacturers' recommendations for additional guidance for port 

spacing. 

4. Install epoxy injection ports utilizing either insertion tubes or surface adapters. 

        • If the width of the crack permits insertion of a suitably sized injection tube, this is the 

simplest method. The smallest practical tube size is 1/8 in. Usually the tubes are inserted 

prior to sealing the surface. 

        • If insertion tubes cannot be used, surface port adapters are the next choice. These port 

adapters can withstand pressure up to 800 psi when properly installed. Surface port 

adapters should be installed prior to sealing the surface of the crack, using either the 

same material used to seal the crack or a special quick-setting adhesive. Care must be 

taken to ensure that the adhesive used to set the adapter does not block the hole of the 

tube or the crack under the tube. 

What pressure should be used in the injection process? 

As a rule of thumb, use the highest pressure the seal is capable of sustaining or the injection 

equipment is capable of producing since this reduces the time required and ensures full 
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penetration. Pressures used in conventional applications range from 40 psi to 500 psi, with the 

most commonly used pressures being 75 psi to 200 psi for injecting fine cracks 0.006 in. to 0.007 

in. 

How long is the injection duration? 

Injection duration should continue until the adjacent port expels the resin at a continuing rate or 

until refusal is reached (when the pumping motion stalls). Note: If refusal is reached and an 

expulsion does not occur from the next port, cease operations and determine the cause of the 

blockage; it is desirable to completely fill the crack void.  

When the injected resin flows freely from the adjacent port, cap the port in use and proceed to 

the next port, and so on, until refusal is reached at the last port. Once refusal at the last port is 

reached, continue injection for about one minute to allow the injection pressure to fully develop 

within the crack. 

A.8 ASTM SPECIFICATIONS FOR CONCRETE PERMEABILITY AND STEEL 

REINFORCEMENT CORROSION  

Introduction: 

 The research team searched the ASTM Specifications for testing standards to measure the 

effect of chloride exposure on the reinforcement in cracked reinforced concrete. Unfortunately, 

this type of testing does not exist in the ASTM Specifications.   

The ASTM Specifications provide two standard tests to measure the permeability of 

uncracked concrete. It should be noted that these specifications are concerned with measuring 

chloride penetration of uncracked concrete, which is not the case of end zone cracked concrete 

elements. These tests are: 

C 1543 – 02: Standard Test Method for Determining the Penetration of Chloride Ion into 

Concrete by Ponding (ASTM C 1543 – 02) 

C 1202 – 05: Standard Test Method for Electrical Indication of Concrete’s Ability to Resist 

Chloride Ion Penetration (ASTM C 1202 – 05) 

An ASTM Standard for measuring the effect of chemical admixtures on the corrosion of 

steel reinforcement embedded in uncracked concrete is: 
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G 109 – 99a: Standard Test Method for Determining the Effects of Chemical Admixtures on the 

Corrosion of Embedded Steel Reinforcement in Concrete Exposed to Chloride 

Environment (ASTM G 109 – 99a) 

The third test, with some modifications, may be suitable for use in Phase II. A brief 

description of these specifications is given in the following sections.  

ASTM C 1543 – 02: The Ponding Test: 

The traditional widely used method of determining the resistance of concrete to chloride 

ion penetration is the ASTM 1543 (2002), Standard Test Method for Determining the 

Penetration of Chloride Ion into Concrete by Ponding. The test is also given in “American 

Association of State Highway and Transportation Officials' (AASHTO) T 259 - Standard 

Method of Test for Resistance of Concrete to Chloride Ion Penetration. 

In what is commonly referred to as the ponding test, the top surface of three or more 

concrete slabs that are at least 3-in. (75-mm) thick and 12-in. (300-mm) square are exposed to a 

sodium chloride solution for a period of 90 days. The slabs are then allowed to dry out and 

samples of concrete are taken at depths from 1.6 to 13 mm and from 13 to 25 mm. The chloride 

ion content of each specimen is then determined in accordance with ASTM 1152 (AASHTO T 

260) - Standard Method of Test for Sampling and Testing for Chloride Ion in Concrete and 

Concrete Raw Materials. A companion specimen that was not ponded is used to determine the 

baseline chloride ion content in the specimens. The baseline chloride level is subtracted from the 

recorded chloride content of the ponded specimens to obtain the absorbed chloride ion content. 

