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ABSTRACT

Bruhl, Jakob C. Ph.D., Purdue University, May 2015. Behavior and Design of Steel-
Plate Composite (SC) Walls for Blast Loads. Major Professor: Amit H. Varma.

Reinforced concrete (RC) structures have historically been the preferred choice

for blast resistant structures because of their mass and the ductility provided by

steel reinforcement. Steel-plate composite (SC) walls are a viable alternative to RC

for protecting the infrastructure against explosive threats. SC structures consist of

two steel faceplates with a plain concrete core between them. The steel faceplates

are anchored to the concrete using stud anchors and connected to each other using

tie bars. SC structures provide mass from the concrete infill and ductility from the

continuous external steel faceplates. This dissertation presents findings and recom-

mendations from experimental and analytical investigations of the performance of SC

walls subjected to far-field blast loads.

Twelve SC panels were tested in the U.S. Army Corps of Engineers (USACE) En-

gineering Research and Development Center (ERDC) Blast Load Simulator (BLS).

These panels varied flexure and shear reinforcement ratios, tie bar spacing, and steel

faceplate strength. Results from the physical experiments were used to benchmark

numerical models which were then used to expand the experimental database and per-

form a series of parametric studies investigating the influence of blast load, geometric,

material, and analysis parameters.

Two benchmarked models were developed: (1) detailed finite element (FE) models

using the non-linear FE code LS-DYNA, and (2) idealized single-degree-of-freedom

(SDOF) models using experimentally validated bilinear strain hardening static resis-

tance functions and exponential decay or triangular load pulse forcing functions. The

idealized static resistance functions were developed from static tests of eight configu-
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rations of SC walls which were also used to benchmark the FE modeling method. The

results from the static experimental tests and benchmarked models are also provided

in this dissertation.

Results from the physical experiments and analytical parametric studies were

used to develop design recommendations. A rational method for designing SC walls

to resist specific blast loads is presented along with pressure-impulse diagrams for use

as design tools or aids.
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1. INTRODUCTION

This dissertation describes an experimental and analytical study of the response of

one-way steel plate composite (SC) walls to far-field blast loads. Two series of exper-

imental tests were conducted: (1) static experiments to quantify available resistance

and ductility and (2) dynamic experiments to confirm behavior under short-duration,

high-pressure uniform loads. Results of these experiments were used to benchmark

numerical models which were then used to conduct analytical investigations to un-

derstand the influence of design parameters on structural response. Results of this

study were used to develop methods to design SC walls to resist blast loads.

1.1 Background

Reinforced concrete (RC) structures have often been used for blast resistant struc-

tures because of their mass and ductility provided by steel reinforcement. Most ex-

perimental work in blast resistant design during the mid-20th century focused on

military applications of RC structures. The principal goal of this work was to protect

military and national assets from the nuclear threat during the Cold War. Over the

past 30 years, researchers have adapted military-focused work for civilian applications

[1]–[3].

SC walls are a viable alternative to RC for protecting infrastructure against pro-

jectile or explosive threats and could be used as shield walls surrounding important

infrastructure. A comparison between RC and SC walls is shown in Figure 1.1. RC

walls are reinforced by orthogonal grids of steel reinforcing bars. These reinforc-

ing bars are tied together with transverse ties or stirrups and RC structures require

formwork for placing concrete. Alternatively, SC walls are comprised of two steel

faceplates which contain a plain concrete core. Composite action is provided by steel
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headed stud anchors on the inner surface of each faceplate. Tie bars provide shear

reinforcement in-service and stability during construction. Because concrete is con-

tained within the faceplates and no reinforcing bar cages are required for walls, shop

fabrication of modules is possible. The plates serve as reinforcement and formwork;

no additional work is required to construct or remove formwork as for RC. Construc-

tion time may be reduced by up to one-half when compared to RC [4] (see Figure 1.2).

Understanding behavior, analysis, and design of SC walls for safety-related nuclear

structures has advanced in recent years with the publication of design specifications

in the U.S., Japan, and Korea [5]–[7].

Because of modular construction efficiencies, SC walls have recently been used as

primary and secondary shield walls in nuclear power plants (NPP) [8], [9]. An SC

structure is being considered as a candidate for optimizing the next generation of

Small Modular Reactors (SMR) [4]. Bi-Steel, a proprietary SC wall has been used in

the United Kingdom in protective barrier and building construction [10].

Widespread use of SC structures for other than NPP applications has not yet

occurred. This is due in part to limited guidance to design SC walls for explosive

(impulse) and projectile (impact) loads. Design of SC structures for design basis loads

(i.e. flexure, in-plane shear, and out-of plane shear) can be accomplished in accor-

dance with Appendix N9 of AISC N690s1 [5] which provides strength requirements to

proportion each element of the system. This specification provides limited guidance

to design against impulse and impact loads.

1.2 Motivation

The US Department of Energy (DOE) noted a need to advance design methods

for steel plate concrete composite construction and minimize risks of terrorism [11].

A body of knowledge exists to design SC structures to resist the effect of impacts,

such as from an aircraft or tornado or hurricane-borne projectiles [12]–[16]. Blast

loading has been identified as an important concern for future nuclear power plant



3

designs [17] but limited research on behavior of SC walls subjected to blast exists in

the public domain [18]–[21].

SC walls have been shown to have improved impact resistance when compared to

RC. Although the concrete may crush, spalling is prevented unless the plates rupture.

This improves performance when subjected to projectile impact: an SC wall has the

same resistance to perforation by a projectile as a 30% thicker RC wall [22], [23].

Because spalling and scabbing are prevented, there is no secondary debris field on

the interior of the structure to injure personnel or damage interior facilities. The

characteristics which make SC structures effective against impact are expected to

also make them effective against blast loads.

1.3 Research Problem Statement

There is a critical gap in engineering knowledge to understand behavior of SC

structures subjected to blast loads. A body of knowledge of the behavior, analysis,

and design of SC walls for static loads exists and there is a limited body of knowledge

to design SC walls to resist the effect of impact. There is very little prior research on

SC behavior under blast loads. This dissertation describes results from experimen-

tal and analytical investigations of the blast response of SC walls and recommends

guidance for design of SC protective structures.

This project addresses two specific areas of exploration identified in the Nuclear

Energy Enabling Technologies (NEET) and Small Modular Reactor (SMR) workshop

reports: (1) design codes for steel plate concrete composite construction and (2)

mitigation of terrorist hazards [11]. Results of this work are expected to be of interest

to the U.S. Departments of State (DOS), Energy (DOE), and Defense (DOD) for

mitigation of terrorist hazards against facilities around the globe.
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1.4 Research Plan and Overview

1.4.1 Research Goal

This project develops and disseminates new knowledge of the response of SC walls

to blast loads. This knowledge is provided by experimental results, benchmarked nu-

merical models, and design recommendations, all of which are made publicly available.

These provide nuclear and defense industries and the NRC, DOE, DOS, and DOD

regulators references to accelerate design, review, licensing, and construction of small

modular reactors and protective structures utilizing composite SC walls.

1.4.2 Research Objectives

The specific project objectives were to:

1. Quantify experimental performance of SC walls subject to blast loads,

2. Benchmark numerical modeling techniques that accurately capture structural

behavior, performance, and failure of SC walls subject to blast loads, and

3. Develop modeling guidance, acceptance criteria, and design guidance for SC

walls subject to blast loads.

1.4.3 Research Scope

This project includes experimental and analytical investigations of the behavior of

SC panels under blast loading. By benchmarking analytical models to experimental

results, realistic guidance was developed.

Because limited experimental data were available in the public domain (none of

which investigated design parameters of typical SC walls as described by AISC N690s1

Appendix N9) a series of physical experiments was necessary. Quantifying the static

resistance function of SC walls was critical to understanding SC post-yield behavior
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and available ductility. Dynamic experiments verified dynamic behavior, were used

to benchmark finite element (FE) and single-degree-of-freedom (SDOF) numerical

models, and supported design guidance recommendations.

This project included two analytical components: SDOF and FEM. SDOF anal-

ysis, while limited, is used extensively in blast resistance design as explained in UFC

3-340-02 [24]. More detailed analyses were accomplished using LS-DYNA, a general

purpose FE code that can model large deformation static and dynamic response of

structures. LS-DYNA is well-suited for modeling explosions and explosive loading on

structures. It uses explicit time integration methodology and has a limited implicit

solver available [25]. These benchmarked modeling methods were used to complete a

series of parametric studies.

The scope was limited:

• It focused solely on member response and did not investigate the influence of

simultaneous axial load demand on the member nor did it account for structural

system behavior. Current blast resistant design procedures begin by designing

individual structural elements, and global structural response is typically evalu-

ated through progressive collapse analysis in which an element is removed from

the structure.

• Uniform pressure was assumed across the face of the panel, so findings of this

project applied only to far-field blast effects, not to near-field explosions nor

those in contact with the wall.

• While ductility of SC wall sections was investigated as part of this project,

conclusions about ductility limits for use in design were not drawn.

1.4.4 Research Impact and Original Contributions

By improving the understanding of SC wall behavior when subjected to blast

loads, this project enhances the state-of-the-art and knowledge regarding the use of



6

advanced composite systems. This is an important complement to current under-

standing of SC wall behavior subjected to impact and will enable designers to more

thoroughly design protective structures. There were limited experimental results for

blast loaded SC walls available in the public domain; this project expanded the avail-

able experimental database and provided benchmarked numerical models, filling a

critical void in currently available knowledge.

1.5 Research Method

The research objectives were accomplished through four primary tasks:

1. Prepare single-degree-of-freedom models

2. Quantify SC wall experimental response to blast loads

3. Evaluate design parameter influence on SC wall blast response

4. Prepare design and detailing recommendations

1.5.1 Prepare Single-Degree-of-Freedom Models

Modern blast-resistant design methods are largely based on SDOF modeling of

primary and secondary structural elements [26]. It was important that this research

provide experimentally validated SDOF modeling guidance. The primary purpose

of this task was to develop an idealized experimentally validated static resistance

function of one-way SC wall sections.

Idealized resistance functions are cataloged for RC, structural steel, and masonry

components. Adding resistance functions for SC walls was critical in linking the find-

ings of this research project to current design practices. As described in Chapter 3,

eight four-point bending tests were conducted in Purdue University’s Robert L. and

Terry L. Bowen Laboratory for Large-Scale Civil Engineering Research (Bowen Lab-

oratory), FE models were benchmarked to experimental results, and the models were



7

used to develop resistance functions for uniform pressure loads. From these uniform

pressure results, an idealized resistance function of an SC panel was developed and

validated using dynamic experimental results.

1.5.2 Quantify SC Panel Experimental Response to Blast Loads

Because limited experimental data of the blast response of SC panels existed in

the literature, performing physical experiments was critical. The purpose of this task

was to validate SDOF analysis and benchmark FE models.

Twelve specimens were tested in the United States Army Corps of Engineers

Engineering Research and Development Center (USACE-ERDC) Geotechnical and

Structures Laboratory’s (GSL) Blast Load Simulator (BLS). The tests included two

different pressure-impulse combinations which confirmed elastic and plastic response

of SC walls to blast loads. Time-history data from the tests included pressure, accel-

eration of the panels at mid-span, displacement of the panels at mid-span and at a

location other than mid-span, and strains at three points along the tension face and

one point on the compression face.

1.5.3 Evaluate Parameter Influence on SC Wall Blast Response

The blast experiments conducted included eight different SC wall designs which

varied reinforcement ratio, steel plate strength, tie bar diameter (shear reinforcement

ratio), and tie bar spacing. These test results were used to benchmark FE models

which were then used to investigate the behavior of the specimens under different

blast loads than were tested experimentally. Other numerical studies were completed

using the benchmarked FE and SDOF models to quantify the influence of geometric,

material, and loading variables to further expand the experimental database. The

purpose of this task was to ensure that recommended design and detailing recom-

mendations were valid for a practical range of design and loading variables.
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1.5.4 Prepare Design and Detailing Recommendations

Results from the experiments and analysis were combined into recommendations

for designing SC panels to resist far-field blast loads. Recommendations were provided

in the following forms:

1. Design equations involving common variables: pressure, impulse, concrete thick-

ness, concrete strength, steel strength, steel plate thickness, and tie bar spacing.

2. Elastic and ultimate capacity of the minimum practical wall thickness used in

nuclear power plant construction.

3. Modeling guidance for SDOF analysis.

4. Modeling guidance for explicit FEM analysis.

1.6 Organization

The organization of this dissertation is as follows:

• Chapter 2 is the literature review and addresses state-of-the-art and recent re-

search in three areas: (1) design of SC structures, (2) blast resistant design

methodology, and (3) behavior of steel-concrete composite structures under

blast loads,

• Chapter 3 describes SDOF design methods, reports results from a series of static

experiments, and develops the idealized static resistance function for one-way

SC wall sections using benchmarked FE models,

• Chapter 4 reports results from the experimental investigation of blast response

of one-way SC wall sections and describes design parameter influence on wall

response,

• Chapter 5 describes benchmarked FE and SDOF modeling methods and influ-

ence of model parameters on numerical results,
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• Chapter 6 describes numerical parametric studies, completed using benchmarked

models, which investigated the influence of critical geometric, material, and

loading parameters on the blast response of SC walls,

• Chapter 7 provides recommendations to design one-way SC walls to resist blast

loads along with an example and design aids, and

• Chapter 8 summarizes the research project, describes the conclusions drawn,

and provides recommendations for future work.
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(a) RC Wall

(b) SC Wall

Figure 1.1. Comparison of Wall Components (from [4])
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Figure 1.2. Construction Efficiency of SC Compared to RC Walls (from [4])
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2. LITERATURE REVIEW

This project focused on understanding behavior of SC walls under blast loads and

designing these walls to resist explosions. This literature review is divided into three

sections which summarize:

1. State-of-the-art for SC design,

2. State-of-the-art for blast resistant design, and

3. Investigations of blast resistance of steel-concrete composite structures.

2.1 Design of Steel-Plate Reinforced Concrete Structures

2.1.1 Summary of Current SC Design Guidance

Flexure, in-plane shear, and out-of-plane shear behavior of SC walls has been

investigated and developed into design guidance as Appendix N9 of AISC N690s1 [5]

(a supplement to AISC N690-12 [27]). Bhardwaj et al. [28] provide a useful summary

of the contents of the specification.

