ACI PRC-ITG-11-24

IN-LB Inch-Pound Units

Statistical Techniques for
Assessment of Existing
Concrete Structures—Report

Reported by ACI Innovation Task Group 11

q Ci W American Concrete Institute

» Always advancin
g v J



First Printing: August 2024

QICi B /American Concrete Institute ISBN: 978-1-64195-255-2
S

Statistical Techniques for Assessment of Existing Concrete Structures—Report

Copyright by the American Concrete Institute, Farmington Hills, MI. All rights reserved. This material
may not be reproduced or copied, in whole or part, in any printed, mechanical, electronic, film, or other
distribution and storage media, without the written consent of ACI.

The technical committees responsible for ACI committee reports and standards strive to avoid
ambiguities, omissions, and errors in these documents. Despite these efforts, the users of ACI documents
occasionally find information or requirements that may be subject to more than one interpretation or
may be incomplete or incorrect. Users who have suggestions for the improvement of ACI documents are
requested to contact ACI via the errata website at http://concrete.org/Publications/DocumentErrata.aspx.
Proper use of this document includes periodically checking for errata for the most up-to-date revisions.

ACI committee documents are intended for the use of individuals who are competent to evaluate the
significance and limitations of its content and recommendations and who will accept responsibility for
the application of the material it contains. Individuals who use this publication in any way assume all
risk and accept total responsibility for the application and use of this information.

All information in this publication is provided “as is” without warranty of any kind, either express or
implied, including but not limited to, the implied warranties of merchantability, fitness for a particular
purpose or non-infringement.

ACI and its members disclaim liability for damages of any kind, including any special, indirect, incidental,
or consequential damages, including without limitation, lost revenues or lost profits, which may result
from the use of this publication.

It is the responsibility of the user of this document to establish health and safety practices appropriate to the
specific circumstances involved with its use. ACI does not make any representations regarding health and safe-
ty issues and the use of this document. The user must determine the applicability of all regulatory limitations
before applying the document and must comply with all applicable laws and regulations, including but not
limited to, United States Occupational Safety and Health Administration (OSHA) health and safety standards.

Participation by governmental representatives in the work of the American Concrete Institute and in
the development of Institute standards does not constitute governmental endorsement of ACI or the
standards that it develops.

ACI documents are written via a consensus-based process. The characteristics of ACI technical committee
operations include:

(a) Open committee membership

(b) Balance/lack of dominance

(c) Coordination and harmonization of information

(d) Transparency of committee activities to public

(e) Consideration of views and objections

(f) Resolution through consensus process

The technical committee documents of the American Concrete Institute represent the consensus of the
committee and ACI. Technical committee members are individuals who volunteer their services to ACI
and specific technical committees.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
Fax: +1.248.848.3701
www.concrete.org


http://concrete.org/Publications/DocumentErrata.aspx
http://concrete.org

ACI PRC-ITG-11-24

Statistical Techniques for Assessment of
Existing Concrete Structures—Report

Report prepared by Innovation Task Group 11

Peter Barlow, Chair

Ali Abu-Yosef
F. Michael Bartlett®
Ziad Elaghoury

Jeremiah D. Fasl
Kip Gatto
Timothy R. W. Gillespie

“Authors of this report.

This report demonstrates how statistical techniques can be used in
the assessment of concrete structures to evaluate their condition
and reliability and to assess the relative merits of possible repair
options. A Reliability Toolkit provides licensed design professionals
with a summary of some statistical methods that are useful for
structural assessment. The report also gives two detailed examples
of assessments for structural concrete repair.

Keywords: confidence level; data analysis; durability; material properties;
mean load method; rehabilitation; reliability; sample size; testing.

ACI Committee Reports and Guides are intended for
guidance in planning, designing, executing, and inspecting
construction. This document is intended for the use of indi-
viduals who are competent to evaluate the significance and
limitations of its content and recommendations and who will
accept responsibility for the application of the information
it contains. ACI disclaims any and all responsibility for the
stated principles. The Institute shall not be liable for any loss
or damage arising therefrom. Reference to this document
shall not be made in contract documents. If items found in this
document are desired by the Architect/Engineer to be a part of
the contract documents, they shall be restated in mandatory
language for incorporation by the Architect/Engineer.

