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by David G. Tepke  

INTRODUCTION
Concrete buildings were constructed in the United States 
as early as 1835, but it wasn’t until around 1870 that manu-
factured portland cement became available, 1875 until 
the fi rst reinforced concrete house was believed con-
structed in the United States, and 1902 until the fi rst “sky-
scraper” (the 210 ft tall Ingalls Building) was constructed 
in Cincinnati.¹ These developments started a new era of 
vast use of reinforced concrete as a durable and versa-
tile construction material, but also brought the need for 
standardization, new materials, and research to promote 
safe construction. They additionally brought the need for 
more than 100 years of research to identify deterioration 
mechanisms and address them for making more durable 
construction. Indeed, research and advancement to these 
ends is still being conducted today, with new materials and 
methods being introduced perpetually as industry guides 
and codes are updated. Advancement forms the corner-
stone of improvement and is described through the evolu-
tion of guides and codes.  

Looking Back to See Ahead
Using Historical Knowledge of Durability to 
Provide Clues for Concrete Repair

While this evolution is healthy and productive, it can also 
make evaluation of older reinforced concrete structures, 
such as the ones shown in Figure 1, challenging, even for 
the most experienced professional.  Often, information on 
the structure is limited and construction or maintenance 
records may be unavailable or incomplete. This places an 
engineer at a signifi cant disadvantage for developing an 
e� ective evaluation plan. Given the year or approximate 
era of construction, how can one know:

• what should be expected,

• what was known in the industry at the time about deg-
radation mechanisms,

• how best to understand the mindset of those respon-
sible for construction, 

• how to approach evaluation for developing appropri-
ate maintenance and repair strategies, and

• what observed and evaluated distress and deterioration 
might be explained by the characteristic knowledge-
base and state of practice when it was constructed?

Fig. 1:  Structures from the: top row: 1910s-30s; middle row: 1950s-70s; and bottom row: 1980s-2000s.
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Structural repair is governed by jurisdictional existing 
building codes, as well as industry standards they may 
reference.  Repair often requires that engineers research 
structural requirements of the jurisdictional codes at the 
time of construction.  Industry standards, such as ACI 562, 
Code Requirements for Assessment, Repair, and Rehabili-
tation of Existing Concrete Structures², provide direction 
regarding expected concrete and steel properties for his-
torical concrete structures and provide direction regard-
ing assessing existing buildings and designing repairs.  
However, it is benefi cial to understand associated provi-
sions of codes and guides contemporary to the time of 
construction as well as the mindset of the industry at the 
time of construction with respect to durability as this may 
impact how one views a structure and associated repair.  
For instance, for a particular structure, it may be helpful to 
know what the industry knew about freezing and thawing 
damage at the time of construction and how to mitigate it 
through durable design, when the industry became aware 
of alkali-aggregate reactivity, how the code addressed 
corrosion, or when certain types of materials were permit-
ted in the code or in general use in the industry.   

JURISDICTIONAL CODES AND INDUSTRY STANDARDS 
WITH DURABILITY PROVISIONS
The American Concrete Institute is generally considered 
the authority in the United States on concrete design and 
construction. Various guide documents and industry stan-
dard codes are developed by ACI.  While ACI 318 and pre-
decessors are sometimes referred to as “the Code” in this 
article, industry standard codes developed by ACI only 
become jurisdictionally enforceable or part of a national or 
local jurisdictional adopted building code if incorporated, 
in part or in whole, by reference.  Codes are generally up-
dated to refl ect new information either determined within 
the code writing committee, or from incorporation of infor-
mation from committees that prepare guide documents.  
Provisions in industry standard codes, such as the ACI 318 
Building Code, generally lag information in industry guides, 
where the information is generally developed. National or 
jurisdictional codes generally lag industry standard codes, 
refl ected by the time it takes for evaluation and incorpora-
tion by reference.  For instance, for a building built in the 
year 1971 in Charleston, South Carolina, the 1955 National 
Building Code³ was in e� ect. This code referenced ACI 
318-51.4a  This represents a 20-year lag between the time 
of construction and the state of the practice, as estimated 
through prevalent code provisions.  It should be noted 
that synchronization of industry standards with jurisdic-
tional codes has improved as it has become more consis-
tent across jurisdictions. Also, the diligence of an engineer 
who may choose to use a more recent code with more 
restrictive provisions is possible, such that the overall lag 
may not be as pronounced as is possible. Thus, a histori-
cal look at the state of the industry is only an indicator of 
what may be expected on an existing building. Construc-
tion drawings may indicate more recent codes or design 
basis and are better indicators if available. 