The ponding test has several limitations including the following: 

• It takes at least 132 days from the time that the specimens are made to complete the test. This 

means that the concrete specimens must be cast at least five months before job site casting to 

evaluate the chloride permeability of a specific concrete. 

• A ponding period of 90 days is often too short to differentiate between the chloride 

permeability of different high performance concretes. A longer ponding time, however, 

extends the lead-time necessary. 
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• The 11 and 13-mm thickness of the chloride specimens do not provide a fine enough 

measurement to allow for determination of a profile of the chloride penetration. The test 

method allows an option, specifying other thickness, which many researchers exercise. 

ASTM C 1202 – 05: The Rapid Chloride Permeability Test (RCPT): 

For specification and quality-control purposes in projects, it is preferred to have a test 

that is simple to conduct and that can be performed in a relatively short time. The Rapid Chloride 

Permeability Test (RCPT) meets these goals. First developed by Whiting in 1981, RCPT has had 

results that correlate well with results from the classical 90-day salt ponding test. In addition to 

the ASTM 1202 specification (ASTM 1202-05), a standardized testing procedure is given in 

AASHTO T 277.  

The RCPT is performed by monitoring the amount of electrical current that passes 

through a specimen 50 mm thick by 100 mm in diameter in 6 hours, as shown in Figures A-20, 

A-21 and A-22. This specimen is typically cut as a slice of a core or cylinder. A voltage of 60V 

DC is maintained across the ends of the specimen throughout the test. One sample is immersed 

in a 3.0% salt (NaCl) solution and the other in a 0.3 M sodium hydroxide (NaOH) solution. 

 

Figure A-20. Applied Voltage Cell 
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Figure A-21. Applied Voltage Cell-Face View Figure A-22. Specimen Ready for Test 

Based on the charge that passes through the specimen, a qualitative rating is made of the 

concrete's permeability, as shown in Table A-13.  

Table A-13. Chloride Ion Penetrability based on Charge Passed 

 

The RCPT has the advantage that it can be conducted at any concrete age and takes only 

six hours to run. Versatile and easy to conduct, the RCPT has been adopted as a standard and is 

now widely used in North America, Europe and Japan. The test, however, has a number of 

drawbacks: 

• The current that passes through the specimen during the test indicates the movement of all 

ions in the pore solution (that is, the specimen's electrical conductivity), not just chloride 

ions. Therefore, supplementary cementitious materials (such as fly ash, silica fume, or ground 

granulated blast-furnace slag) or chemical admixtures (such as water reducers, 

superplasticizers, or corrosion inhibitors) can create misleading results largely due to the 

chemical composition of the pore solution, rather than from the actual permeability. As a 

result, some researchers do not recommend the RCPT to evaluate the chloride permeability of 

concrete containing these materials. 
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• The conditions under which the measurements are taken may cause physical and chemical 

changes in the specimen, resulting in unrealistic values (Feldman et al 1994). For example, 

the high voltage applied during the test increases the temperature of the specimen, which can 

accelerate hydration, particularly in younger concretes. 

• The test has low inherent repeatability and reproducibility characteristics. The precision 

statement in ASTM C1202 indicates that a single operator will have a coefficient of variation 

of 12.3%; thus the results from two properly conducted tests on the same material by the 

same operator could vary by as much as 42%. The multi-laboratory coefficient of variation 

has been found to be 18.0%; thus two properly conducted tests on the same material by 

different laboratories could vary by as much as 51%. For this reason, three tests are usually 

conducted and the test results averaged, which brings the multi-laboratory average down to 

29%. 

Despite these drawbacks, this test method has been widely used for specification and 

quality control purposes. In Canada, the RCPT has been specified on various projects to qualify 

concrete mixes in bridge deck overlays and parking structures. The RCPT has even been 

incorporated as a part of the standard in CSA S413-94 Parking Structure Design-C (CSA S413-

94). Clause 7.3.1.2 defines low-permeability concrete as having "water/cementing materials ratio 

not exceeding 0.40, and an average coulomb rating not exceeding 1500 based on a test of three 

specimens tested in accordance with ASTM C1202." The RCPT has also been used to compare 

the effectiveness and performance of various systems, such as sealers, membranes, and corrosion 

inhibitors, intended to reduce the ingress of chloride ions or reduce corrosion in concrete 

structures. 