The specification includes design and detailing requirements for SC walls such as:

• Limitations:

– SC wall thickness, reinforcement ratio, and material properties,

– Tie bar and steel anchor spacing to ensure faceplate yielding occurs before

faceplate buckling based on [29], and

– Steel anchor strength and spacing to develop faceplate yield strength and

prevent interfacial shear failure based on [29].
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• Experimentally validated equations to calculate:

– Effective flexure and shear stiffness considering the effect of concrete crack-

ing due to accident thermal loading based on [30],

– In-plane shear strength corresponding to faceplate yielding based on [31]

and [32],

– Flexure and out-of-plane shear strength based on [33],

– Tensile and compressive strength adapted from AISC 360 [34], and

– Interaction of in-plane forces and out-of-plane moments based on [35].

• Analysis methods:

– An equivalent elastic FE model - the specification provides guidance on

selecting geometric and material properties for this model,

– Evaluating performance of SC structures subject to accident thermal loads,

and

– Design SC walls for impact or impulsive loads using simplified methods or

FE analysis.

• Detailing requirements for small or large openings in SC walls.

2.1.2 Out-of-Plane Behavior of SC Structures

Sener and Varma [33] compared experimental results from 54 tests to shear design

equations from U.S., Japanese, and Korean nuclear power plant design specifications

(ACI 349[36], JEAG 4618[6], and KEPIC-SNG[7], respectively). The authors con-

cluded that methods in ACI 349 provided lower bound estimates for shear strength

and JEAG and KEPIC-SNG provided upper bound estimates.

Sener et al. [37] conducted a similar comparison of experimental results to design

equations for flexural strength. Equations from ACI 349, JEAG 4618, and KEPIC-

SNG were all found to provide accurate estimates of flexural strength of SC walls
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subjected to out-of-plane loading with those from JEAG 4618 being the most con-

servative. Based on reliability analysis, the authors recommended strength reduction

factors for equations from the three sources.

Leng et al. [38] conducted a series of out-of-plane tests to investigate the influence

of shear arm-to-depth ratio focused on understanding shear strength of SC walls.

They developed a mechanical model of transverse shear resistance based on internal

equilibrium of three effective pieces after the formation of a critical diagonal crack in

the shear span. Their model accurately estimated the experimental shear strength

while estimates using Eurocode provisions tended to underestimate shear strength.

2.1.3 Composite Action and SC Axial Capacity

Zhang et al. [39] conducted parametric studies to characterize the influence of

stud spacing on composite action of SC members and concluded that slenderness

ratio (the ratio of stud spacing to plate thickness, s/tp) was the best measure of

expected composite action. Varma et al. [40] examined the influence of slenderness

ratio on axial buckling capacity at ambient temperatures and under thermal loading

and concluded that for non-slender steel faceplates, the axial capacity is the combined

axial strength of the faceplates and concrete. It was demonstrated that local buckling

was not expected to occur for non-slender faceplates.

2.1.4 In-Plane Shear Behavior of SC Panels

Ozaki et al. [31] investigated in-plane shear cyclic behavior of SC walls. They

studied walls with and without openings and included partitioning webs which in-

creased in-plane stiffness. The authors proposed design equations for an SC wall

subject to cyclic in-plane demands.

Using results from Ozaki et al.’s tests and their own additional tests, Varma et

al. [32] developed an idealized tri-linear shear force-shear strain response based on a

simple mechanics-based model. Their model accounted for composite section behavior
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before cracking and the change in behavior after cracking. They concluded that in-

plane shear strength corresponded to the limit state of Von Mises yielding of the steel

faceplates.

Epackachi et al. conducted a series of experimental and numerical tests to quantify

the hysteretic behavior of SC walls [41]. They concluded that faceplate slenderness

influenced the rate of strength deterioration under cyclic loads. Strength degradation

was found to be reduced by closer spacing of the first row of headed stud anchors and

the basemat.

Kurt et al. used benchmarked FE models to investigate the influence of SC wall-

to-basemat anchorage on in-plane behavior [42]. They quantified the influence of wall

aspect ratio on base moment and base shear. They also demonstrated the influence

of the relative tensile strength ratio of the SC wall to basemat on in-plane behavior

and provided recommendations to design full-strength connections.

2.1.5 Thermal Effects on SC Behavior

Thermal effects on SC walls were studied by Varma et al. [43]. Results from this

investigation demonstrated that flexural and out-of-plane shear stiffness of SC walls

in nuclear power plants at operating temperature can be accurately estimated using

cracked transformed section properties. The thermal gradient at elevated temper-

atures led to additional concrete cracking which degraded flexural and out-of-plane

shear stiffness. The authors provided equations to account for the effect of elevated

temperatures on SC wall stiffness.

2.1.6 Impact Resistance of SC Panels

Research has conclusively demonstrated effectiveness of SC walls to resist local

effects of missiles. Mizuno et al. [44] concluded that an SC wall provides the same

level of protection as an RC wall which is 30% thicker. Steel faceplates can be

accounted for in calculating impact resistance of an SC wall by considering them as
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an equivalent thickness of concrete and using this equivalent concrete thickness in

accepted equations for evaluating the impact performance of RC walls [15], [22], [23].

Validated against the database of all published tests of missile impact on SC walls

available in the literature, Bruhl et al. [16] developed a method to design an SC wall

to resist local failure (perforation) of an SC wall subject to missile impact.

Sohel & Liew [45] conducted a series of impact tests to evaluate local and global im-

pact effects on steel-concrete-steel sandwich walls with welded j-hooks serving as shear

studs and tie bars. They dropped a 2750-lb hemispherical shaped impacting weight

in the center of simply-supported two-way slabs from a height of 9.8-ft (resulting in

impact velocities from 21.6 to 24.2-ft/s). The authors presented an energy method

to estimate global deflection and impact force using an idealized load-displacement

curve. This idealized global resistance function was based on experiments from a

previous study of the static performance of this wall configuration in two-way out-of-

plane bending. Deflection ductility values on the order of 10 and 15 were observed

for normal-weight and light-weight concrete cores, respectively, in these static tests

[46]. Results from their method underestimated maximum mid-span displacement by

as much as 22% and impact force by as much as 25%.

Johnson et al. [47] suggested that modifying the idealized SDOF method of dy-

namic analysis of the impact response of RC walls to account for the differences of SC

walls was a reasonable way to assess global response of SC walls subjected to impact

loads. Through a series of numeric parametric studies, they demonstrated that SC

walls exhibit strain hardening after initial yield and recommended an elasto-plastic

assumption for the resistance function for two-way bending of SC walls. Ductility

ratios of around 10 were observed for fixed-end two-way panels, and slightly smaller

ductility was observed for simply-supported two-way panels. Bruhl et al. [48] per-

formed similar analyses and proposed equations to idealize static resistance functions

for two-way SC walls with central concentrated loads. The authors recommended use

of this resistance function in SDOF analysis of impact loads on SC walls.
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Bruhl et al. [49] proposed a two-degree-of-freedom (TDOF) model to account for

local and global deformation due to impact loading of two-way SC walls. This method

consisted of a cascaded system of two effective masses and resistance functions. One

considered global flexure behavior and the other accounted for local deformation due

to a dislodged concrete conical plug. Their work was not prescriptive but described

the model components and method to extract the local resistance function from an

analytically derived resistance function.

2.2 Blast Resistant Design Methodology

Until 2011, when Blast Protection of Buildings (ASCE/SEI 59-11) [26] was pub-

lished, there was no industry standard for structural engineers to reference when

designing structures to withstand explosions. This is not to suggest that information

was not available. Guides, handbooks, and manuals have existed for the past sixty

years to assist engineers in designing structures to withstand the effects of explosions

but no specification existed. The most common reference was a military manual re-

ferred to as the Tri-Service Manual or by its Army designation, Technical Manual

(TM) 5-1300 [50]. The need for transferring military knowledge for civilian applica-

tions was recognized shortly after the Second World War when Design of Protective

Structures (A New Concept of Structural Behavior) was published and presented at

the 1950 annual meeting of ASCE [51].

After the Cold War interest in blast-resistant design waned in the U.S. until the

high profile terrorist attacks of the 1990s. Interest surged after the attacks of Septem-

ber 11, 2001. Updated literature includes commercially published references such as

the Handbook for Blast-Resistant Design of Buildings [52], which compiled a wide

range of sources into a single source for blast consultants. Other recently published

books on the topic of blast resistant design include two published by the American

Society of Engineers [53], [54] and one published in the UK [55]. Modern Protective

Structures [56] is a comprehensive reference for designing blast- and impact-resistant
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structures and provides extensive background on weapons effects. Government pub-

lications have been regularly updated over the past five decades, most notably the

Unified Facilities Code (UFC) 3-340-02, Structures to Resist the Effects of Accidental

Explosions [24] which updated and replaced TM 5-1300.

Most research about structural response to blast loads focused on RC and struc-

tural steel. Historically, RC has been the material of choice for protective structures

because of its mass and the extensive experimental database upon which to vali-

date design procedures. Tests of structural steel components demonstrated benefits

of steel ductility to dissipate energy from an explosive event. Because of its ubiq-

uitous use throughout the world, a large database of blast tests of reinforced and

unreinforced masonry walls also exists. ASCE 59-11 permits structural components

of reinforced concrete, structural steel, masonry, and composite slabs. The standard

permits strengthening of RC and masonry components with fiber reinforced polymers

(FRP). UFC 3-340-02 contains chapters to design blast-resistant structural elements

of RC, structural steel, and reinforced masonry. SC structures are not addressed by

ASCE 59-11 or UFC 3-340-02.

Regardless of the material chosen, the most common design procedures include

SDOF analysis of structural elements to estimate maximum deflection and end rota-

tion. These calculated values are compared to ductility and rotation limits. If the

element is within the limit, it is accepted as surviving the blast pressure wave. If not,

it is considered destroyed and analysis proceeds with progressive collapse analysis

with the destroyed element removed from the structure.

The pressure on a structural element due to an explosion depends on several

factors including:

• The weight of the explosive, typically expressed as equivalent weight of TNT,

• The distance from the explosion to the element (referred to as “stand-off”),

• The angle of incidence,

• Surrounding structures, and
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• Whether the explosion occurred in air or on a surface.

As shown in Figure 2.1, pressure on a structure varies with time as the blast wave

moves through space. Typically, it begins with a very short rise time (often assumed

to be zero), decays quickly, and may have a negative phase in which the pressure

drops below atmospheric pressure.

There are several methods to estimate pressure distribution across the face of a

structure and along the length of structural members. Formulae and charts exist

to determine the characteristic parameters of a blast wave for a given charge weight

and stand-off distance [24]. Empirical methods are incorporated into various software

programs such as AT Blast [57] or CONWEP [58].

In addition to SDOF analysis, ASCE 59-11 describes pressure-impulse charts, a

simpler method of somewhat limited use. More complex methods include multi-

degree-of-freedom (MDOF) and explicit linear or non-linear finite element analysis

(FEA) for use when simpler methods are judged to reduce the reliability of the results

or where greater reliability is desired. LS-DYNA includes several methods to model

blast pressures including fluid-structure interaction and simpler methods based on

the same blast equations implemented by CONWEP[59].

2.3 Blast Loaded Steel-Concrete Composite Structures

2.3.1 Retrofitting RC Components to Improve Blast Resistance

The need to retrofit critical infrastructure to better resist potential explosive at-

tacks led to studies of jacketing existing RC and masonry structures with steel plates.

Orton explained that attaching steel plates eventually gave way to the use of fiber

reinforced polymer (FRP) because of the ease of application[60]. However, current

research continues into the benefits of encasing existing RC columns and bridge piers

with steel plates. Among the recommendations that Winget et al. [61] provided to

retrofit reinforced concrete bridge piers is the addition of steel jackets. Problems were
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noted at connections, however, because of discontinuous steel plates which increased

flexural resistance but also increased chances of direct shear failure of the RC member.

2.3.2 Blast Resistance of Concrete Filled Tubes

Tests demonstrated the improved blast resistance of concrete filled tubes (CFT)

bridge piers when compared to jacketed reinforced concrete columns [62], [63]. These

experiments demonstrated ductile behavior of CFTs and reduced the risk of direct

shear failure if the foundation connection was properly detailed. If steel plates were

continuous, as they are in SC construction, direct shear failure was prevented and

blast-resistance was better than RC structures.

2.3.3 Blast Resistance of SC Structures

Heng et al. [18] reported results of static and blast tests of one-third scale fully

enclosed steel-concrete-steel sandwich panels. Their panel design contained no inter-

nal components (shear studs or tie bars) and the concrete core was enclosed by steel

plates on all sides as shown in Figure 2.2. Static tests exhibited initial stiffness prior

to first cracking, reduced stiffness to yield, and nearly perfect plasticity post-yield as

shown in Figure 2.3. The four explosive tests varied stand-off distance for a constant

charge weight. The charges were placed no further than 17.3-in away from the panels

resulting in near field effects. They used an energy balance method equating kinetic

energy from the explosion to the area under the resistance function to estimate max-

imum deflection. Their results ranged from underestimating the deflection by 31%

for the closest charge to overestimating the deflection by 55% for the furthest charge.

They concluded that the energy method was generally conservative and that this

structural system was a viable way to provide expedient construction of protective

structures.

Lan et al. [64] described test results from a series of blast tests of three dif-

ferent configurations of steel-concrete composite panels: (1) steel fiber reinforced
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concrete (SFRC), (2) profiled steel sheeting reinforced concrete (PSSRC), and (3)

steel-concrete-steel composite (SCS) panels similar to those in [18]. Of the config-

urations they tested, SCS was most similar to the SC structures discussed in this

dissertation. Tests of the SCS panels investigated the influence of concrete fill (they

tested some panels with no concrete), concrete thickness, and steel plate thickness for

a variety of charge weights at a constant stand-off distance. Results indicated that

panels filled with concrete provided much higher resistance than those without and

that as total thickness and steel plate thickness increased so did the resistance of the

panel.

