
A
C

I P
R

C
-(3

49
-3

59
)-2

4
Design of Nuclear Safety-
Related Structures for 
Impactive and Impulsive 
Loads using ACI CODE-
349 and ASME Section III, 
Division 2 Provisions—
Guide

Reported by ACI Committees 349 and 359

Inch-Pound UnitsIN-LB



First Printing
December 2024

ISBN: 978-1-64195-285-9

Design of Nuclear Safety-Related Structures for Impactive and Impulsive Loads 
using ACI CODE-349 and ASME Section III, Division 2 Provisions—Guide

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


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.

ACI PRC-(349-359)-24 was adopted and published in December 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.

Chang Joon Bang
Louis J Colarusso

Arthur C. Eberhardt
Partha S. Ghosal

Bill D. Hovis
Todd C. Inman

Christopher A. Jones
Ola Jovall

Thomas Kang
Nam-Ho Lee

Javeed Munshi
Toyohiko Muraki

James Franklin Strunk
George Thomas

Shen Wang

Consulting Members
Adeola K. Adediran

Sungjin Bae
Jean Baptiste Domage

Ata Istar
Barry B. Scott

Matthew R. Senecal

Ziduan Joshua Shang
Madhumita Sircar
Clayton T. Smith

ACI Committee 349

ACI Committee 359

1

ACI PRC-(349-359)-24

Design of Nuclear Safety-Related Structures for 
Impactive and Impulsive Loads using ACI CODE-349 
and ASME Section III, Division 2 Provisions—Guide

Reported by ACI Committees 349 and 359

Adeola K. Adediran, Chair
Branko Galunic, Vice Chair

Partha S. Ghosal, Vice Chair
  John F. Silva, Vice Chair

Lisa M. Anderson, Secretary

Omesh B. Abhat
Monzer M. Allam
Taha D. Al-Shawaf

Sungjin Bae
Carlos Cantarero-Leal
Mi-Guem Chorzepa

Rolf Eligehausen
Farhad Farzam

Werner A. F. Fuchs
Stewart C. Gallocher
Herman L. Graves
James A. Hammell

Charles J. Hookham
Thomas T. C. Hsu

Ronald J. Janowiak
Scott A. Jensen

Christopher A. Jones
Ola Jovall

Carl J. Larosche
Nam-Ho Lee

W. Calvin McCall
Javeed Munshi

Nebojsa Orbovic*

Jaspal Saini

David B. Scott
Matthew R. Sherman

Madhumita Sircar
Bozidar Stojadinovic

Amit H. Varma
Shen Wang

Andrew S. Whittaker
Charles A. Zalesiak

Consulting Members
Hansraj G. Ashar*

Peter J. Carrato
Ronald A. Cook

Mukti L. Das
Orhan Gurbuz*

Dan J. Naus
Barendra K. Talukdar

Albert Y. C. Wong

Special acknowledgment is given to Adeola K. Adediran, Ola Jovall, and Nebojsa Orbovic for their contributions to this guide. 
*Deceased.

John McLean, Chair Nebojsa Orbovic,* Vice Chair  Justin Cassamassino, Secretary



CONTENTS

PREFACE, p. 3

NOTATION AND DEFINITIONS, p. 4
Notation, p. 4
Definitions, p. 4

ATTACHMENT A, p. 52
A-1—Justification of change, p. 52
A-2—Discussion of previous provision, p. 53

ATTACHMENT B, p. 54
B-1—Support rotation limitations, p. 54

B-2—Rotational capacity, p. 55
B-3—Strain limitations, p. 55

ATTACHMENT C, p. 56
C-1—Penetration depth as a percentage of the required 

perforation thickness, p. 56
C-2—Cases studied, p. 56
C-3—Results: Penetration depth as percentage of the 

required perforation thickness, p. 57
C-4—Results: Penetration depth and required perforation 

section thickness, p. 58
Authored documents, p. 59

American Concrete Institute – Copyrighted © Material – www.concrete.org

2	 DESIGN OF NUCLEAR SAFETY-RELATED STRUCTURES FOR IMPACTIVE AND IMPULSIVE LOADS (ACI PRC-(349-359)-24)



PREFACE
This guide is the work of the ACI 349/359 Task Group on Impulsive and Impactive Loading that established a proposal of 

updated design provisions for both ACI CODE-349 and ASME BPVC Section III, Division 2. The provisions of this guide are 
nonbinding on ACI CODE-349-23 Appendix F or ASME BPVC Section III, Division 2:2011 and may change if implemented.

This guide gives the genesis of the provisions that are proposed to be incorporated into these code documents and further 
explains why these provisions were adopted. Furthermore, the primary mandate of this guide was to align both aforementioned 
codes and to bring these codes up to date with current industry practices, using current references for the provisions of both 
code documents. This guide serves as an independent report of the task group’s work to the code committees. This guide is 
issued as a detailed commentary to the provisions of ACI CODE-349-23 Appendix F or ASME BPVC Section III, Division 2. 
The language of ACI CODE-349-13 and ASME BPVC Section III, Division 2:2011 form the starting point for the proposed 
nonbinding revisions already incorporated in the first two columns of this guide. The last column does not provide proposed 
changes but provides explanations of why such changes are proposed.