Durability is defi ned by the American Concrete Institute⁵ 
as “the ability of a material to resist weathering action, 
chemical attack, abrasion, and other conditions of ser-
vice.” American Concrete Institute Committee 201, Du-
rability of Concrete, has developed updated guides on 
durable concrete since 1962.6a Manifestations of some 
common deterioration mechanisms are shown in Figure 2.  
The reader is referred to ACI 201.2R-16⁶ for discussion of 
these mechanisms, as it is beyond the scope of this article.

Fig. 3:  Progression of industry standard ACI Codes and some durability-based guide 
documents (Refs 2, 4, 6-16).  Documents prior included for additional reference

Fig. 2:  Examples of materials-related distress top left to right: alkali-silica reactivity 
(ASR) and freezing and thawing damage (F-T); bottom left to right: corrosion, and 
chemical attack / corrosion
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Figure 3 shows the general progression of ACI industry 
standard codes and some guide documents from the be-
ginning of the 20th Century to today.2,4,6-16  This can be a 
useful tool for understanding what was available to practi-
tioners at the time an older building was constructed.  The 
National Association of Cement Users (NACU) was orga-
nized late 1904 and early 190517-19 and developed regula-
tions that served as predecessors to the ACI 318 Build-
ing Code (NACU became ACI in 191317).  Prior to NACU 
Standard Building Regulations for the Use of Reinforced 
Concrete in 191010, proposed ordinances had been devel-
oped and proposed in or before 1907⁷, and then updated 
19088 and 1909.9  As has been pointed out by others, it is 
interesting that the NACU Regulations in 1910 were just 
14 small pages.17  The current ACI 318-19⁴, after about 20 
revisions, is 623 full-sized pages, though it does include 
commentary.  

Durability guides were developed and maintained over 
the last half of the 20th Century. Of note is that the indus-
try standard code for design of environmental structures 
was first published in 200113a, approximately 30 years after 
the first associated guide documents.15a Devoted initiatives 
with respect to concrete repair only became prevalent in 
the last part of the 20th Century. Information associated 
with concrete repairs or restoration were included in the 
ACI 201 guide from 1962 through 2001 but were not in-
cluded in the 2008 version.6a  The Association of Concrete 
Repair Specialists, later renamed the International Con-
crete Repair Institute (ICRI), was established in 198820, and 
the first ACI 546 repair guide was developed in 199616a, 
approximately 17 years prior to the first published version 
of ACI 562 Repair Code.2a 

ADVANCEMENTS IN MATERIALS, UNDERSTANDING 
OF DETERIORATION MECHANISMS, AND DURABILITY 
PROVISIONS
A timeline of some of the major advancements in codes 
and industry knowledge is provided in Figure 4 and Figure 
5. Figure 4 shows general provisional changes focused 
primarily on materials and standards incorporated into 
the ACI 318 Building Code and its predecessors. Figure 
5 is separated into five major durability categories: alkali-
aggregate reactivity (represented by green), sulfate attack 
(represented by red), freezing and thawing distress (rep-
resented by blue), corrosion (represented by orange) and 
other/general (represented by purple). Some of the more 
major advancements on understanding of mechanisms, as 
well as provisions for mitigations, are included. Figure 6 
includes the primary abbreviations used in the timelines.  