Liew and Wang [19] conducted blast tests on the same configuration of SCS as

tested for impact resistance by [45] and a type of panel they called cellular stiffened

plate (SP). The SCS panels had j-hooks in place of headed stud anchors and tie bars

as shown in Figure 2.4(a) and the SP configuration connected the steel faceplates

with internal steel stiffeners as shown in Figure 2.4(b). They tested panels with

different steel plate thicknesses subjected to blasts of the same charge weight and

stand-off distance. They concluded that increased steel faceplate thickness improved

blast resistance of the structure and the type of concrete infill influenced the type

of failure experienced by the panel. For specimens with lightweight concrete, failure

was dominated by shear. For those with normal-weight concrete, flexure dominated

the response. They also concluded that the use of ultra high strength concrete does

not improve the performance of SCS panels because of concrete brittleness.

Hulton [20] provided a qualitative summary of tests conducted by the United

Kingdom Defence Research Agency on steel-backed reinforced concrete panels sub-

jected to blast loads. This test series included eight panels of varying dimensions,

some with steel plates on the back-face alone and others with steel plates on both

front- and back-faces. The author concluded that panels with plates on both sides

performed better than those with only back-plates but that the front-plate was inef-

ficient because of fragment damage or buckling.
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Hulton & Gough [21] discussed the development of a proprietary form of SC walls

by British Steel, referred to as Bi-Steel™ (see Figure 2.5). The authors described vari-

ous configurations of SCS composite sections and explained how the Bi-Steel™ design

overcame weaknesses of earlier designs. Bi-Steel™ consisted of two steel plates sep-

arated by transverse bar connectors friction welded to the plates. These modular

sections could be cast with concrete in the factory and shipped to their intended

location or set in place, welded to each other, and filled with concrete on site. The

authors described a truss analogy for the static behavior of Bi-Steel™ panels and re-

ported general behavior of the panels in blast tests but provided no details on test

specimens, blast loads , or observed damage.

Coyle & Cormie [55] described blast resistant design of SCS composite sections,

addressed similarities and differences between RC and SCS, and discussed computa-

tion of strength and stiffness. They focused on Bi-Steel™ and the information was not

general enough to be useful for other SC configurations.

Of the different configurations of steel-concrete composite wall sections that have

been tested, Bi-Steel™ is the most similar to the general SC system described in this

dissertation but it is proprietary and has some key differences from SC structures

designed in accordance with AISC N690s1 Appendix N9. For example, Bi-Steel™ does

not include headed stud anchors and its flexural reinforcement is often larger than

the 5% maximum permitted by AISC N690s1 Appendix N9.

2.4 Chapter Summary

This chapter provided a review of literature relating to the project reported in this

dissertation. A discussion of research related to in-plane, out-of-plane, and combined

loading of SC walls has been provided. A summary of the current state-of-the-practice

regarding blast resistant design was also provided. Finally, a summary of experimental

investigations of the blast response of various configurations of steel-plate concrete

composite panels was included highlighting the fact that these tests consisted of
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unique configurations, none of which were covered by the provisions of AISC N690s1

Appendix N9.

The next chapter reports results from static out-of-plane bending experiments of

eight different SC wall designs and describes the development of an idealized static

resistance function for one-way SC walls for use in dynamic SDOF analysis. Devel-

opment of FE and fiber models are also described in the following chapter.
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Figure 2.1. Realistic Pressure Curve (from [24])

Figure 2.2. Configuration of Heng et al.’s SCS Panels (from [18])

Figure 2.3. Static Load-Displacement Curve of Heng et al.’s SCS Panels (from [18])
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Figure 2.4. Configuration of Liew and Wang’s Panels (from [19])
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3. STATIC RESISTANCE OF ONE-WAY SC WALL SECTIONS

The idealized lumped mass SDOF system is a common analysis tool used in blast

resistant design. SDOF evaluation methodology to estimate the response of structural

elements to impact and impulse loads is well established as described by Biggs [65],

ASCE Manual of Practice No. 58 [66] and UFC 3-340-02 [24].

The static resistance function for the member being analyzed is a critical input

to an SDOF model. Development of this function is the focus of this chapter. Four-

point bending static tests of eight specimens were completed. These specimens varied

design parameters including flexural and shear reinforcement ratios, steel faceplate

strength, and tie bar spacing. Benchmarked numerical models were used to analyze

behavior of SC walls subject to uniform loads and from these results an idealized

bi-linear static resistance function was developed.

3.1 Single-Degree-of-Freedom Analysis Method

Consider a generalized SDOF equation of equilibrium:

M · ÿ(t) + C · ẏ(t) +R(y) · y(t) = F (t) (3.1)

In which M is the effective mass of the structure, C is the effective structural damping,

R(y) is the resistance as a function of the displacement y(t), F (t) is the applied forcing

function, and ẏ and ÿ are the first and second derivatives of the displacement of the

mass with respect to time (the velocity and acceleration, respectively). Typically, the

peak response of a structural element to an impact or impulse load occurs in the first

cycle and structural damping, C, is conservatively neglected [24]. The equation of

motion to solve for the displacement time history, y(t), is most often Equation (3.2).

M · ÿ(t) +R(y) · y(t) = F (t) (3.2)
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3.1.1 Effective Mass

The effective mass, M , of a structural element is calculated by multiplying the

total mass by the mass transformation factor, KM , based on member geometry, sup-

port conditions, and expected response (elastic, elastic-plastic, or plastic). Values of

mass factors for uniformly loaded one-way slabs are tabulated in a variety of sources

[24], [65], [66].

3.1.2 Forcing Function

The forcing function, F (t), for blast loads is computed by multiplying the pressure

at a given time, p(t), by the wall area. This assumes a uniform pressure distribu-

tion over the wall surface: a reasonable approximation for far-field explosions. There

are several methods to idealize p(t): multi-linear, triangular with finite rise time,

triangular with zero rise time, or constant pressure for a finite time. Each of these

idealizations are suited for particular categories of explosions as UFC 3-340-02 ex-

plains.

Other options to idealize p(t) include best fit curve equations. One of the most

widely accepted for explosion-generated pressure waves is the modified-Friedlander

waveform (Equation (3.3)) which assumes exponential decay of the pressure and in-

cludes the negative phase of the pressure-time history. In Equation (3.3), td is the

duration of the positive phase and α is the decay coefficient. This formulation in-

cludes the arrival time, ta, and assumes a linear rise from 0 to pr but can be modified

to assume zero rise time (i.e. ta = to).

p(t) =

pr
t
ta
, if t ≤ ta

pr

[
1− t−ta

td

]
e−α(t−ta)/td , otherwise

(3.3)

Figure 3.1 depicts the two idealizations used in this study. The Friedlander wave-

form (solid line) was used to idealize the blast load for FE and SDOF benchmarking

models in Chapter 4. In these cases, the measured pressure time-history was idealized

with the best fit of the Friedlander waveform. The triangular idealization (dashed
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line) was used for the parametric study in Chapter 6 to reduce the variables consid-

ered and focus on the influence of design parameters rather than on pressure form

variables. For both idealized forms, ta can be set equal to to to model zero rise time.

3.1.3 Resistance Function

The resistance function, R(y), for one-way RC walls is often conservatively as-

sumed to be elastic-perfectly plastic. When coupled with a simplified forcing function,

chart solutions are available in UFC 3-340-02. These same chart solutions would be

available for one-way SC walls if the same simplifications were made. In order to de-

termine the suitability of the elastic-perfectly plastic idealization for R(y) for one-way

SC walls, static behavior was experimentally investigated. The rest of this chapter

describes laboratory and numerical investigations of one-way SC specimens.

Resistance functions for specific wall designs subjected to uniform pressure have

been experimentally developed using several methods summarized by Salim et al[67]:

• a positive pressure air bladder reacts against the test specimen and a rigid

frame,

• a water chamber pressurized to apply a uniform pressure to the test specimen,

• a loading tree distributes the load as evenly as possible through a series of

spreader beams and suspenders, or

• a vacuum chamber applies pressure to the test specimen by pulling a vacuum

on one side of the chamber as the other side remains at ambient pressure.

Each of the methods above have benefits and limitations. The air bladder, water

chamber, and vacuum chamber apply a uniform load over the surface area of the

test specimens but are limited by the amount of pressure that can be generated in

each system. For example, the largest pressure that can be applied in the vacuum

chamber is ambient pressure. Tests conducted using the vacuum chamber at the
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University of Missouri - Columbia by Salim et al[67] on full-scale cold-rolled steel

stud walls and CMU walls required less than 3 psi to reach full capacity and observe

available ductility of the systems. The water chamber constructed at the USACE-

ERDC has been used to develop resistance functions of one-third scale RC and CMU

walls and can reach pressures of 35 psi[68]. Controlling the pressure in these chambers

as yielding begins or sudden drops in capacity occur requires careful observation and

responsive controls. Better control for these situations is achieved with the loading

tree [69].

Each of the methods described require specialized facilities not available in most

university structural engineering laboratories. For researchers at these institutions,

additional cost must be incurred to conduct tests at other facilities or construct their

own specialized equipment. An alternative exists: use a conventional bending test

such as four-point bending, benchmark numerical models to the results, and use the

benchmarked model to perform numerical analysis for uniform pressure distribution.

The result of this analysis is the desired resistance function without the use of spe-

cialized testing facilities. This method was the approach used for this research.
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3.2 Static Tests of SC Wall Sections

3.2.1 Specimen Design and Material Properties

Eight SC wall sections were tested in four-point bending at Bowen Laboratory.

Geometric and material details of each specimen are provided in Table 3.1. These

specimens were of the same design as those tested dynamically (see Chapter 4). Each

had identical global dimensions: 4-in total thickness, tsc; 11-in width, b; and 64-in

total length.

As shown in Figure 3.2, each specimen consisted of A1011 hot-rolled steel sheets

on top and bottom with normal-weight concrete infill. Steel sheet grade and gage

varied between the specimens (12 gage HSLA grades 50 and 80 and 14 gage HSLA

grades 50 and 65). Concrete aggregate was pea gravel with a maximum diameter of

0.375-in. Concrete mix details are provided in Table 3.2 and had day-of-test strengths

between 6300- and 6600-psi. Threaded rods provided transverse shear reinforcement.

Diameter of the rods varied from 0.138-in to 5/16-in. Holes were drilled in the face-

plates 1/32-in larger than the tie bar diameter. Tie bars extended through the holes

and were secured with hex nuts on both sides of the faceplate. Tie bar spacing var-

ied: 2-in (tsc/2) or 4-in (tsc). All specimens included 0.25-in diameter, 1.125-in long,

headed shear stud anchors spaced at 2-in. Specimen names provide basic information

about the design: 1-2-3-4(5) where 1 denotes the approximate reinforcement ratio as

a percent, 2 is the tie bar spacing in inches, 3 is the grade of the steel sheet, 4 is

the nominal concrete strength, and 5 is the specimen number of that type. Multiple

beams were constructed of each type to allow for static and blast tests of the same

configurations.

Specimens were designed in accordance with provisions of AISC N690, Appendix

N9 [5]. Because they were one-third scale and faceplate strength varied, the specimens

were not in accordance with every aspect of the specification:
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• The smallest plate thickness permitted is 0.25-in but these specimens use 12

and 14 gage sheet (nominally 0.105-in or 0.075-in respectively) and

• Grade 80 steel is not permitted.

• Flexure reinforcement ratio for three specimens exceeded the 5% limit because

actual plate thickness of the 12 gage HSLA Grade 50 sheet was slightly larger

than nominal thickness.

Because these designs were to be subjected to blast loads, provisions to design RC

structural members to withstand blast loads (described in UFC 3-340-02, Chapter 4,

[24]) were applied. A few modifications to the procedure were necessary to account

for geometric differences between RC and SC (i.e. different equations to calculate

moment capacity). The most important change to the design in accordance with AISC

N690 was the design for dynamic shear capacity. Blast loads generate high strain

rates and moment capacity increases in larger proportion than shear capacity. This

results in the need to increase the shear strength of a structural member subjected

to dynamic loads. This was achieved by increasing the tie bar diameter to meet

dynamic shear demands. Sample calculations are provided in Appendix A. This

initial design method formed the basis for the recommended assessment and design

methods provided in Chapter 7.

Material properties of the steel sheet used in design calculations were provided by

the supplier, MST Steel (see Table 3.3). To obtain full stress-strain curves for use

in analysis, uniaxial tension tests were conducted at Bowen Laboratory. Sheet-type

standard coupons were machined and tested in accordance with provisions of ASTM

E8 [70]. Tension tests were completed using a Baldwin uniaxial testing machine

equipped with an Instron ISRS-R-120-BTE system. Results for yield and ultimate

strength were within 6.5% of those reported by the supplier (see Table 3.4). Chemical

composition of the sheets was reported by the supplier (see Table 3.5).
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Figure 3.3 - 3.6 provide engineering stress-strain curves for each of the four varieties

of A1011 steel sheet used. Overlaid on each stress-strain curve is the idealized power-

law model developed by Varma [71] (Equation (3.4)).

s = su − (su − sy)
(
eu − e
eu − esh

)n
(3.4)

This was used as input for moment-curvature calculations and FE models. In Equa-

tion (3.4), based on engineering stress and strain, sy is yield stress, su and eu are the

ultimate stress and strain, and esh is the strain at the onset of strain hardening (the

end of the yield plateau). Values for variables which provided the best fit for each

variety of steel sheet are provided in Table 3.4.

Material properties of the threaded rods used as tie bars were obtained using the

Baldwin/Instron system at Bowen Laboratory. The properties of all varieties were

±10% of the average values: Es=24000-ksi, Fy=58.3-ksi, and Fu=63.2-ksi. Figure 3.7

shows a representative engineering stress-strain curve for the threaded rod overlaid

with the power-law model used to idealize the behavior in numerical models. Values

for the power-law model variables for the threaded rod are provided in Table 3.4.