Nicholas R. Triandafilou®, Secretary

Lawrence F. Kahn”
Ming Liu
John S. Lund

Diego Romero
Kyle D. Stanish”
Jeffrey F. West"

CONTENTS

CHAPTER 1—INTRODUCTION AND SCOPE, p. 2
1.1—Introduction, p. 2
1.2—Scope, p. 2

CHAPTER 2—NOTATION, p. 2

CHAPTER 3—ASSESSMENT, p. 4
3.1—Planning, p. 4
3.2—Objective of testing program, p. 4
3.3—Properties and testing, p. 4

CHAPTER 4—BACKGROUND ON
STATISTICAL TECHNIQUES, p. 5
4.1—Defining the population and determining sample
sizes, p. 5
4.2—Characterizing data, p. 7
4.3—Comparing and combining datasets, p. 9
4.4—Bounding sample statistics using confidence inter-
vals, p. 10
4.5—Determining fractile values, p. 13
4.6—Characterizing data representing extreme transient
loads, p. 13

CHAPTER 5—RELIABILITY-BASED DURABILITY
ASSESSMENT EXAMPLE, p. 14
5.1—Problem statement, p. 14

ACI PRC-ITG-11-24 was published August 2024.

Copyright © 2024, American Concrete Institute.

All rights reserved including rights of reproduction and use in any form or by any
means, including the making of copies by any photo process, or by electronic or me-
chanical device, printed, written, or oral, or recording for sound or visual reproduction
or for use in any knowledge or retrieval system or device, unless permission in writing

is obtained from the copyright proprietors.
Y
(aci



2 STATISTICAL TECHNIQUES FOR ASSESSMENT OF EXISTING CONCRETE STRUCTURES—REPORT (ACI PRC-ITG-11-24)

5.2—Structure details, p. 14

5.3—Assessment and testing methodology, p. 15
5.4—Condition assessment plan, p. 15
5.5—Reinforcement cover measurements, p. 16
5.6—Carbonation depth measurements, p. 18
5.7—Evaluation results and conclusion, p. 19

CHAPTER 6—RELIABILITY-BASED STRENGTH
ASSESSMENT EXAMPLE, p. 20

6.1—Problem statement, p. 21

6.2—Preliminary assessment, p. 21

6.3—Detailed assessment: Case of good documentation,
p. 22

6.4—Detailed assessment: Case of no documentation, p. 23

6.5—Strength assessment by mean load method, p. 27

6.6—Comparison of methods, p. 31

6.7—Summary, p. 31

CHAPTER 7—SUMMARY, p. 31

CHAPTER 8—REFERENCES, p. 32
Authored documents, p. 33

APPENDIX A—RELIABILITY TOOLKIT FOR
ASSESSMENT OF EXISTING CONCRETE
STRUCTURES, p. 33

A.l—Introduction, p. 33

A.2—Reliability index and mean load method, p. 33

A.3—Target reliability indexes, p. 34

A.4—Combinations of independent random variables,
p.- 34

A.5—Statistical parameters for resistance, p. 35

A.6—Extreme value distributions for transient load
effects, p. 36

A.7—Defining “population” for sampling, p. 37

A.8—Data analysis, p. 37

A.9—Bayes’ theorem, p. 37

A.10—Examples, p. 38

CHAPTER 1—INTRODUCTION AND SCOPE

1.1—Introduction

Licensed design professionals working with existing struc-
tures are often challenged with developing an appropriate
scope of proposed work during an assessment or investiga-
tion phase to characterize the as-built and current conditions
of a structure. While there are statistical techniques that can
be used to establish appropriate sample sizes, in general,
there is no “one-size-fits-all” approach to assessing structural
condition. Performance-based standards for assessment,
repair, and rehabilitation of existing concrete structures,
such as ACI CODE-562, require methods for representa-
tive measurement of such performance. As an example,
ACI CODE-562 uses statistical techniques for determining
equivalent specified concrete compressive strength f.,, for
the strength assessment of existing structures. For other
measurements needed for durability and structural assess-
ments, testing and field investigation techniques are exten-
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sively documented but there is little guidance on adoption
of statistical methods to reliably characterize the necessary
parameters. Information on the use of statistical methods
for assessment and repair of existing concrete structures is
needed because the conventional, well-known methods used
in manufacturing industries for quality assurance are often
not practical for single, existing structures.

This report demonstrates how statistical techniques can be
used to assess the performance of existing concrete struc-
tures and of proposed repairs. A Reliability Toolkit, included
as Appendix A, provides licensed design professionals with
a summary of some statistical methods that are useful for
structural assessment. The report also gives two detailed
examples of assessments for structural concrete repair. The
first example assesses durability, while the second evaluates
strength. Each illustrates how methods from the Toolkit are
used to quantify field-measured data to a level of confidence
determined by the licensed design professional.

Developing an adequate assessment is important in terms
of technical effectiveness and cost efficiency. Chapter 3
provides guidance on which parameters should be quanti-
fied by testing, and Chapter 4 discusses sample sizes and
the statistical analysis of test results. The durability example
presented in Chapter 5 uses statistical analysis of cover and
carbonation depth measurements to derive probable end-
of-service-life limits. The strength example in Chapter 6
illustrates structural assessment using preliminary, detailed,
and reliability-based techniques specified in ACI CODE-
562. The Reliability Toolkit in Appendix A may become the
most frequently used part of this document as users become
familiar with reliability-based methods.