The timelines include consolidated information and are in-
tentionally provided as such to represent a range of infor-
mation within a small area. They are meant to be used as 
a reference tool for experienced practitioners, and to aid 
in the instruction of younger professionals when reviewing 
older existing structures. Where possible, relevant infor-
mation was included in the tables.  Because the change in 

cover requirements from ACI 318-7119 was extensive, Fig-
ure 7 was prepared for illustration of the changes, as well 
as primary subsequent changes as noted.  

A few notes regarding the timelines and their use:

• The tables are based on ACI documents that repre-
sent industry standards in the United States and do 
not account for local jurisdictional code adoptions that 
historically can be highly variable from location to loca-
tion.  Additionally, as described in the previous section, 
jurisdictional codes can lag industry standard codes 
and industry guidance by long periods, especially for 
older structures. Original construction drawings, re-
search on jurisdictional code adoption dates and loca-
tions, and other available information should always be 
consulted for more specific context for the particular 
location and structure.

• The tables are primarily related to structures with de-
sign governed by ACI 318 (or predecessors). Thus, 
transportation structures and some environmental 
structures would not be directly applicable, though 
state of the practice contemporary to the time of con-
struction is reflected and could be used in context for 
these structures in some cases, as determined by a li-
censed design professional.  

• Some overlap exists in the figures, as is necessary to 
provide context, but Figure 4 and Figure 5 should be 
used in conjunction, as there was an effort to avoid du-
plication of information.

• While important provisions in the author’s opinion have 
been included, the tables do not include all code provi-
sions. Also, emphasis was placed on information when 
it first was discovered or first included in the Code. 
Thus, previous knowledge and provisions are some-
times, if not often, a precursor for subsequent informa-
tion.  

• Information should be interpreted by licensed profes-
sionals and verified for context within the referenced 
codes when used. 

• The tables do not include developments and advance-
ments with respect to structural design. They are fo-
cused on materials-related distress mechanisms and 
materials with primary concentration of the mechanism 
and materials referenced in the ACI 318 Building Code 
lineage. While abrasion, chemical attack, sulfides in ag-
gregates, microbial-induced corrosion, freshwater at-
tack, physical salt attack (other than scaling provisions 
in codes), and other mechanisms can lead to deterio-
ration, they have not been emphasized.  With respect 
to corrosion, some broad information associated with 
mitigation measures for existing structures (cathodic 
protection, corrosion inhibitors) has been included 
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because it can be useful to understand when these 
technologies came into use for possible presence on a 
structure; however, their treatment in the figures is not 
comprehensive. The most current version of ACI 201 
and other referenced documents should be reviewed 
by the reader for descriptions of mechanisms and cur-
rent knowledgebase. Historical versions can be used 
as appropriate for investigating an existing structure.  

• The reader is encouraged to review ACI 562-21.²  This 
document includes provisions for estimating historical 
properties based on period of construction for use in 
structural evaluation. 

SUMMARY OF MAJOR ADVANCEMENTS
The following sections summarize major durability re-
quirements in ACI codes throughout the 19th and into the 
20th Century for each focus category. Figure 8 illustrates 
a small selection of historical materials, documents, and 
advancements.  

MATERIALS AND GENERAL
Considerable early changes focused on enhancing mate-
rial provisions within the code (for instance aggregates), 
until ASTM Standard Test Methods were developed and 
adopted. Prestressed concrete was developed in the in-
dustry in the 1920s, but did not appear in Codes until the 
1950s and 1960s. Early research on supplementary ce-
mentitious materials was conducted in the first half of the 
20th Century and incorporated into codes in the last half.  
ACI Committee 201 was formed in 1957 and prepared the 
first report on durability in 1962.6a This report included dis-
cussion on alkali-aggregate attack, corrosion, freezing and 
thawing, chemical attack, abrasion, deicing salts, and re-
pair. Though these materials had been commercially avail-
able for some time prior, epoxy coated reinforcing steel 
and galvanized steel were included in the code in the lat-
ter part of the 20th Century. Considerable advancements 
were made with respect to corrosion protection of post-
tensioned steel late in the 20th Century.  