Material properties and chemical composition of the headed stud anchors were pro-

vided by the supplier (see Tables 3.6 and 3.7). All eight of the static specimens were

constructed using studs from heat 526630.

Concrete compressive strength was obtained using a Forney F-60C-DFM/I uniax-

ial testing machine at Bowen Laboratory. This system did not provide stress-strain

data; only the maximum force and calculated stress were recorded. Three cylinders

(4-in diameter) were tested on the day of each test and average strength reported.

Day-of-test strength data ranged between 6300 and 6600 psi as listed in Table 3.1.

3.2.2 Test Setup

Specimens were tested with simple supports. Figure 3.8 depicts the test setup

and sensor layout. The unsupported span, L, for all tests was 52-in with a 6-in

overhang beyond each support to allow development of the faceplate. All specimens
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were tested in four-point bending with an 18-in shear arm. An ENERPAC RCH206

actuator applied load to a W-shape spreader beam which in turn applied the load to

the specimen through two 1-in diameter steel rods extending across the width of the

specimen. A 2-in steel rod placed on a 1.5-in thick steel plate served as the roller

support and a 1-in steel rod between two steel plates machined to fit the rod served

as the pin support. 0.5-in thick steel plates, with holes drilled to fit the tie rod ends,

were placed between the specimen and supports applying the reaction across a 6-in

wide surface the full width of the specimen. Both supports reacted against 2-ft thick

concrete reaction blocks. The steel rods and plates used in the supports were cleaned

and lubricated with white lithium grease before each test.

The layout and type of sensors was the same for each of the eight tests. Strains

were measured using Tokyo Sokki Kenkyujo YEFLA-5-5LT 120Ω 5-mm strain gages.

One strain gage (SG1) was centered at mid-span on the compression (top) face of the

specimen. Three strain gages (SG2, SG3, and SG4) were placed at the quarter-points

of the span centered on the tension (bottom) face of the specimen. Displacements

at quarter points were measured by UniMeasure PA-10-TS cable extension linear

position transducers. Rotation at the supports and directly under the two load points

were measured by Seika NG2u ± 10° inclinometers attached at mid-thickness of the

specimen.

Each test began using load control with 5-kip load increments until yield was

reached. Post yield, displacement control was applied in 0.5-in increments until 3-in

of mid-span displacement at which point increments were increased to 1-in. Data from

the actuator and all sensors was recorded continuously at 10-second increments using

a National Instruments PXI-1052 chassis, PXI-PCI 8331 converter, and two modules:

SCXI-1521-B for strain measurement and SCXI-1102 for voltage measurement. At

the end of each load or displacement increment concrete cracks were marked and

photographs of the specimen were taken.
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3.2.3 Static Test Results

Each specimen followed the same progression, as shown for beam 5-2-50(3) in

Figure 3.9. Flexure cracks first appeared near the center of the constant moment

region (Figure 3.9(a)). Additional flexure cracks appeared throughout the constant

moment region and shear spans as load increased (Figure 3.9(b)). Shear cracks first

appeared at approximately the same load for each specimen (around 20-kips of to-

tal load; 10-kips shear force) corresponding to average concrete shear strength of

2.97
√
f ′c. All specimens ultimately failed due to net section rupture of the tension

steel plate (Figures 3.9d and e). This rupture occurred suddenly, without audible

warning or gradual drop in load, along the line of tie bars under the loading point

closest to the pin support.

The fundamental moment-curvature and load-case specific load-displacement be-

havior of all eight static tests were similar as seen in Figures 3.10(a) and 3.10(b).

Elastic behavior was nearly linear until the bottom steel plate yielded. All beams

exhibited deformation ductility larger than 7.1 with the largest being 13.1 for 5-2-

50-5(3). Table 3.8 provides a summary of experimentally measured flexural rigidity,

yield and ultimate strengths, and curvature and deformation ductility values. Sta-

tistical evaluation of the behavior of all eight specimens demonstrated that flexural

stiffness and yield capacity were close to the expected values calculated from AISC

N690s1 N9. Experimental stiffness was calculated at 0.5My. The average ratio of ex-

perimental stiffness to calculated stiffness was 0.989 (CV = 0.091). The ratio of yield

moment to calculated yield moment was 1.022 (CV = 0.021). All eight specimens

had approximately 1/3 additional capacity beyond yield as shown by the average ratio

of experimental ultimate moment to calculated yield moment of 1.333 (CV = 0.016).

Results of each test are described in the following sections.
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3.2.3.1 3-x-50-5 Specimens

Two configurations built with 14 gage A1011 HSLA Gr50 steel sheet as compression

and tension steel were tested: one with minimum tie bar diameter (3-2-50-5) and

another with tie bars one size larger (3-2b-50-5). The shear force-displacement re-

sponses in Figures 3.11 indicated that behavior was similar for these two specimens.

In this figure, shear force was calculated as half of the total applied load from the

single actuator. Larger tie bars did not influence stiffness or yield strength but did

reduce failure displacement. Larger diameter holes to accommodate larger tie bars

resulted in reduced net section and led to earlier fracture of the tension sheet.

Figure 3.12 indicated that fundamental moment-curvature behavior was nearly

identical for these two specimens and yield moment was slightly higher than esti-

mated using AISC N690s1 Appendix N9 provisions. In this figure, the moment was

calculated as the shear force, V , multiplied by the shear arm, a, and the curvature

was calculated from the measured rotations at each load point (CM4 and CM12) and

the arc length, L− 2a (16-in), between load points.

3.2.3.1.1. Specimen 3-2-50-5

Figure 3.13 indicates that displacement was symmetric in the elastic region because

values of displacement at symmetric quarter points (SP29 and SP22) were nearly

identical. This same conclusion was supported by measured strains in the tensile

plate as shown in Figure 3.14 (S2 and S4 were nearly identical in the elastic region).

Unsymmetric displacement began to occur after yield was reached. As the beam

moved on the roller support, the left shear arm length reduced, which increased the

relative moment in the right shear arm and deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.



36

Strain profiles for various load and displacement points are shown in Figure 3.15.

The neutral axis remained approximately 2.75-in from the bottom of the beam in the

elastic region (1/3
rd of the depth from the top surface) and shifted up to a location

about 1/5
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 3.09-in of mid-span displacement; this is the last point shown in

Figure 3.15 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.16. The symmetry of dis-

placement in the elastic region is evident in this figure. CM 5 malfunctioned at just

over 4° of rotation.

Photographs of the test progression are provided in Figure 3.17. Figure 3.17(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 20-kips of total load, shear cracks were visible as seen in

Figure 3.17(b) corresponding to an average concrete shear strength of 2.93
√
f ′c. Shear

cracks were most evident in the shear span closest to the pin support (note that

Figure 3.17(a) is a photo of the front of the beam and Figure 3.17(b) is of the rear

because shear cracks were first evident on the rear face.) Flexure cracks in the constant

moment region extended to within 0.5-in of the compression plate and no concrete

crushing was observed. Failure occurred due to net-section fracture of the tension

plate at the line of tie bars immediately to the left of the right load point as seen in

Figure 3.17(c).

3.2.3.1.2. Specimen 3-2b-50-5

Figure 3.18 indicates that displacement was symmetric in the elastic region because

values of displacement at symmetric quarter points (SP29 and SP22) were nearly

identical. This same conclusion was supported by measured strains in the tensile

plate as shown in Figure 3.19 (S2 and S4 were nearly identical in the elastic region).

Unsymmetric displacement began to occur after yield was reached. As the beam
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moved on the roller support, the left shear arm length reduced, which increased the

relative moment in the right shear arm and deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Maximum displacement at failure was less than for specimen 3-2-50-5 because the

net section was smaller for specimen 3-2b-50-5 (0.929Ag and 0.915Ag respectively)

because it required larger holes to accommodate larger tie bars. This smaller net

section had negligible influence on stiffness or yield strength.

Strain profiles for various load and displacement points are shown in Figure 3.20.

The neutral axis remained approximately 2.65-in from the bottom of the beam in the

elastic region (1/3
rd of the depth from the top surface) and shifted up to a location

about 1/5
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 2.02-in of mid-span displacement; this is the last point shown in

Figure 3.20 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.21. Symmetry of displace-

ment in the elastic region is evident in this figure. Smaller maximum rotations were

observed in this specimen than for 3-2-50-5 because less total deflection was reached

when failure occurred.

Photographs of the test progression are provided in Figure 3.22. Figure 3.22(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 20-kips of total load, shear cracks were visible as seen in

Figure 3.22(b) corresponding to an average concrete shear strength of 2.97
√
f ′c. Shear

cracks were most evident in the shear span closest to the pin support. Flexure cracks

in the constant moment region extended to within 0.5-in of the compression plate

and no concrete crushing was observed. Failure occurred due to net-section fracture

of the tension plate at the line of tie bars immediately to the left of the right load

point as seen in Figure 3.22(c).
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3.2.3.2 3-x-65-5 Specimens

Two configurations built with 14 gage A1011 HLSA Gr65 steel sheet as compression

and tension steel were tested: one with minimum tie bar diameter (3-2-65-5) and

another with tie bars one size larger (3-2b-65-5). The shear force-displacement re-

sponses in Figures 3.23 indicated that behavior was similar for these two specimens.

In this figure, shear force was calculated as half of the total applied load from the

single actuator used in each test. Larger tie bars did not influence yield strength or

failure displacement but decreased the initial stiffness by about 10%.

Figure 3.24 indicates that fundamental moment-curvature behavior was nearly

identical for these two specimens and yield moment was slightly higher than estimated

using AISC N690 provisions. In this figure, moment was calculated as the shear force,

V , multiplied by the shear arm, a, and the curvature was calculated from measured

rotations at each load point (CM4 and CM12) and the arc length of 16-in between

load points.

3.2.3.2.1. Specimen 3-2-65-5

Figure 3.25 indicates that displacement was slightly non-symmetric in the elastic

region because values of displacement at symmetric quarter points (SP29 and SP22)

differ slightly. This same conclusion was supported by measured strains in the tensile

plate as shown in Figure 3.26 (S2 and S4 differed slightly in the elastic region).

Unsymmetric displacement continued and was amplified after yield was reached. As

the beam moved on the roller support, the left shear arm length reduced, which

increased the relative moment in the right shear arm and deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Strain profiles for various load and displacement points are shown in Figure 3.27.

The neutral axis remained approximately 2.90-in from the bottom of the beam in the
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elastic region (1/4
th of the depth from the top surface) and shifted up to a location

about 1/5
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 1.59-in of mid-span displacement; this is the last point shown in

Figure 3.27 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.28. Non-symmetry of dis-

placement in the elastic region is evident in this figure as the difference between CM3

and CM4 is larger than the difference between CM12 and CM5. The final negative

rotation measured by CM4 is because of the way the specimen failed and the portion

of the cracked concrete to which CM4 was affixed. Because this was post failure

behavior, it is unimportant data but was included for completeness.

Photographs of the test progression are provided in Figure 3.29. Figure 3.29(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 20-kips of total load, shear cracks were visible as seen in

Figure 3.29(b) corresponding to average concrete shear strength of 2.97
√
f ′c. Shear

cracks were most evident in the shear span closest to the pin support (note that

Figure 3.29(a) is a photo of the front of the beam and Figure 3.29(b) is of the rear

because shear cracks were first evident on the rear face.) Flexure cracks in the constant

moment region extended to within 0.5-in of the compression plate and no concrete

crushing was observed. Failure occurred due to net-section fracture of the tension

plate at the line of tie bars immediately to the left of the right load point as seen in

Figure 3.29(c).

3.2.3.2.2. Specimen 3-2b-65-5

Figure 3.30 indicates that, similarly to specimen 3-2-65-6, displacement of 3-2b-65-5

was non-symmetric in the elastic region because values of displacement at symmetric

quarter points (SP29 and SP22) differ slightly. This same conclusion was not sup-

ported by measured strains in the tensile plate as shown in Figure 3.31 (S2 and S4

are nearly identical in the elastic region). Unsymmetric displacement was amplified
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after yield was reached. As the beam moved on the roller support, the left shear

arm length reduced, which increased the relative moment in the right shear arm and

increased deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Maximum displacement at failure was nearly the same as specimen 3-2-65-5 but

the load at maximum displacement was less for specimen 3-2b-65-5. The smaller net

section had negligible influence on stiffness or yield strength.

Strain profiles for various load and displacement points are shown in Figure 3.32.

The neutral axis remained approximately 3.0-in from the bottom of the beam in the

elastic region (1/4
th of the depth from the top surface) and shifted up as additional

displacement was imposed to a location about 1/5
th of the depth from the top surface.

SG3 exhausted at 1.44-in of mid-span displacement; this is the last point shown in

Figure 3.32 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.33. Non-symmetry of dis-

placement in the elastic region is evident in this figure as the difference between CM3

and CM4 is larger than the difference between CM12 and CM5. Similar maximum

rotations were observed in this specimen as in 3-2-65-5 with the exception of CM5.

Photographs of the test progression are provided in Figure 3.34. Figure 3.34(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 20-kips of total load, shear cracks were visible as seen in

Figure 3.34(b) corresponding to an average concrete shear strength of 2.91
√
f ′c. Shear

cracks were most evident in the shear span closest to the pin support (note that

Figure 3.34(a) is a photo of the front of the beam and Figure 3.34(b) is of the rear

because shear cracks were first evident on the rear face). Flexure cracks in the constant

moment region extended to within 0.5-in of the compression plate and no concrete

crushing was observed. Failure occurred due to net-section fracture of the tension
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plate at the line of tie bars immediately to the left of the right load point as seen in

Figure 3.34(c).

3.2.3.3 5-x-50-5 Specimens

Three configurations built with 12 gage A1011 HSLA Gr50 steel sheet as compression

and tension steel were tested: one with tie bars spaced at tsc/2 optimized in accor-

dance with AISC N690 (5-2-50-5), another with tie bars one size larger (5-2b-50-5),

and a third with tie bars spaced at tsc optimized in accordance with AISC N690

(5-4-50-5). The shear force-displacement responses in Figures 3.35 indicated that the

behavior was similar for the three specimens and all exceeded their expected capacity.