The toolkit and examples include applications of functions
available in the Microsoft Excel software; similar functions
are available in other software packages and these example
applications should not be viewed as an endorsement of a
particular software package.

1.2—Scope

The scope of this report is limited to providing a summary
of statistical techniques that are applicable to the assessment
of existing concrete structures and to providing two detailed
examples of such applications. Further, an introduction to
reliability computations is presented as a Reliability Toolkit.
The report is not intended to present all statistical methods or
reliability concepts applicable to concrete design, construc-
tion, and quality assurance applications. Instead, it is a
succinct primer targeted to practitioners who are familiar
with basic statistical principles, including data analysis, and
who wish to expand their assessment techniques to include
reliability-based statistical methods.

CHAPTER 2—NOTATION
= observed value in Bayesian analysis
area of tension reinforcement, in.>
area of compression reinforcement, in.”
area of shear reinforcement, in.”

= depth of equivalent rectangular concrete stress
block, in.
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c,d

(©),

constants in sum of independent random variables
set of all possible states of unknown parameter
in Bayesian analysis, including B,

particular state of unknown parameter in
Bayesian analysis

effective width of cross section, in.

web width, in.

approximate moment coefficient for structural
analysis

clear concrete cover (individual measurement
¢;; mean ¢ ; standard deviation s.), in.

constants in product of independent random
variables

estimate of confidence mean cover at x confi-
dence level, in.

dead load effect (mean D ; bias coefficient §p;
coefficient of variation Vp)

effective depth of reinforcement (mean value d ;
coefficient of variation V), in.

bar diameter, in. .

depth of carbonation (mean d, ; standard devia-
tion s,), in.

target allowable error, expressed as a fraction
(or percentage) of the mean value

target allowable error

sample cumulative distribution function (CDF)
value for data point x;

CDF of annual maximum extreme value distri-
bution for data point x

CDF of N-year maximum extreme value distri-
bution for data point xy

CDF of event distribution

CDF of extreme value distribution

lower 10% fractile value of a quantity

arbitrary functions o
concrete compressive strength (mean value f' ;
coefficient of variation V), psi
equivalent-to-specified concrete compressive
strength, psi .
reinforcement yield stress (mean value f) ), psi
equivalent-to-specified reinforcement yield
stress, psi

transverse reinforcement yield stress, psi
equivalent-to-specified transverse reinforce-
ment yield stress, psi

standard Gumbel variate for data point x;
overall height of rectangular or circular member,
in.

height of beam stem projection beneath slab
soffit, in.

slab thickness, in.

carbonation rate constant

one-sided tolerance factor for 10% fractile
coefficient of variation modification factors
specified in ACI CODE-562

live load effect (mean L ; bias coefficient ;
coefficient of variation V)

clear span length, in.
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= bending moment, ft-kip

moments at support section A, span section
AB, and support section B, respectively,
ft-kip

dead load moment (mean M, ; standard
deviation o)), ft-kip o
live load moment (mean M, ; standard

deviation o;), ft-kip

nominal bending moment capacity, ft-kip
factored applied moment, ft-kip

number of events that occur in a specific
time interval

sample size, number of independent
random variables in Taylor Series
Linearization

probability; professional factor, ratio of
test to predicted value (mean value P ;
bias coefficient dp; coefficient of variation
Vp) _

resistance (mean R ; standard deviation
sg; coefficient of variation V3)

coefficient of determination in regression
analysis

rank of data point x;

load effect or demand (mean load effect
S ; standard deviation og; coefficient of
variation V)

sample standard deviation computed for a
dataset; stirrup spacing, in.

sample variance computed for a dataset
standard deviation of annual maximum
extreme value distribution

return period, years

Student’s #-distribution with n-1 degrees
of freedom at Confidence Level P

time, years

coefficient of variation, standard deviation
divided by the mean

shear resistance provided by concrete, kip
coefficient of variation of core strengths
nominal shear resistance, kip

factored shear demand, kip

wind speed (individual data point v;; mean
V)

uniformly distributed load, Ib/ft; Ib/ft? o
truck weight data point (mean value w, ;
standard deviation s,)

uniformly distributed load due to live load,
Ib/ft, 1b/ft

uniformly distributed load due to superim-
posed dead load, 1b/ft; 1b/ft?

uniformly distributed load due to self-
weight, 1b/ft; Ib/ft?

factored uniformly distributed load, 1b/ft;
1b/ft?

independent random variable (mean value
X, ; standard deviation o, ; variance,

o’ ; coefficient of variation V, )
(aci>
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