In the time since the end of the 20th Century, a number 
of advancements have been made. Stainless steel was 
included in the Industry Standard Code in 2008. Provi-
sions generally changed from using w/c as the basis for 
general quality to w/cm in ACI 318-02. A major organiza-
tion of durability exposure classes in the code occurred 
in 2008. Corrosion inhibitors were included in the code 
in 2014, approximately 35 years after they became avail-
able commercially. Shotcrete and limestone cements have 
been some of the more recent materials addressed in 
ACI 318.  ACI Committee 321, Concrete Durability Code, 
was formed in 2020 with the mission, per the committee 
webpage51 to “develop and maintain code requirements 
for the durability of concrete structures.” This represents a 
significant step toward the future of specifying and achiev-
ing durable structures. Indeed, ACI 440.11R-2252, “Building 

Code Requirements for Structural Concrete Reinforced 
with Glass Fiber-Reinforced Polymer (GFRP) Bars—Code 
and Commentary” has just been published and provides 
an avenue for design professionals to design with FRP in 
certain situations as it becomes adopted jurisdictionally.

ALKALI-AGGREGATE REACTIVITY
Alkali-silica reactivity (ASR) was identified in the late 1930s, 
first reported in 1940, and initially researched through 
the 1950s.6,38,39  Alkali-carbonate reactivity was identified 
in 1957 and researched initially in the 1950s to 1970s.6,38  
Original ACI 318 provisions in the 1960s for ASR relied on 
limiting the alkali content in the cement by reference to 
ASTM C150 cements. Considerable effort has been made 
in the industry to identify test methods to evaluate ASR. In 
the early part of the 21st century, it has become increasing-
ly realized that limiting alkali content in the cement does 
not adequately address the risk of ASR in all situations.  
ACI 318-19 is the first code that included provisions for miti-
gation per ASTM C1778, which is considered an improve-
ment over the previous approach. 
      
SULFATE ATTACK
Although the action of sulfate attack was known before 
the 20th century, early modern research for general identi-
fication of mechanisms was conducted between the 1910s 
and 1930.6 The first code provisions for sulfate resistant 
cement were included in the 1941 Code4a via reference to 
ASTM C150.  Codes in the 1970s evolved to include expo-
sure classes and provisions for ensuring a low permeabil-
ity concrete and sulfate resistant cement where needed.  
This continued into and beyond the 1980s. Use of ASTM 
C1012 to evaluate concrete for sulfate resistance was in-
troduced through the commentary and then into the Code 
late 20th Century and early 21st Century.  Delayed ettring-
ite formation (DEF) was identified as an issue in the 1990s6, 
with provisions for specific maximum curing temperatures 
included in ACI 301 in 2010.50

FREEZING AND THAWING
The need for air-entrainment was accidentally discovered 
in the late 1930s.29,30 Early research on the mechanisms 
and use of air-entraining additives occurred in the 1940s 
and 1950s. Early code provisions in the late 1940s and 
early 1950s addressed freezing and thawing durability by 
limiting the water-cement ratio (gallons of water per sack). 
The first ACI 318 requirement for reducing the water- 
cement ratio for non-air-entrained concrete was in 1956.4a  
ACI 318-634a required use of air-entrainment, but did not 
specify amount or required air content. ACI 318-714a provid-
ed requirements for total air content based on the aggre-
gate size, and included provisions for w/c (normal weight 
concrete) and strength (lightweight aggregate concrete).  
These provisions were altered throughout the latter half 
of the 20th Century, but generally, it can be said that ACI 
318 primarily addressed freezing and thawing transition-
ally to today’s general approach between the 1950s and 
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early 1970s. In 1992, the fi rst provisions were included to 
limit the amount of SCM’s in concrete exposed to deicing 
salts for scaling resistance.     