In this figure, shear force was calculated as half of the total applied load from the

single actuator used in each test. Because tie bar spacing for specimen 5-4-50-5 is

greater than tsc/2 AISC N690s1 Appendix N9 provisions did not permit inclusion of

the contribution of shear reinforcement, thus the capacity for 5-4-50-5 is about 70% of

that for 5-2-50-5 and 5-2b-50-5. As shown, flexure controlled 5-4-50-5 response as it

did for the other two specimens. Specimen 5-2b-50-5 had less stiffness than 5-2-50-5

and 5-4-50-5 had even less. All three had approximately the same yield strength but

different maximum strength: 5-2-50-5 had the highest strength, then 5-4-50-5, and

5-2b-50-5 had the lowest maximum strength. Specimen 5-2b-50-5 had the smallest

net section area of the three specimens (0.872Ag compared to 0.915Ag for specimen

5-2-50-5 and 0.906Ag for specimen 5-4-50-5.) Specimens 5-2-50-5 and 5-4-50-5 had

similar failure displacement and 5-2b-50-5 had slightly less. Figure 3.36 indicates that

the fundamental moment-curvature behavior was similar for these three specimens,

and the yield moment was close to that estimated using AISC N690 provisions. In

this figure, the moment was calculated as the shear force multiplied by the shear arm

of 18-in, and the curvature was calculated from the measured rotations at each load

point (CM4 and CM12) and the arc length of 16-in between load points.
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3.2.3.3.1. Specimen 5-2-50-5

Figure 3.37 indicates that displacement was symmetric in the elastic region because

values of displacement at symmetric quarter points (SP29 and SP22) were nearly

identical. This same conclusion was supported by measured strains in the tensile

plate as shown in Figure 3.38 (S2 and S4 were nearly identical in the elastic region).

Unsymmetric displacement began to occur after yield was reached. As the beam

moved on the roller support, the left shear arm length reduced, which increased the

relative moment in the right shear arm and deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Strain profiles for various load and displacement points are shown in Figure 3.39.

The neutral axis remained approximately 2.50-in from the bottom of the beam in the

elastic region (2/5
th of the depth from the top surface) and shifted up to a location

about 1/5
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 1.78-in of mid-span displacement; this is the last point shown in

Figure 3.39 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.40. Symmetry of displacement

in the elastic region is evident in this figure. CM 5 malfunctioned during this test so

the data it provided was discarded.

Photographs of the test progression are provided in Figure 3.41. Figure 3.41(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 15-kips of total load, shear cracks were visible as seen in Fig-

ure 3.41(b) corresponding to an average concrete shear strength of 2.27
√
f ′c. Flexure

cracks in the constant moment region extended to within 0.5-in of the compression

plate and no concrete crushing was observed. Failure occurred due to net-section

fracture of the tension plate at the line of tie bars immediately to the right of the

right load point as seen in Figure 3.41(c).
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3.2.3.3.2. Specimen 5-2b-50-5

Figure 3.42 indicates that displacement was symmetric in the elastic region because

values of displacement at symmetric quarter points (SP29 and SP22) were nearly

identical. This same conclusion was not supported by measured strains in the tensile

plate as shown in Figure 3.43 (S2 and S4 diverged early in the test). Unsymmetric

displacement and yielding of the bottom steel plate was amplified after yield was

reached. As the beam moved on the roller support, the left shear arm length reduced,

which increased the relative moment in the right shear arm and deflection in that

portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Maximum displacement at failure was less than for specimen 5-2-50-5. The net

section was smaller for specimen 5-2b-50-5 because it required larger holes to accom-

modate larger tie bars. This smaller net section had negligible influence on yield

strength or stiffness.

Strain profiles for various load and displacement points are shown in Figure 3.44.

The neutral axis remained approximately 2.60-in from the bottom of the beam in the

elastic region (1/3
rd of the depth from the top surface) and shifted up to a location

about 1/5
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 1.78-in of mid-span displacement; this is the last point shown in

Figure 3.44 rather than the state immediately prior to failure.

End and load point rotations are shown in Figure 3.45. Symmetry of displacement

in the elastic region is evident in this figure. Similar maximum rotations were observed

in this specimen as in 5-2-50-5.

Photographs depicting the progression of the tests are provided in Figure 3.46.

Figure 3.46(a) shows that flexure cracks first appeared in the region of constant

moment and then in the shear span. At 20-kips of total load, shear cracks were

visible as seen in Figure 3.46(b) corresponding to an average concrete shear strength
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of 2.97
√
f ′c. Shear cracks were most evident in the shear span closest to the pin

support. Flexure cracks in the constant moment region extended to within 0.5-in of

the compression plate and no concrete crushing was observed. Failure occurred due

to net-section fracture of the tension plate at the line of tie bars immediately to the

right of the right load point as seen in Figure 3.46(c).

3.2.3.3.3. Specimen 5-4-50-5

Figure 3.47 indicates that displacement was symmetric in the elastic region because

values of displacement at symmetric quarter points (SP29 and SP22) were nearly

identical. This same conclusion was supported by measured strains in the tensile

plate as shown in Figure 3.48 (S2 and S4 were nearly identical in the elastic region).

Unsymmetric displacement began to occur after yield was reached. As the beam

moved on the roller support, the left shear arm was reduced which increased the

relative moment in the right shear arm thus increasing deflection in that portion. The

horizontal spikes in the lower left portion of Figure 3.47 were due to malfunctioning

of SP22. The specimen was unloaded after reaching approximately 3-kips total load,

connections to SP22 were repaired, and the specimen was reloaded.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure but yield was reached at a

smaller strain than observed for the tension plate.

Strain profiles for various load and displacement points are shown in Figure 3.49.

The neutral axis remained approximately 2.50-in from the bottom of the beam in the

elastic region (2/5
th of the depth from the top surface) and shifted up to a location

about 1/10
th of the depth from the top surface as additional displacement was imposed.

SG3 exhausted at 1.78-in of mid-span displacement; this is the last point shown in

Figure 3.49 rather than the state immediately prior to failure.
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End and load point rotations are shown in Figure 3.50. These rotations suggest

non-symmetry of displacement in the elastic region as the difference between CM3

and CM4 is larger than that between CM12 and CM5.

Photographs of the test progression are provided in Figure 3.51. Figure 3.51(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 10-kips of total load, shear cracks were visible as seen in Fig-

ure 3.51(b) corresponding to an average concrete shear strength of 2.97
√
f ′c. Flexure

cracks in the constant moment region extended to within 0.5-in of the compression

plate and no concrete crushing was observed. Failure occurred due to net-section

fracture of the tension plate at the line of tie bars immediately to the left of the right

load point as seen in Figure 3.51(c).

3.2.3.4 5-2-80-5 Specimen

A single configuration was tested with 12 gage A1011 HSLA Gr80 steel sheet as

compression and tension steel and tie bars spaced at tsc/2 optimized in accordance

with AISC N690s1: (5-2-80-5). The shear force-displacement is shown in Figure 3.52.

In this figure, the shear force was calculated as half of the total applied load from the

single actuator used in each test. Displacement drifted as load was held constant at 5-

kips, 10-kips and 12.5-kips of total load. All displacement sensors measured increasing

displacement at constant load suggesting support settlement occurred. This specimen

was the first of the eight specimens tested. The specimen was unloaded after 12.5-

kips of total load and no more displacement anomalies were noted as the specimen

was reloaded. The data in Figure 3.52 was corrected to re-zero displacement prior

to reloading. Figure 3.53 shows the fundamental moment-curvature behavior was

similar to that estimated using AISC N690 provisions. In this figure, moment was

calculated as the shear force multiplied by the shear arm of 18-in and the curvature

was calculated from the measured rotations at each load point (CM4 and CM12) and

the arc length of 16-in between load points.
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Figure 3.54 indicates that displacement was symmetric in the elastic region be-

cause values of displacement at symmetric quarter points (SP29 and SP22) were

nearly identical. This same conclusion was supported by measured strains in the

tensile plate as shown in Figure 3.55 (S2 and S4 were nearly identical in the elastic

region). Unsymmetric displacement began to occur after yield. As the beam moved

on the roller support, the left shear arm length reduced, which increased the relative

moment in the right shear arm and deflection in that portion.

The tensile steel plate first yielded at mid-span and spread toward the supports.

The compression steel plate yielded well before failure at a similar strain as the tension

plate.

Strain profiles for various load and displacement points are shown in Figure 3.56.

The neutral axis remained approximately 2.50-in from the bottom of the beam in the

elastic region (2/5
th of the depth from the top surface) and shifted up as additional

displacement was imposed to a location about 1/4
th of the depth from the top surface.

The final strain profile at 2.5-in of mid-span displacement was the state immediately

prior to failure. No strain gage exhausted its capacity during this test.

End and load point rotations are shown in Figure 3.57. The symmetry of dis-

placement in the elastic region is evident in this figure.

Photographs of the test progression are provided in Figure 3.58. Figure 3.58(a)

shows that flexure cracks first appeared in the region of constant moment and then

in the shear span. At 25-kips of total load, shear cracks were visible as seen in Fig-

ure 3.58(b) corresponding to an average concrete shear strength of 2.97
√
f ′c. Flexure

cracks in the constant moment region extended to within 0.5-in of the compression

plate and no concrete crushing was observed. Failure occurred due to net-section

fracture of the tension plate at the line of tie bars immediately to the left of the right

load point as seen in Figure 3.58(c).
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3.3 Normalized Comparison of Static Tests

To compare all tests, the results were normalized. Experimental moment was di-

vided by calculated yield moment and experimental curvature was divided by curva-

ture associated with bottom plate yield. Experimental load (shear force) was divided

by the yield load (My/a) and experimental mid-span displacement at yield was di-

vided by theoretical beam deflection using the cracked, transformed flexural stiffness,

EIeff , calculated using provisions of AISC N690s1. Normalized moment-curvature

and load-displacement curves are shown in Figure 3.59.

3.3.1 Normalized Moment-Curvature Response

As Figure 3.59(a) shows, all eight specimens had similar flexural rigidity until

0.80My at which point the 3-x-50-5 specimens reduced to about 90% of initial rigidity

and the other 6 specimens softened more. All began to display rapid loss of stiffness

(corresponding to yielding of the bottom steel plate) at approximately My. All had

similar maximum normalized moment (around 1.33My) but the ductility at which

this maximum was realized differed. Specimens built from the most ductile steel

(5-x-50-5) achieved maximum moment at larger curvatures than those comprised of

less ductile steels. The specimen built from the least ductile steel (5-2-80-5) achieved

maximum moment at the smallest curvature. Curvature ductility ranged from 7.9 to

20.4. Results from each specimen are provided in Table 3.8. Specimen ductility was

directly related to steel plate material ductility (ef/ey, where ef is strain at failure or

rupture) and the ratio of net to gross steel plate area. The reduction from gross steel

plate area is due to holes drilled for tie bars.

The moment-curvature relationship for each of these eight specimens can be ide-

alized with a power law model similar to the Ramberg-Osgood model for stress-

strain[72]. In this model (Equation (3.5)) the first term accounts for elastic behavior

and the second accounts for plastic behavior.

φ(x) =
M(x)

EIeff
+ a

(
My

EIeff

)(
M(x)

My

)n
(3.5)
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In this equation, M(x) is the moment along the beam length, My was calculated

from equilibrium at first yield of the tension plate, and EIeff was calculated from

AISC N690s1 Equation A-N9-8. Figure 3.60 graphically depicts the method by which

constants a and n were determined. In practical terms, a accounted for softening prior

to yield (smaller values of a indicate less softening) and n accounted for curvature

ductility (larger values of n indicated higher ductility). The equation to calculate n,

shown in the figure, is taken from the description of the Ramberg-Osgood model in

[73]. The values of a and n which provided the best fit for the normalized moment

curvature diagrams are provided in Table 3.9. Figures 3.61-3.68 show the best fit for

each of the eight specimens. There is large variation in the values of a (x̄ = 0.393, s =

0.188, CV = 0.493). The power law constant n is close in value to the experimental

curvature ductility.

3.3.2 Normalized Load-Displacement Response

Comparison of normalized load-displacement curves in Figure 3.59(b) leads to

similar findings as for normalized moment-curvature. All specimens had flexural

stiffness close to theoretical until 0.50Vy. At larger loads, 5-4-50-5 experienced the

most rapid loss of stiffness, 5-2-80-5 retained the highest stiffness, and the other six

specimens had similar stiffness (about 80% of initial stiffness). This loss of stiffness

is due to the reduction in net section caused by tie bar holes in the plates. Maximum

load was reached at the displacement related to curvature ductility by an average

factor of 0.73 (CV=20%). Displacement ductility is provided in Table 3.8.

Load-displacement relationships could be idealized with a power law model similar

to Equation (3.5) for moment-curvature. The usefulness of such a model is limited,

however, because load-displacement curves were generated for specific load condi-

tions and geometry. The power law model for moment-curvature is more useful as it

provides an idealization of fundamental behavior that can then be used to estimate

load-displacement relationships for a variety of load conditions and geometries. To
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estimate the load-displacement relationship using the moment-area method and the

power law model for moment-curvature, the displacement at mid-span for a given

load can be calculated using Equation (3.6).

δmid =

∫ L
2

0

x · φ(x)dx (3.6)

Because φ(x) includes the function M(x) raised to the power n, a closed form solution

for δmid does not exist but with all calculated inputs for a specific case, the solution

can be determined.

3.4 Numerical Modeling of Statically Loaded SC Wall Sections

Two benchmarked models were developed: (1) a fiber model and (2) an FE model.

This section provides details of both.

3.4.1 Fiber Model

Moment-curvature relationships for each specimen using a fiber model were bench-

marked to experimental results. Equilibrium was computed using strain compatibil-

ity assuming perfect composite action (no slip) between the steel plates and concrete

infill. To account for slip, an artificial “slip strain” was calculated as described be-

low (see Equation (3.13) and Figure 3.69). Concrete stress was calculated using the

Hognestad parabola (Equation (3.7)) relating concrete stress to strain [74].

fc = f ′c

(
2ε

εo
−
(
ε

εo

)2
)

(3.7)

The value εo was computed by evaluating Equation (3.7) at 0.5f ′c and a corre-

sponding strain value of 0.5f ′c/Ec. Ec was calculated from Equation (3.8). The resulting

equation for εo is Equation (3.9).