ASTM G 109 – 99a: 

ASTM G 109 – 99a is used to test the effect of chemical admixtures added to the 

concrete mix on the corrosion of embedded steel reinforcement.  Three concrete prisms (6 x 4.5 

x 11 in.), shown in Figure A-23, are made for every concrete mix that contains chemical 

admixtures. Also, three specimens that are made from a concrete mix with no chemical 

admixture are used as control specimens.  Each specimen is provided with three steel bars made 

of the same size. The bar size can range from #3 to #5.  The tips of the bars are covered with 

electroplater tape. One bar is installed close to the top surface of the specimen and is used as the 
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anode of the circuit. Two bars are installed close to the bottom surface and are used as the 

cathode of the circuit.  The top surface of the specimen is exposed to the salt solution for two 

weeks and then removed for the next two weeks. The voltage across a 100-ohm resistor is 

measured at the beginning of the second week of every ponding period, and the corresponding 

current is calculated.  

These ponding-dry periods are repeated until the average integrated macrocell current of 

the control specimens is 150 Coulombs or greater, and at least half of the specimens show 

integrated macrocell current equal to 150 Coulombs or greater.  ASTM G 109 – 99a states that 

this limit will be reached in about six months.  The total integrated corrosion at various time 

periods (1, 2, ….and 6 months) is calculated and compared to that of control specimens.   

  

Figure A-23. Concrete Specimens used for ASTM G 109 – 99a 

Miscellaneous Tests: Rapid Migration Test: 

In 1997, the Federal Highway Administration contracted with the University of Toronto, 

Canada, to develop one or more new or revised methods to predict chloride ion penetration in 

concrete. The methods had to be applicable to concretes containing a wide range of chemical and 

mineral admixtures. The outcome of the research was a test referred to as the Rapid Migration 

Test (RMT), see Stanish et al (2000 and 2001). The RMT was initially developed by Tang and 

Nilsson in Sweden (Tang and Nilsson 1992). In it, a saturated concrete specimen with a diameter 

of 4 in. (100 mm) and a thickness of 2 in. (50 mm) is subjected to an electrical potential. 
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A chloride-bearing solution is placed on one side of the concrete and a chloride-free 

solution of the other side. The test duration is 18 hours. The voltage to be applied is generally 60 

volts. However, 30 or 10 volts may be needed for more permeable concretes. Following the 18-

hour test period, the specimen is split open and the split faces sprayed with a silver nitrate 

solution. The concrete penetrated by the chlorides turns white and the chloride-free portion turns 

brown. The observed depth of chloride penetration is then measured. 

According to Stanish et al (2000), the RMT was evaluated for 32 different concrete 

mixes. The RCPT, ponding test, and a 90-day bulk diffusion test were also conducted. The 

results of the two short-term tests were compared with the results of the two long-term tests. In 

all cases, the correlations between the RMT and the long-term tests were equal to or slightly 

better than those of the RCPT. The RMT was determined to be applicable to a wider range of 

concretes than the RCPT. This included concretes containing calcium nitrite corrosion inhibitor, 

silica fume, or metakaolin. The test can be used with specimens that contain steel reinforcement 

provided the chloride ions do not reach the reinforcement during the test. 

The test procedure has been standardized by Nordtest - an organization for test methods 

in the Nordic countries - as NT Build 492. The results of research are expected to be published 

by FHWA.  

A.9 REFERENCES of APPENDIX A (Listed alphabetically) 

• “Bridge Inspector’s Reference Manual.” Federal Highway Administration, Publication No: 

FHWA NHI 03-001, 2002. 

• “Fabrication and Shipment Cracks in Prestressed Hollow-Core Slabs and Double Tees,” PCI 

Committee on Quality Control Performance Criteria, Precast/Prestressed Concrete Institute 

(PCI), Chicago, IL, PCI Journal, January-February, 1983, V. 28, No. 1, pp. 18-39. 

• “Manual for the Evaluation and Repair of Precast, Prestressed Concrete Bridge Products,” 

Publication MNL-37-06, 2006, Precast/Prestressed Concrete Institute (PCI), Chicago, IL, 66 

p. 

• “Pontis Bridge Inspection Manual. Michigan Department of Transportation,” Lansing 

Maintenance Division, Michigan department of Transportation (MDOT), Lansing MI, 1999. 