Keywords: blast; hard impact; impact; impulse; nuclear structure; perforation; scabbing; soft impact; structural analysis; structural design.
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NOTATION AND DEFINITIONS

Notation
Ad	 =	area of diagonal reinforcement
Ag	 =	gross area of concrete section
As	 =	area of steel reinforcement
Ash	 =	area of hoop reinforcement
ag	 =	aggregate size of concrete
b	 =	width of compression face of member
c	 =	distance from extreme compression fiber to neutral 

axis
cr	 =	reinforcing bar spacing
D	 =	effective missile diameter
d	 =	distance from extreme compression fiber to 

centroid of longitudinal tension reinforcement 
(Section F.2.3); effective diameter or the diameter 
of the hard/rigid part if the missile contains flexible 
part (Section RF.7.2.1)

de	 =	distance between the front face and reinforcement
dload	 =	diameter of loaded area
eb	 =	eccentricity corresponding to balanced strain 

conditions
F 	 =	impact force demand for high-mass, low-velocity 

impact (Section F.6.3); average value of the time-
dependent force resultant of the missile (Section 
RF.6.4)

F1	 =	maximum impulsive loading
F2	 =	approximately constant impulse loading during ∆t
Fe	 =	effective load for a single degree of freedom 

(SDOF) model (Section RF.6.1)
Fp	 =	static punching capacity of a slab
Ft	 =	resultant force
fc′	 =	concrete compressive strength
fdc	 =	dynamic compressive strength
fds	 =	dynamic stress capacity of steel reinforcement
fu	 =	ultimate strength
fy	 =	specified yield strength of reinforcement
H0	 =	target thickness
h	 =	overall thickness or height of member
I	 =	total impulse
Icr	 =	moment of inertia of cracked section transformed 

to concrete
Ig	 =	moment of inertia of gross concrete section about 

centroidal axis, neglecting reinforcement
K	 =	value of Ft to cause unit deflection at point of appli-

cation of resultant force (Section RF.6.1); concrete 
penetrability factor (Section RF.7.2.1)

Ke	 =	elastic stiffness
k	 =	stiffness of impactor (Section F.6.3)
Ld	 =	development length
ℓh	 =	unsupported length
M	 =	mass of missile
Me	 =	equivalent mass
m	 =	mass per unit area (Section RF.6.1); mass of the 

impactor (Section F.6.3)
N	 =	missile nose shape factor
Pb	 =	nominal axial strength at balanced strain conditions
Pn(max)	=	design axial strength

p	 =	 pressure (Section RF.6.1); perimeter of missile 
cross section (Section RF.7.2.1)

Ravail	=	 available resistance
RDL	 =	 dead load resistance
Rm1	 =	 resistance required at F1
Rm2	 =	 resistance required at F2
Ru	 =	 ultimate resistance
r	 =	 percentage of reinforcement described by the 

percentage each way in each face
rθ	 =	 rotational capacity/support rotation (refer to 

Fig. RF.3.3)
sh	 =	 spacing of hoops
t	 =	 total section thickness
td	 =	 impact duration
tp	 =	 perforation thickness
ts	 =	 scabbing thickness
u 	 =	 reference velocity

maxu 	=	 impact velocity
Vd	 =	 direct shear capacity
Vu	 =	 factored shear force at section
v	 =	 missile impact velocity
W	 =	 weight of missile
Xm	 =	 maximum acceptable displacement
Xy	 =	 effective yield point
x	 =	 penetration depth of missile
Yj	 =	 jet impingement load, or related internal moments 

and forces, on the structure generated by a postu-
lated pipe break

Ym	 =	 missile impact load, or related internal moments 
and forces, on the structure generated by a postu-
lated pipe break, such as pipe whip

Yr	 =	 loads, or related internal moments and forces, on 
the structure generated by the reaction of the broken 
pipe during a postulated break

α	 =	 angle defining orientation of reinforcement
∆t	 =	 time interval
εcu	 =	 maximum concrete compression strain
ϕ	 =	 strength reduction factor
ϕ(x,y)	=	 deformed shape function
µ	 =	 ductility ratio
µd	 =	 permissible ductility ratio
ρ	 =	 ratio of As to bd (Section F.4.2); concrete density 

(Section RF.7.2.1)
ρp	 =	 average percentage of reinforcement on the 

tensioned face
σ	 =	 principal stress
σe	 =	 effective stress
ψ	 =	 cross-section curvature (Attachment B)

Definitions
abnormal, extreme environmental, and abnormal 

and extreme environmental load categories—structural 
members designed to resist impactive and impulsive loads 
and dynamic effects are structures in the abnormal, extreme 
environmental, and abnormal and extreme environmental 
categories, which can have permanent, plastic deformations.

component damage levels—acceptable damage levels in 
F.3.3 and F.3.4 as invoked either by the ACI CODE-349 or 
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