Ec = 57, 000
√
f ′c (3.8)

εo =
f ′c
Ec

(
1 +

√
1

2

)
(3.9)



50

Integrating the concrete stress distribution over the depth of the concrete com-

pressive section led to Equation (3.10) for total concrete compressive force, CC . The

centroid of the concrete stress distribution is located a distance xC from the neutral

axis and calculated from Equation (3.11) and shown in Figure 3.69.

CC = f ′c · b
φ

εo
· x2

NA

(
1− φxNA

3εo

)
(3.10)

xC = xNA

(
8εo − 3φxNA
12εo − 4φxNA

)
(3.11)

The material power-law model defined by Equation (3.4) was used for steel stress-

strain relationships. Because the thickness of the steel plates was small compared to

total depth, constant strain was assumed through the thickness of the steel plates and

the resulting force was assumed to act at mid-thickness (i.e. a single fiber was used

for each steel plate). The compressive and tensile forces in the steel plates (CS and

TS respectively) were computed by multiplying the stress at each plate mid-thickness

by the area of the plate. To account for section loss due to holes drilled in the plate

to accommodate the tie bars, the total width of holes in a section was subtracted

from the specimen width, b.

Depth from the top of the section to the neutral axis, xNA was computed by

equating total compressive force, CC + CS, to tensile force TS. Concrete tensile

stresses were neglected. Because concrete and steel material behavior was modeled

as nonlinear, solving for xNA was an iterative process and Microsoft Excel was used

to perform the calculations for concrete compressive strains up to a maximum strain

of 0.004-in/in.

The resulting moment-curvature relationship was used to estimate load-displacement

behavior of the specimens by calculating the moment of the area beneath the cur-

vature diagram (between one support and mid-span) about mid-span. Figure 3.70

depicts this process. Because moment-curvature is nonlinear, the beam was dis-

cretized along its length, curvature associated with the moment in each segment

was determined from the moment-curvature relationship, area under the curvature

over the length of each segment was computed and moments of each incremental
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area about the beam end were summed to estimate the deflection at mid-span (see

Equation (3.12)). For completeness, shear deformation was added to the deflection

calculated using the moment-area method.

∆mid =
∑

φixidx (3.12)

To account for partial composite action, slip strain was calculated for each equi-

librium state along the moment-curvature curve using Equation (3.13). This assumes

that the shear between the beam end to the point of maximum moment was carried

equally by all shear studs within the shear arm. Effective shear area of the studs was

used in this calculation (thus the 5/6 term in the denominator of Equation (3.13)).

Because tie bars were not fixed to the steel plate they were not included in this

calculation. Curvature was modified to include εslip using Equation (3.14).

εslip =
M/a

5/6Astuds ·Gs

(3.13)

φ =
−εSt + εslip + εSb

tsc − tp
(3.14)

Figures 3.71 - 3.78 compare results from moment-curvature and load-displacement

using the methods described above. In all cases, flexural rigidity was close to exper-

imental results. This same was true for flexural stiffness of the load-displacement

diagrams. Load-displacement calculated from moment-curvature maintains a higher

stiffness as loading progresses than observed experimentally and does not capture

softening at yield. The fiber model indicated a more distinct yield point than shown

experimentally.

For most of the tests, the load at which yield occurred was close to the calculated

value but ultimate load was higher in the tests than calculations. In only one case

(5-2b-50-5) did the calculated curve suggest higher strength than observed experi-

mentally. The difference was less than 10%.
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3.4.2 FE Model Overview

All eight static tests were modeled numerically using LS-DYNA to serve as bench-

marked models for which the loading would later be changed to develop static resis-

tance functions for uniform loads. An overview of the model is shown in Figure 3.79

and a list of all keywords used in the model is provided in Appendix B.

Material models available in the LS-DYNA library were used. Winfrith concrete

model (MAT 084/085) was used for the concrete infill. The piecewise linear plasticity

material model (MAT 024) was used for all steel components. Supports and load ap-

plication components were modeled with rigid (MAT 020) solid elements. All material

input values or equations used to compute properties are provided in Table 3.10.

Reduced integration solid elements (SOLID ELFORM 1) were used for the con-

crete infill. Concrete mesh size was approximately 0.50-in (7 elements through the

specimen thickness). Reduced integration elements are known to generate spurious

hourglass energy, especially under large deformation, and require strain stabilization.

For this purpose, a method developed by Belytschko and Bindeman [75] and inte-

grated into LS-DYNA as hourglass control type (IHQ) 6 was used with an hourglass

coefficient (QM) of 0.10. A sensitivity study to assess the influence IHQ and QM

on numerical results is described in Section 3.4.5. Sensitivity of numerical results to

mesh size is described in Section 3.4.6.

Fully integrated solid elements developed specifically for elements with poor aspect

ratios (SOLID ELFORM -1) were used for the steel sheets. Mesh size was 0.50-in with

a single element through the thickness. Hughes-Liu with cross section integration

elements (BEAM ELFORM 1) were used for tie bars and shear studs. Tie bars

consisted of four 1-in beam elements. Shear studs were modeled with a single element

and were connected to the steel plate using zero-length discrete beam elements which

modelled the load-slip behavior of these components using an elastic spring discrete

beam material model (MAT 074). Tie bar ends shared nodes with the steel plate.

Tie bars and studs were mathematically embedded in the concrete using a penalty

coupling mechanism (CONSTRAINED LAGRANGE IN SOLID) assuming perfect
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bond. Contact between steel faceplates and concrete infill was defined using a penalty

mechanism (AUTOMATIC SURFACE TO SURFACE) and included friction. Con-

tact between the specimen and supports and load application was modeled with the

same penalty mechanism. Displacement was applied to the specimen by assigning a

constant velocity to the load applicators. Strain rate effects were not included in the

material model and the displacement was applied at 0.50-in/sec. Mass scaling was

applied by setting the minimum time step in the *CONTROL TIMESTEP card. The

minimum time step was computed based on the wave speed of concrete and element

effective length: results did not differ from the model without mass scaling but the

time required to run the model was reduced.

3.4.3 Material Modeling Details

The Winfrith concrete model (MAT 084/085) was developed in response to the

nuclear industry’s need to model accidental impact and blast loads on reinforced

concrete structures and was validated for a variety of impact and blast tests [76]. It

is a smeared crack model that accounts for tension softening due to crack opening.

The measured day-of-test concrete compressive strengths as reported in Section 3.2.1

were used in the models. The Winfrith concrete model is based on the compressive

strength of a cube rather than a cylinder; the input property for compressive strength

was 25% larger than that obtained from a cylinder test [77]. The rest of the input

parameters were estimated using equations as listed in Table 3.10. Tensile strength

of concrete in an SC wall is about half that of an RC wall because there are no

reinforcing bars to limit shrinkage cracking thus ft differs from that typically used

for RC structures [78]: 3.0
√
f ′c was used in these models because it corresponds to

the average stress at the onset of shear cracking in the experiments as described in

Section 3.2.3.

Strain rate effects were not included in these models so the tension softening

(post-crack) behavior was linear as shown in Figure 3.80. The crack width, w, at
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which tensile strength is zero was computed using Equation (3.15) in which Gf and

ft are the fracture energy and tensile strength, respectively computed as shown in

Table 3.10.

w =
2Gf

ft
(3.15)

A piecewise linear material model (MAT 024) was used for steel components.

Stress-strain curves shown in Figures 3.3 - 3.7 were input for the steel sheet and tie

rods although the input curves were converted from engineering stress and engineering

strain to true stress and plastic strain as required by the material model. A stress-

strain curve for the shear studs was not available, so typical Grade 60 steel properties

were input. The failure strain at which tie bar elements eroded was set at 0.05 -

slightly less than the measured failure strain. This was selected as a conservative

value. No failure strain was defined for stud elements. No failure strain was defined

for the steel plate elements in order to estimate at what equivalent plastic strain

fracture of the tensile steel plates occurred by determining the elemental strain at

displacement corresponding to experimental failure.

Headed stud anchors can be modeled accurately and efficiently using beam and

connector elements to account for the interfacial (push-out) force-slip displacement

relationship [29]. The stud was modeled with a single beam element and MAT 024.

The stud beam element was embedded in the concrete solid elements, and connected

to the steel plate with a zero-length discrete beam element. The idealized force-slip

displacement relationship developed by Olgaard et al. [79], confirmed experimentally

by Anderson & Meinheit [80] and Shim et al. [81], and implemented analytically

by Zhang et al. [29] was used as input to MAT 074 for these zero-length discrete

beam elements. As shown by Zhang et al., this modeling approach accounts for force-

slip displacement interaction between the steel plates and concrete infill of SC walls

and interaction between the embedded stud and surrounding concrete. Equations to

characterize this load-slip behavior are provided in Table 3.10.
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3.4.4 Modeling Results

Load-displacement and moment-curvature from the numerical model compared

well to experimental results as shown in Figures 3.71-3.78. Unlike the fiber model,

the FE numerical model captures decreasing stiffness in the elastic region and soft-

ening at yield. In three cases (3-2-50-5, 3-2b-50-5, and 5-2-80-5) the numerical model

suggested lower post-yield strength than observed experimentally (within 10%). In

one case the numerical model suggested higher yield and post-yield strength than was

experimentally observed (5-2b-50-5, the same model for which the fiber model sug-

gested higher strength). For the remaining four cases (3-2-65-5, 3-2b-65-5, 5-2-50-5,

and 5-4-50-5) numerical model results were nearly identical to experimental results.

Experimentally observed crack patterns were compared to those obtained from

numerical analysis in Figures 3.71 - 3.78. The experimental crack maps were generated

from photographs taken at the displacement step immediately prior to tension plate

fracture. The numerical crack patterns were taken at the same level of displacement.

These images provide two outputs from the Winfrith concrete model within the FE

results: (1) the lines denote crack locations and (2) the fringe colors denote the level

of crack damage output variable on a scale of 0 to 3 (0, red, is uncracked; 3, blue, is

fully cracked). As observed, the FE model results in a similar crack pattern for all

specimens.

3.4.5 Sensitivity to Hourglass Control Choices

To investigate sensitivity of results to hourglass type (IHQ) and coefficient (QM),

two studies were completed. The model for 3-2b-65-5 was modified for these studies.

Everything within the keyword file remained unchanged for these additional models

except for values of the input parameters QM and IHQ in the keywords *CON-

TROL HOURGLASS and *HOURGLASS.

Results from four models investigating QM are shown in Figure 3.81 with ex-

perimental results (3-2b-65-5) and numerical results from the baseline model (QM
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= 0.10). This figure shows the influence of changing QM while keeping IHQ the

same (type 6). From the moment-curvature relationship in Figure 3.81(a), QM had

negligible influence on flexural rigidity but did influence post-yield behavior. An in-

crease in QM resulted in a small increase in post-yield strength. The influence of QM

was more evident on the load-displacement relationship in Figure 3.81(b). As QM

increased from 0.01 to 0.10, the flexural stiffness increased but additional increases

in QM had negligible influence on stiffness. Similar to the observation for moment-

curvature, as QM increased the post-yield strength also increased a small amount.

The influence on hourglass energy is shown in Figure 3.82. The largest influence of

QM on hourglass energy was in the elastic region but no clear trend was evident.

These results support the recommendation that QM = 0.10 is appropriate for most

cases [59].

Erhart [82] recommends IHQ 6 for most situations when reduced integration solid

elements are employed. Results from six models investigating IHQ are shown with

the experimental results (3-2b-65-5) and numerical results from the baseline model

(IHQ = 6) in Figure 3.83. This figure shows the influence of changing IHQ while

keeping QM constant (0.10). Results for moment-curvature and load-displacement

indicated that IHQ types 1, 2, and 3 had little effect on controlling hourglass energy

compared to the case with no hourglass control and led to inaccurate results. Types

4, 5, and 6 provided required control of hourglass effects and results from these three

were similar. Hourglass energy was smallest for types 4 and 5 as seen in Figure 3.84.

This energy increased for types 4, 5, and 6 after yield of the steel plates. Hourglass

energy for the models with type 1, 2, and 3 exceeded 50% of the total energy at very

low load making these unsuitable. From these results, types 4, 5, or 6 were acceptable

for the models in this study.
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3.4.6 Sensitivity to Mesh Size

Mesh size for the benchmarked models was chosen for practical reasons. To allow

for co-location of tie bar and shear stud end nodes with nodes on the steel plates a

uniform mesh had to be 0.5-in. Because thickness of the plates was much less than

the other dimensions of the steel elements, only one element through the thickness

was chosen and a formulation developed for elements with poor aspect ratios was

selected. There needed to be at least four elements through the concrete thickness

in order to reasonably capture the effect of bending: 0.5-in mesh was chosen for the

concrete to match the steel mesh and provide seven elements through the thickness.

To investigate the influence of changing the mesh size, five additional models were

analyzed. All other input parameters for these models remained identical to that for

3-2b-65-5. The results for moment-curvature and load-displacement for each of these

variations are shown with experimental results (3-2b-65-5) and the baseline model

(7 c; 1 s) in Figure 3.85. The names of each model provide the number of elements

through the concrete (c) and steel (s).

Models with four or seven elements through the concrete thickness had similar

moment-curvature response (Figure 3.85(a)). As the number of elements through the

steel thickness increased, post yield strength was less than the model with a single

steel element through the thickness. The model with four concrete elements through

the thickness (4 c; 1 s) did not exhibit loss in flexural stiffness which was observed

experimentally and captured by the models with seven elements through the concrete

thickness (Figure 3.85(b)). As the number of concrete elements through the thickness

increased to 14 and 28, the flexural rigidity and stiffness decreased as did the strength.