NCHRP 18-14, Final Report, Appendix A A-52 

• “Prestressed Concrete Structures,” Michael P. Collins & Denis Mitchell, RESPONSE 

Publications, 1st edition, 1997 

• “Strength and Serviceability Criteria, Reinforced Concrete Bridges: Ultimate Design,” US 

Department of Commerce, Bureau of Public Roads, Aug. 1966, 81 pages. 

• AASHTO LRFD Bridge Design Specifications, American Association of State Highway 

and Transportation Officials, 4th Edition, 2007, Washington DC. 

• ACI Committee 224, “Control of Cracking in Concrete Structures (ACI 224R-01),” ACI 

Manual of Concrete Practice, Part 2, American Concrete Institute, Farmington Hills, MI, 

2003. 

• Ahlborn, T.M., Gilbertson, G.G., Aktan, H., and Attanayaka, U., “Inspection Handbook for 

Common Deterioration of Prestressed Concrete Box-Beams,” PCI-National Bridge 

Conference (NBC), October 2005, Palm Springs, CA. 

• ASTM C 1202-05, "Standard Test Method for Electrical Indication of Concrete's Ability to 

Resist Chloride Ion Penetration," Annual Book of ASTM Standards, Vol. 04.02.  

• ASTM C 1543-02, "Standard Test Method for Determining the Penetration of Chloride Ion 

into Concrete by Ponding," Annual Book of ASTM Standards, Vol. 04.02. 

• ASTM G 109–99a, “Standard Test Method for Determining the Effects of Chemical 

Admixtures on the Corrosion of Embedded Steel Reinforcement in Concrete Exposed to 

Chloride Environment,” Annual Book of ASTM Standards, Vol. 03.02. 

• CSA S413-94, "Parking Structures--Structures Design," Canadian Standards Association, 

December 1994. 

• Feldman, R., Chan, G., Brousseau, R., and Tumidajski, P., "Investigation of the Rapid 

Chloride Permeability Test," ACI Materials Journal, May-June 1994, pp. 246-255. 

• Hognestad, E., “High Strength Bars as Concrete Reinforcement – Part 2: Control of Flexural 

Cracking,” Journal, PCA Research and Development Laboratories, V. 4, No. 1, Jan. 1962, 

pp. 46-63. 



NCHRP 18-14, Final Report, Appendix A A-53 

• International Symposium on Bond and Crack Formation in Reinforced Concrete. 

(Stockholm 1957), V. 1-4, RILEM, Paris (Published by Tekniska Hogskolans 

Rotaprintryekeri, Stockhol, 1958), 880 pages. 

• Kaar, P. H., and Mattock, A., “High Strength Bars as Concrete Reinforcement – Part 4: 

Control of Cracking,” Journal, PCA Research and Development Laboratories, V. 5, No. 1, 

Jan. 1963, pp. 15-38. 

• Kannel, J., French, C., and Stolarski, H., “Release Methodology of Strands to Reduce End 

Cracking in Pretensioned Concrete Girders,” PCI Journal, Vol. 42, No.1, January-February 

(1997), pp.42-54. 

• Koyuncu, Y., Birgul, R., Ahlborn, T.M., and Aktan, H.M., “Identifying Causes for Distress 

Patterns in Prestressed Concrete I-Girder Bridges,” TRB 82nd Annual Meeting, 

Transportation Research Board, Washington DC (2003), Paper # 03-2682. 

• Leonhardt, F., “Cracks and Crack Control in Concrete Structures,” PCI Journal, 

Precast/Prestressed Concrete Institute (PCI), Chicago, IL, July-August, 1988, V. 33, No. 4, 

pp. 124-145. 

• Marshall, W.T., and Mattock, A.H., “Control of Horizontal Cracking in the Ends of 

Pretensioned Prestressed Concrete Girders,” PCI Journal, Vol.7, No.5, October (1962), 

pp.56-74. 

• Mirza, J.F., and Tawfik, M.E., “End Cracking of Prestressed Members during 

Detensioning,” PCI Journal, Vol. 23, No.2, March-April (1978), pp.67-78. 

• Nawy, E., G., “Crack Control in Reinforced Concrete Structures,” ACI Journal, V. 65, No. 