CORROSION OF REINFORCING STEEL
Corrosion was not generally considered a major issue in 
concrete until it was better studied in the 1960s through 
1980s.42, 43, 45  Cover, originally included for fi re protection 
in the code, was modifi ed in early revisions regularly.  The 
1971 code4a organized cover requirements into the general 
form of the current ACI 318 (Figure 7). Focus has been on 
improving protection for post-tensioned steel, inclusion 
of alternative types of steel, and verbiage for increased 
protection of steel over standard cover requirements.  
Although calcium chloride admixture, fi rst commercially 
available in the 1920s26,27, and other chlorides had pro-
gressively been limited for use in prestressed concrete 
members and members with aluminum, the 1983 Code4a

was the fi rst to impose direct limits for chlorides in con-
crete on this basis. These limits were recognized in the 
commentary at the time as being “more liberal” than rec-

ommended by Committees 201 (durability) and 222 (corro-
sion), and per the commentary4a were “…developed after 
consultation with Committees 201 on durability and 222 
on corrosion, and are considered to represent the best 
information available at the time of adoption.”
        
Test methods for determining the chloride levels were 
refi ned in versions after the 1983 revision.  Chloride lim-
its in new construction have been the subject of recent 
debate in ACI Committee 222 meetings. The study of 
measuring and reporting chloride thresholds, as well as 
chloride limits for new construction, have been facilitated 
through the formation of a task group in ACI Committee 
222.  Recommended chloride limits have been modifi ed 
in the ACI 222R-19 Guide14, and along with ACI 201 recom-
mendations remain more conservative than ACI 318 limits.  
ACI 318 requirements have largely been unchanged since 
1983, except for permitting evaluation based on cementi-
tious materials content instead of cement, as was adopted 
in ACI 318-19.⁴  Required strength and w/cm has changed 
over the years, as have descriptions of exposure.     

Fig. 6: Abbreviations used in Figure 4 and Figure 5, and throughout this article
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Fig. 7: Cover requirements from ACI 318-714a as referenced in Figure 5. Primary modifications through revisions in 1974, 1977 and 20024a noted and indicated in red.

Fig. 8: Top row from left: 1910 NACU (predecessor to ACI 318), early cloth cement bag, reinforcing steel bars from buildings constructed in the 1910s-20s, 1962 ACI Com-
mittee 201 Durability Report, ACI 318-19 (current Industry Standard Code); Bottom row from left: examples of SCMs incorporated into codes in the 20th century, galvanized 
reinforcing steel and epoxy coated reinforcing steel, thermal spray on existing concrete structures, galvanic anodes in patch repairs; and stainless steel

DGT
Text Box
Reprinted with permission from International Concrete Repair Institute.  Copyrighted. All rights reserved. Publication: https://www.icri.org/page/CRB-23janfeb
Tepke, David G., “Looking Back to See Ahead: Using Historical Knowledge of Durability to Provide Clues for Concrete Repair”, Concrete Repair Bulletin, International Concrete Repair Institute, St. Paul, MN, Jan-Feb, 2023, pp. 10-21.



WWW.ICRI.ORG20      CONCRETE REPAIR BULLETIN     JANUARY/FEBRUARY 2023

This article is not focused on technologies for existing 
structures, but the presence of corrosion mitigation tech-
nologies can impact how one might approach a repair 
project.  Impressed current cathodic protection was used 
on concrete pipes and tanks in the 1950s44 and was first 
installed on a bridge deck in 1973.46  The development and 
use of galvanic cathodic protection occurred in the late 
1980s and early 1990s47 with a number of patents being 
issued thereafter for patch repair anodes and different sur-
face-applied and embedded systems. Surface applied cor-
rosion inhibitors were introduced in the early 1990s and a 
large amount of research has been conducted on them in 
the decades that followed.48

 
SUMMARY AND CLOSING
This article provides general discussion on the use of in-
formation in historical codes and industry standards to aid 
condition assessments for evaluating and repairing struc-
tures.  Major changes and advancements in codes with re-
spect to durability and deterioration mechanisms, as well 
as industry practice, were provided. It is hoped that the 
information may be of use to practitioners as they evaluate 
existing structures and train new professionals.
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Errata and Clarifications (May 3, 2025):

Figure 3: Note that new versions of ACI PRC 201.2-23, ACI PRC546-23, ACI 318-25 and ACI 562-25 have been published since this original publication.  Information has not been incorporated into the errata.  ACI recognizes an additional standard published in 1927: Reinforced Concrete Building Design and Specifications.  Some items indicated first included in 1936 may have been included in that 2027 version.