Both of these provided results that were inaccurate. For accuracy and computational

efficiency, seven reduced integration constant stress elements (ELFORM 1) through

the concrete thickness and one full integration element for elements with poor aspect

ratios (ELFORM -1) through the steel thickness was reasonable.
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3.5 Numerical Models of Uniformly Loaded SC Wall Sections

As discussed at the beginning of this chapter, the primary purpose of static ex-

periments and benchmarked numerical models was to develop resistance functions for

specimens under uniform pressure loading. Benchmarked numerical models were al-

tered by changing the loading to a uniform pressure across the face between supports.

3.5.1 Fiber Model of SC Wall Section with Uniform Load

The fiber model as described in Section 3.4.1 was modified for uniform load.

Because the load case was different, the way in which the slip strain was calculated

was different. Equation (3.13) was modified to Equation (3.16) which accounts for

the shear due to a uniform load and assumes this is resisted evenly by each shear stud

between the support and the point of maximum moment - mid-span for the uniform

loading case.

εslip =
2M/L

5/6Astuds ·Gs

(3.16)

Using the moment-area method to compute deflection at mid-span, the revised moment-

curvature relationship for each specimen was used to calculate the pressure-deflection

relationship as shown in Figure 3.86. Load-displacement curves generated from the

moment-curvature relationships are shown as dashed lines in Figures 3.87 to 3.94

and are similar to those obtained from FE models. Both methods estimate nearly

identical initial stiffness and yield point. For all eight cases, the FE models show

reduction in stiffness before yield. This softening is due to spreading of flexure cracks

which first appear at mid-span and appear closer to the supports as the load in-

creases. Both methods suggest that resistance functions of simply supported one-way

SC walls subject to uniform load are approximately linearly until yield with reduced

linear post-yield stiffness. A bi-linear resistance function is a realistic approximation.
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3.5.2 FE Model of SC Wall Section With Uniform Load

As shown in Figure 3.95, no pressure was applied to the overhang beyond the

centerline of the supports to prevent influence of negative moment over a continuous

support. Failure strain (FS) for the steel faceplates was defined as the maximum

effective plastic strain which, when exceeded, resulted in removal of the element from

the mesh. This value was reduced in the FE models of uniform load to predict when

steel plate rupture would occur. From benchmarked static test model results, max-

imum effective plastic strain, εp,max, in the bottom steel plate at the experimentally

observed failure displacement value was input as FS for the uniform load FE models.

These strains for each model are provided in Table 3.11. The values of FS were re-

lated to the steel plate material ductility and the net section reduction of the plates.

All other aspects of the uniform load models remained identical to the benchmarked

models.

Pressure-displacement and moment-curvature (at mid-span) results for each of

the test specimens subjected to uniform pressure are shown as the solid lines in Fig-

ures 3.87 to 3.94. These are the experimentally developed static resistance functions,

R(y).

3.6 Idealized Model of SC Wall Static Resistance Function

3.6.1 Continuous Static Resistance Function

The method described in Section 3.4.1 could be used to calculate theoretical

pressure-displacement relationships for SC wall sections using the idealized power-

law model for moment-curvature developed in Section 3.3. The solution could be

completed analytically rather than numerically (discretizing the beam) because the

equation for φ(x) is continuous for the case of a uniformly loaded beam and displace-

ment at mid-span can be calculated by integrating of this function (Equation (3.6)).
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3.6.2 Bi-Linear Static Resistance Function

It has been shown that the post-yield portion of the resistance function of one-way,

simply-supported, SC wall sections exhibits strain hardening. Thus, a bi-linear func-

tion with strain hardening (Figure 3.96) is a realistic approximation of the resistance

function. This section describes a bi-linear model computed from section properties.

The yield moment, My, can be computed from section equilibrium setting the

strain in the tension steel plate equal to the yield strain of the material or from

design equations such as Equation (3.17) (AISC N690s1 Equation A-N9-18[5]). The

yield resistance, Ry, is calculated from My (see Equation (3.18)).

My = 0.9FyAsttsc (3.17)

Ry =
8My

L
(3.18)

The initial stiffness, k1 (Equation (3.19)), can be calculated from the cracked trans-

formed flexural stiffness, EIeff , using Equation (3.20) (AISC N690s1 Equation (A-

N9-8) [5]).

k1 =
384EIeff

5L3
(3.19)

EIeff = EsIs + c2EcIc (3.20)

Is =
btp(tsc − tp)2

2
(3.21)

Ic =
bt3c
12

(3.22)

c2 = 0.48
2tp
tsc

Es
Ec

+ 0.10 (3.23)

As described in Section 3.3, flexural rigidity matched well between theory and the

static experiments but the experimental flexural stiffness was less than calculated.

The ratio between the experimental (FE models in the case of uniform load) and

the calculated stiffness using Equation (3.19) are provided in Table 3.12. The initial

stiffness was close to theoretical up to approximately half of the yield load. After this

point, the stiffness reduced in proportion to the reduction net section.

For a conservative solution, perfect plasticity could be assumed. From the exper-

imental results, however, there is post-yield stiffness due to strain hardening of the
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steel plates. The ratio between post-yield and initial stiffness is provided for each

specimen in Table 3.12. The post-yield stiffness is larger for higher reinforcement

ratios: for k2, it is recommended to use 2.0% of k1 for beams with 3% reinforcement

and 2.5% of k1 for beams with 5% reinforcement.

3.7 Chapter Summary

In this chapter, results from four-point bending quasi-static tests of eight config-

urations of SC wall sections were described. The primary purpose of these tests was

to benchmark FE models which were then subjected to uniform pressure loading in

order to determine the static resistance function for each. The static resistance func-

tion was required to complete SDOF dynamic analysis to estimate specimen response

to dynamic loads.

Fundamental behavior was confirmed through comparison of experimental results

to those from FE analysis, a fiber model, and equations from current specifications.

These comparisons highlighted the fact that behavior of these small-scale specimens

follows the same fundamental mechanics as full-scale specimens. Another important

finding was the influence of slip on flexural stiffness and post-yield behavior. This

knowledge was used to generate models to idealize the static resistance function of a

one-way SC wall: a power-law fit of the moment-curvature relationship or a bi-linear

approximation including post-yield stiffness.

The following two chapters report results from blast experiments of these SC wall

designs and develop benchmarked numerical models (FE and SDOF) based on the

numerical models developed in this chapter.



62

T
ab

le
3.

1.
D

et
ai

ls
of

S
p

ec
im

en
D

es
ig

n
s

P
an

el
t p

(i
n
)

ρ
(%

)
S
h
ee

t
s/
t p

d
s
/t
p

d
t

(i
n
)

S
/t
sc

ρ
t

(%
)

M
n

V
n
t s
c

f
′ c

(k
si

)

3-
2-

50
-5

0.
07

9
4.

0
14

ga
,

H
S
L

A
50

25
.3

3.
16

0.
13

80
0.

50
0.

37
3.

24
6.

5

3-
2b

-5
0-

5
0.

07
9

4.
0

14
ga

,
H

S
L

A
50

25
.3

3.
16

0.
16

40
0.

50
0.

53
2.

58
6.

3

3-
2-

65
-5

0.
06

9
3.

5
14

ga
,

H
S
L

A
65

29
.0

3.
62

0.
13

80
0.

50
0.

37
4.

10
6.

3

3-
2b

-6
5-

5
0.

06
9

3.
5

14
ga

,
H

S
L

A
65

29
.0

3.
62

0.
16

40
0.

50
0.

53
3.

26
6.

6

5-
4-

50
-5

0.
11

2
5.

6
12

ga
,

H
S
L

A
50

17
.9

2.
23

0.
31

25
1.

00
0.

48
5.

71
6.

4

5-
2-

50
-5

0.
11

2
5.

6
12

ga
,

H
S
L

A
50

17
.9

2.
23

0.
16

40
0.

50
0.

53
3.

68
6.

3

5-
2b

-5
0-

5
0.

11
2

5.
6

12
ga

,
H

S
L

A
50

17
.9

2.
23

0.
25

00
0.

50
1.

23
2.

09
6.

5

5-
2-

80
-5

0.
09

9
5.

0
12

ga
,

H
S
L

A
80

20
.2

2.
53

0.
25

00
0.

50
1.

23
3.

31
6.

4



63

Table 3.2. Concrete Mix Design for Static Specimens (As Received
from Supplier; 6 CY order)

Component Type

Total

Amount

(lb)

Amount

per

CY

(lb)

%

Moisture

Water

Adjust.

(lb)

Gravel Pea 11220 1870 1.5 167

Sand SAND-23 9020 1503 3.9 350

Cement Type I 3390 565

Water 944 157

Admixtures GLEN 3030 68 oz 11 oz

Water (added on site) 0

Total Water (lb) 1460

Water : Cement Ratio 0.43

Table 3.3. A1011 Steel Sheet Material Properties (Reported by Supplier)

Gage Grade Heat Fy (ksi) Fu (ksi) εf (%)

12 HSLA 50 842X36160 58.1 66.5 31.5

12 HSLA 80 0130734 91.7 97.8 18.9

14 HSLA 50 177875 55.6 67.9 29.6

14 HSLA 65 831J12710 72.7 79.8 25.4
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Table 3.4. Power Law Variables Providing Best Fit Steel Materials

Es sy su esh eu

Material (ksi) (ksi) (ksi) (in/in) (in/in) n

A1011 HSLA 50, 12 ga 29000 57.7 68.4 0.0139 0.183 3.6

A1011 HSLA 80, 12 ga 28000 86.6 102.1 0.0105 0.131 2.8

A1011 HSLA 50, 14 ga 26000 57.9 64.8 0.0267 0.169 3.6

A1011 HSLA 65, 14 ga 27000 68.0 84.4 0.0108 0.159 3.2

Threaded Tie Bars 21000 59.5 66.0 0.0028 0.091 7.0
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Table 3.5. A1011 Steel Sheet Chemical Composition (Reported by Supplier)

12ga, HSLA 50 12ga, HSLA 80 14ga, HSLA 50 14ga, HSLA 65

842X36160 0130734 177875 831J12710

C 0.0600 0.0600 0.0500 0.0700

Mn 0.3900 1.1700 0.5700 0.8700

P 0.0090 0.0120 0.0120 0.0130

S 0.0060 0.0020 0.0050 0.0040

Si 0.0490 0.0500 0.0200 0.0550

Al 0.0240 0.0950 0.0300 0.0360

Cb 0.0170 - - 0.0370

Ni 0.0200 0.0200 0.0800 0.0100

Cr 0.0300 0.0300 0.0500 0.0300

Cu 0.0300 0.0400 0.1100 0.0140

Nb - 0.0880 0.0090 -

Mo 0.0060 - 0.0100 0.0060

Sn - 0.0020 - -

V 0.0010 0.0050 - 0.0010

Ca - 0.0045 0.0010 -

Ti 0.0020 - 0.0010 0.0020

N 0.0060 0.0081 0.0060 0.0050

B 0.0002 - 0.0001 0.0002

Table 3.6. C1010 Headed Stud Anchor Material Properties (Reported by Supplier)

Heat Fy (ksi) Fu (ksi) Reduction of Area (%) ε4D (%) ε5D (%)

526630 61.6 76.1 71.0 20.0 16.0

10324140 81.1 81.7 72.0 28.0 25.0
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Table 3.7. C1010 Headed Shear Stud Chemical Composition (Re-
ported by Supplier)

526630 10324140

C 0.090 0.090

Mn 0.380 0.470

P 0.007 0.009

S 0.014 0.013

Table 3.8. Static Test Experimental Results Summary

Panel EItest
EIN690

My,test

My,N690

Mu,test

My,N690
Failure Type µ∆ µφ

3-2-50-5(3) 1.001 1.040 1.351 Flexure 11.2 16.3

3-2b-50-5(3) 1.096 1.057 1.371 Flexure 8.6 14.2

3-2-65-5(2) 1.124 1.011 1.330 Flexure 8.2 7.9

3-2b-65-5(2) 0.985 1.026 1.315 Flexure 7.9 10.6

5-4-50-5(3) 0.878 1.003 1.318 Flexure 10.7 16.5

5-2-50-5(3) 0.908 1.009 1.318 Flexure 13.1 20.4

5-2b-50-5(2) 0.998 0.994 1.343 Flexure 10.5 16.7

5-2-80-5(2) 0.924 1.034 1.317 Flexure 7.1 8.6

x̄ 0.989 1.022 1.333 9.7 13.9

σ 0.087 0.021 0.020 2.0 4.4

CV 0.091 0.021 0.016 0.217 0.329



67

Table 3.9. Moment-Curvature Power Law Best Fit Constants

Panel a n

3-2-50-5(3) 0.119 16.5

3-2b-50-5(3) 0.114 15.4

3-2-65-5(2) 0.539 10.5

3-2b-65-5(2) 0.421 12.7

5-4-50-5(3) 0.628 13.4

5-2-50-5(3) 0.378 15.4

5-2b-50-5(2) 0.518 13.0

5-2-80-5(2) 0.425 11.8
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Table 3.10. Material Input for LS-DYNA Models of Static Experiments

Input for MAT 084/085 (Concrete) Value or Equation Used

Mass Density, RO (lbf · sec2/in) 2.36× 10−4

Initial Tangent Modulus, TM (psi) 57000
√
f ′c [83]

Poisson’s Ratio, PR 0.15

Uniaxial Compressive Strength, UCS (psi) 1.25f ′c
Uniaxial Tensile Strength, UTS (psi) 3.0

√
f ′c

Crack Width at Zero Tensile Strength, FE (in) 2Gf/UTS, Gf = 0.948lb·in/in2

Aggregate Radius, ASIZE (in) 0.1875

Rate Effects (0=ON, 1=OFF) 1

Unit Conversion, CONM -1 = lbf · sec2/in, in, sec

Input for MAT 024 (Steel Plate, Tie Bars, and Shear Studs

Mass Density, RO (lbf · sec2/in) 7.33× 10−4

Young’s Modulus, E (psi) Es from Table 3.4

Poisson’s Ratio, PR 0.30

Plastic Strain at Failure, FAIL 0.15 (plates), 0.05 (ties)

Load Curve, LCSS (σtrue − εplastic) see Table 3.4

Input for MAT 074 (Connector Elements for Tie Bars and Shear Studs)