10, October 1968, pp. 825-836. 

• Nawy, E.G., “Crack Control in Reinforced Concrete Structures,” ACI Journal, V. 65, No. 

10, Oct. 1968, pp. 825-836. 

• Recommendation for an International Code of Practice for Reinforced Concrete, Comite 

Europeen du Beton, CEB, Paris, 1964. 



NCHRP 18-14, Final Report, Appendix A A-54 

• Reis, E.R, Mozer, J.D., Bianchini, A.C., and Kesler, C.E., “Causes and Control of Cracking 

with High Strength Steel Bars – A Review of Research,” Engineering Experiment Station, 

Bulletin 479.  

• Schiessl, P., “Admissible Crack Width in Reinforced Concrete Structures,” Preliminary 

Report, V. 2 of IABSE-FIP-CEB-RILEM-IASS, Colloquium, Leige, June 1975. 

• Stanish, K. D., Hooton, R. D., and Thomas, M. D. A., "A Rapid Migration Test for 

Evaluation of the Chloride Penetration Resistance of High Performance Concrete," 

Symposium Proceedings, PCI/FHWA/FIB International Symposium on High Performance 

Concrete, Orlando, FL, Precast/Prestressed Concrete Institute, Chicago, 2000, pp. 358-367. 

• Stanish, K. D., Hooton, R.D., and Thomas, M. D. A., "The Rapid Migration Test - An 

Alternative to AASHTO T 277," HPC Bridge Views, Issue No. 13, Jan. /Feb. 2001, pp. 2-3. 

• Tang, L. and Nilsson, L. "Rapid Determination of the Chloride Diffusivity in Concrete by 

Applying an Electrical Field," ACI Materials Journal, Vol. 89, No. 1, January-February 

1992, pp. 49-53. 

• Tuan, C.Y., Yehia, S.A., Jongpitaksseel, N., and Tadros, M.K., “End Zone Reinforcement 

for Pretensioned Concrete Girders,” PCI Journal, Vol. 49, No.3, May-June (2004), pp. 68-

82. 

• Whiting, D., "Rapid Determination of the Chloride Permeability of Concrete," Report No. 

FHWA/RD-81/119, August 1981, Federal Highway Administration, Office of Research & 

Development, Washington, D.C. 


	A.3 CRACKING MECHANISMS IN CONCRETE
	A.4 CONTROL OF CRACKING
	Crack Control Criteria Received from the National Survey
	Table A-7. Responses to Question 10 of National Survey
	A.5 DESIGN OF END ZONE REINFORCEMENT
	This section provides a sampling of end zone reinforcement details developed for pretensioned precast concrete girders, based on information collected from the literature and the survey.
	AASHTO LRFD Specifications (AASHTO LRFD 2007):
	Alberta, Canada:
	Florida DOT:
	Illinois DOT:
	Massachusetts DOT:
	Nebraska Department of Roads (NDOR):
	Tennessee DOT:
	Washington State DOT:
	End Zone Reinforcement Detail Proposed by University of Nebraska (Tuan et al, PCI J. 2004):
	/
	/
	Figure A-16. Anchorage of End Zone Reinforcement for Nebraska Inverted Tee Beam
	/
	/ /
	Figure A-17. Anchorage of End Zone Reinforcement for NU I-Girder
	The details developed in this program appear to work well and appear to be consistent with the successful experiences in Nebraska, Tennessee and Washington. However, welding threaded rods to the base plates at member ends may not be the most cost-eff...

	A.6 SOURCES OF END ZONE CRACKING
	A.7 MATERIALS AND PROCEDURES USED FOR REPAIR
	Concrete Industries, Inc., Lincoln, NE:
	Concrete Technology Corporation, Tacoma, Washington:
	Epoxy Injection Procedure by PCI Manual for the Evaluation and Repair:

	A.8 ASTM SPECIFICATIONS FOR CONCRETE PERMEABILITY AND STEEL REINFORCEMENT CORROSION
	Introduction:
	ASTM C 1543 – 02: The Ponding Test:
	ASTM C 1202 – 05: The Rapid Chloride Permeability Test (RCPT):
	ASTM G 109 – 99a:
	Miscellaneous Tests: Rapid Migration Test:


	A.9 REFERENCES of APPENDIX A (Listed alphabetically)