Figure 7:  Items associated with shells were removed from ACI 318 in 2014 and moved to ACI 318.2.

Page 13 (Sulfate Attack - 10th line): C1012 should be C1012.

Page 13: Sulfate Attack clarification: DEF had been identified by the 1980's.  In the 1990's, there were widespread reports associated with railroad ties (per ref 6).  Additional reference: 

Heinz, D., and Ludwig, U., 1987, “Mechanism of Secondary Ettringite Formation in Mortars and Concretes Subjected to Heat Treatment,” Concrete Durability: Katherine and Bryant Mather International Conference, J. M. Scanlon, ed., SP-100, V. 2, American Concrete Institute, Farmington Hills, MI, pp. 2059-2071.

Page 13: Freezing and Thawing clarification: ACI 318-63 indicated that concrete exposed to freezing temperature while wet shall have entrained air.  As indicated in the original article, no specific air content requirements were provided in ACI 318-63.  Both ACI 318-56 and ACI 318-63 referenced ACI 613-54 (1954), "Recommended Practice for Selecting Proportions for Concrete".  This recommended practice included recommendations for average total air contents ranging between 3 and 8 percent depending on the size of coarse aggregate.  ACI 613-54 provided recommendations (not mandatory language) that included, in part, " "Because of its greatly improved resistance to deterioration, air-entrained concrete should be used wherever concrete is to be exposed to freezing and thawing, to action of salts used for de-icing, or to other destructive weathering agencies".  Thus, it can be said that the ACI recommended practice, and thus good practice, was to produce air-entrained concrete with air contents as recommended ACI 318-54.  ACI 318 recommended use of ACI 613, but ACI 318 did not have specific requirements for air content until the 1971 version (as stated in the original version of this article).

Page 18: First sentence requires clarification.  Corrosion of reinforcing steel in concrete was know before 1910 with advancing knowledge from the 1940's-1960's.  Research increased drastically from the 1960's on.  Other portions remain the same.  Additional references: 

Thompson SE, "Report of Committee on Reinforced Concrete," ACI Journal Proceedings, V. 5. 1909, pp. 21 pp.
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NOTE FROM THE EDITOR
The new year starts off with a bang as ICRI celebrates its 35th 
anniversary in 2023. ICRI starts this anniversary year with its annual 
Kick-Off Party in conjunction with World of Concrete in Las Vegas. 
This year's event is hosted at the 1928 Prohibition Bar at Mandalay 
Bay. ICRI will host several certification programs thoughout the year, 
starting with the Concrete Slab Moisture Testing Certification 
Program at World of Concrete.  Please check the event calendar on 
the ICRI website for the certification locations and dates in 2023.

The 2023 ICRI Spring Convention will be held at the JW Marriott Parq Vancouver 
in Vancouver, BC, April 17-19. ICRI Chapters will also be holding many events during 
2023.  Check the Chapter News section in the Concrete Repair Bulletin and the 
website for more information. 
This issue of the CRB is themed "Concrete Repair Material and Methods Selection" 
and features articles on technology to increase the durability and lifespan of bridges 
with performance concrete repair solutions, using historical knowledge of durability 
to help design new concrete repairs, and a case study on the Hamilton House 
Condominium restoration. We will also meet 2023 ICRI President Pierre Hébert. 
Please make sure you send Dale Regnier your upcoming chapter events and 
remember to check the ICRI website for the schedule of upcoming events.
I hope you all have a successful, safe, and healthy 2023!
Jerry Phenney 
Editor, Concrete Repair Bulletin 
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