Mass Density, RO (lbf · sec2/in) 7.33× 10−4

Displacement at Failure, TDF ∆max = (0.48−0.029·f ′c)ds [81]

Load Curve, FLCID (Load-Slip) Q = Qn(1− e−18∆)2/5 [79]

Qn = 0.65AsFu [34]

Input for MAT 020 (Supports and Load Plates)

Mass Density, RO (lbf · sec2/in) 7.33× 10−4

Young’s Modulus, E (psi) 29× 106

Poisson’s Ratio, PR 0.30

Constraints, CMO 1.0

Translation Constraints 4, 7

Rotation Constraints 7
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Table 3.11. Maximum Plastic Strain in Bottom Steel Plate of FE
Models at Experimentally Observed Failure Displacement

Specimen εp,max

3-2-50-5 0.063

3-2b-50-5 0.055

3-2-65-5 0.045

3-2b-65-5 0.046

5-2-50-5 0.080

5-2b-50-5 0.078

5-4-50-5 0.075

5-2-80-5 0.068

Table 3.12. Ratios of Elastic and Strain Hardening Slope for Uniform Load Case

Specimen k1,FEM/k1,calc k2,FEM/k1,FEM

3-2-50-5 0.929 0.0161

3-2b-50-5 0.894 0.0174

3-2-65-5 0.895 0.0246

3-2b-65-5 0.913 0.0217

5-2-50-5 0.745 0.0277

5-2b-50-5 0.817 0.0218

5-4-50-5 0.862 0.0204

5-2-80-5 0.734 0.0363
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4. EXPERIMENTAL RESPONSE OF BLAST LOADED ONE-WAY

SC WALL SECTIONS

Twelve panels were fabricated at Bowen Laboratory and tested using the Blast Load

Simulator (BLS) at the USACE-ERDC in Vicksburg, MS. The panels consisted of

various reinforcement ratios, steel plate strength, and tie bar spacing - identical to

those tested statically as described in Chapter 3. Six panels were tested by subjecting

them to two pressure pulses: the first pulse was selected to result in elastic response

of the specimens and the second pulse was selected to cause plastic deformation. The

other six panels were subjected to the largest pressure-impulse combination available

from the BLS and were expected to deform plasticly but not reach ultimate failure.

The planned pressure-impulse combinations are listed in Table 4.1.

The BLS, pictured in Figure 4.1, is a compressed-gas-driven shock tube which

can be tuned to simulate blast waveforms up to the equivalent of that generated

by 50,000-lbs of TNT at a standoff distance of 250-ft. The BLS consists of a driver

which is pressurized with a combination of helium and air, vented cone and transition

components which shape the pressure wave, and a target vessel which supports the

tested specimen and contains any debris [84]. When the pressurized gases reach the

predetermined burst pressure, metal diaphragms placed between the driver and the

vented cone are struck. The suddenly released gases expand and propagate toward

the target vessel generating a pressure wave against the surface of the specimens.

Vents in the vented cone allow reflected pressure waves to escape from the BLS and

reduce the magnitude of any secondary pressure waves. The BLS assembly is housed

in a protected structure and operated remotely from a control room.

Important benefits of the BLS over explosive field testing are: (1) the opportunity

for extensive instrumentation of the specimens and (2) the absence of a fireball and
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dust cloud. High-speed cameras can be protected in the BLS facility and there is

nothing to obscure video recordings of the panel response to the pressure pulse. Tests

conducted using the BLS tend to be less expensive than field testing. The current BLS

has two important limitations: (1) tested specimens cannot exceed 71-in x 53-in and

(2) only generally uniform pressure distributions can be created making it suitable

only for simulating far-field explosions. USACE-ERDC is currently constructing a

larger BLS which will be able to test larger, full-size, wall specimens.

4.1 Blast Tests of SC Wall Sections

4.1.1 Specimen Design and Material Properties

The same specimen designs used for the static tests were used for the blast tests.

Design of these specimens was described in Chapter 3 (see Table 3.1 and Figure 3.2).

Duplicates of four configurations were created for a total of twelve specimens. See

Table 4.2 for a list of the twelve specimens.

Steel sheets from the same heats as for the static test specimens were used for the

blast specimens (Tables 3.3-3.5 and Figures 3.3-3.6). Tie bars from the same order as

the static tests were used (Table 3.4 and Figure 3.7). Studs from heat 10324140 were

used for all the blast specimens (see Tables 3.6 and 3.7). The same concrete mix was

ordered for the blast specimens as for the static specimens. Table 4.3 provides the

delivered mix proportions for the blast specimens. The supplier delivered a nearly

identical mix as for the static specimen (compare Table 4.3 to Table 3.2).

4.1.2 Test Setup

Through consultation with engineers who operated the BLS, previously calibrated

pressure-impulse combinations were chosen to deliver pressure waves to meet the de-

sired intent of each test. Prior to any tests of specimens, calibration shots were com-
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pleted to confirm the desired blast waveform was produced. Twelve Kulite Model

HKS-11-375SG pressure gauges located at various positions on a semi-rigid plate as

shown in Figure 4.2 recorded pressure time-histories for each shot. One calibration

shot at a driver-pressure vessel internal pressure of 1443-psi and two shots with in-

ternal pressure of 400-psi were completed. Measured pressure and calculated impulse

values for these shots are provided in Table 4.4. These shots served two purposes: (1)

confirm the desired pressure-impulse combination was achieved and (2) confirm the

pressure distribution was approximately uniform across the face of the specimens. A

comparison of data in Table 4.4 to the planned shots in Table 4.1 demonstrates that

the first purpose was achieved. An examination of the variation in measured pressures

and impulses in Table 4.4 demonstrates that the second purpose was achieved.

Three specimens were tested simultaneously during each of four tests in the BLS.

Figure 4.3 depicts the setup process. The test frame consisted of internal and external

portions. With the internal frame installed within the target vessel opening the three

specimens were put in place with cardboard spacers at the top and bottom of the

specimens to allow free end rotation during the tests. Plastic horseshoe shims were

placed between the specimens to maintain 1/4-in spacing between specimens. With the

specimens in place, the external frame was installed and bolted through the internal

frame to the target vessel. Additional plastic horseshoe shims were used to maintain

1/4-in spacing between the specimens and the external frame. To restrict pressure

flow around the frame and panels into the target vessel, X-flex® and duct-tape was

used to seal the openings. The internal frame was only installed once - prior to the

first test. After each test, the external frame and tested specimens were removed.

The next set of specimens was then positioned and the external frame reinstalled.

The layout and type of sensors was the same for each of the four tests as shown in

Figure 4.4. Eight Kulite Model HKS-11-375SG pressure gauges positioned around the

perimeter of the frame recorded the pressure-time history for each shot (P1-P6, PD,

and PE). Not shown in the figure is a ninth pressure gauge (IP1) located inside the

target vessel to record the pressure on the non-blast side of the specimens. Lateral
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mid-span deflection of each specimen was recorded using Bourns Model 3547 3-turn

precision potentiometers (D1R, D2R, and D3R). As an alternate, back-up measure,

mid-span lateral deflection was also calculated from acceleration measurements of each

specimen recorded from Endevco Model 7270A accelerometers (A1, A2, and A3). A

third deflection measurement was recorded at a point 8.75-in away from the mid-point

using Celesco Model PT5A potentiometric cable-extension transducers (D1, D2, and

D3). Strains were measured using Tokyo Sokki Kenkyujo YEFLA-5-5LT 120Ω 5-mm

strain gages. One strain gage (SG1) was centered at mid-span on the compression

(blast) face of each specimen. Three strain gages (SG2, SG3, and SG4) were placed

at the quarter-points of the span centered on the tension (non-blast) face of each

specimen. The suffix L, C, and R for each strain gage shown in Figure 4.4 correspond

to the left, center, and right specimens, respectively, as viewed from inside the target

vessel.

Data from all sensors was transmitted over 22 AWG 6 conductor shielded mil-spec

cable and recorded at 1-MS/s on a Pacific Instruments Model 5810 data acquisition

system. For the first two shots (Test 1), the acquisition system was triggered with an

audible trigger sending a voltage rise to the data acquisition system which recorded

250-msec pre-trigger and 800-msec post-trigger. This trigger was susceptible to early

activation if the striker did not puncture the diaphragms: this occurred for shot

2 resulting in no data recorded for this test. To prevent this from happening in

subsequent tests, the trigger was changed to activate the data acquisition system on

a pressure increase registered by two pressure gages and recorded the same pre- and

post-trigger times. This trigger method worked without error for the remaining four

shots.

Two Phantom v7.3 and one Phantom v9.1 high-speed video cameras were used to

document the specimen responses (left, right, and rear angles) and pre- and post-test

still photos were taken. Each specimen was weighed prior to being loaded in the

target vessel. Residual displacements were measured prior to removing specimens

from the target vessel. After tested specimens were removed from the frame, cracks
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along the sides were marked and photographed. Tests 1 and 2 consisted of two shots

each. Specimens were photographed and residual displacement measurements were

made with the panels in place after the first shot to avoid disturbing the specimens.

Therefore, no cracks were marked after the first shot for each of the first two tests.

Steel sheets were not removed from the specimens, therefore crack patterns on the

tension and compression faces were not observed.

4.1.3 Blast Test Results

Measured pressures and calculated impulses for each of the six shots are provided

in Table 4.5. Representative pressure data from one pressure sensor for each shot is

provided in Figures 4.5-4.9 (no data was recorded for Shot 2 so there is no figure of

pressure data for this shot). Maximum deflection values from each of the sensors for

each of the shots are provided in Table 4.2. Residual displacement values are provided

for those sensors from which meaningful data was possible. Residual deflected shapes

of the specimens were measured by hand prior to specimens being removed from the

frame. During the tests, some sensors malfunctioned or detached from the specimens

as noted in Table 4.2.

4.1.3.1 Test 1

Three specimens were loaded in the BLS for Test 1, from left to right (as appeared

inside the target vessel, see Figure 4.10): 3-2b-50-5(1), 3-2-50-5(1), and 5-4-50-4(1).

Test 1 consisted of two shots. The first shot had a driver pressure of 400-psi which

resulted in 20.2-psi peak pressure and 261-psi·msec impulse. During the second shot

at a driver pressure of 1400-psi the striker was released. This activated the audible

trigger but the diaphragms did not rupture. As pressure was being released from

the pressure vessel the diaphragms ruptured suddenly at a driver pressure of 1388-

psi. This occurred before the data acquisition system could be reset: no data was

recorded for this test. The high-speed video cameras were reset in time, however,
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and video recordings of the test were captured. From these recordings, the mid-span

displacement-time history was constructed using Phantom Camera Control Applica-

tion software (PCC 2.5). Because driver pressure when rupture occurred was close

to the pressure from shot 5 (Test 3) it was assumed that the applied pressure and

impulse for shot 2 was similar.

There was approximately 0.28-in of frame settlement during Shot 1 which is evi-

dent from still shots of the high speed video (see Figure 4.11). Frame displacement

and settlement were measured from high speed videos using PCC 2.5 software. Frame

displacement resulted in larger measured deflections recorded by the sensors than ac-

tually experienced by the specimens.

Raw displacement and strain gage date from Shot 1 for the three specimens are

shown in Figures 4.12, 4.13, and 4.14. A 2-pass bandpass filter with a 20kHz upper

limit was applied to cable extensometer and strain gage data to remove noise. As

seen in the figures, there was more noise in some channels than others - the same

filter was applied to all regardless of the amount of noise in the signal. No filter was

applied to accelerometer data. Accelerometer data was integrated twice to obtain

velocity and displacement. These calculated curves are shown with the accelerometer

data in Figures 4.12(a), 4.13(a), and 4.14(a). There was no signal reference set for

the potentiometers during this shot so there was no useful data from these sensors.

Maximum measured mid-span displacements from accelerometer data for shot 1

were 0.473-in, 0.421-in, and 0.559-in for 3-2-50-5(1), 3-2b-50-5(1), and 5-4-50-5(1)

respectively. The panels had negligible residual displacement although data from

the cable extensometers suggested otherwise. Measured residual displacements of the

specimens in the frame post-test were 0.048-in, 0.044-in, and 0.026-in and deflected

shapes for the specimens are shown graphically in Figure 4.15. There was approxi-

mately 0.28-in of settlement of the internal frame during this shot. Figures 4.16, 4.17,

and 4.18 show the displacements measured by both sensors. Note that cable exten-

someters were located 8.75-in away from mid-span and therefore were expected to

register smaller displacements than those calculated at mid-span from accelerome-
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ter data. Due to numerical errors associated with integrating the acceleration curve

twice, only the peak displacement value was meaningful but the full transient re-

sponse measured by the cable extensometers was valuable. When corrected for frame

displacement, maximum mid-span displacements were 0.182, 0.130, and 0.268 for

3-2-50-5(1), 3-2b-50-5(1) , and 5-4-50-5(1).

Filtered strain gage data for all strain gages on each specimen is shown in Fig-

ures 4.19, 4.20, and 4.21. The two strain gages at the non-midspan quarter-points

(SG2 and SG4) were close in value for each of the three panels which denotes sym-

metric bending. These figures also demonstrate that these three specimens remained

elastic during shot 1 as the largest strain registered by any gage was 1000-µε in tension

and 500-µε in compression. There was excessive noise in SG4 for specimen 5-4-50-5(1)

which reduces the clarity of Figure 4.21. Specimen 5-4-50-5(1) was the only specimen

with tie bars of adequate diameter to affix strain gages (without worry of excessive

reduction of the cross-section due to preparation of the surface). As Figures 4.14(g)

and 4.14(h) show, these gages recorded negligible strains.

Still shots from high speed video of Shot 2 are provided in Figure 4.22As men-

tioned previously, the data acquisition system did not trigger for Shot 2. Therefore,

there are no figures of raw or filtered data for the specimens from this shot. Max-

imum measured mid-span displacements from high speed video analysis for shot 2

were 0.948-in, 0.959-in, and 0.535-in for 3-2-50-5(1), 3-2b-50-5(1), and 5-4-50-5(1)

respectively. Because these measurements were obtained from the video record, they

did not require correction due to frame settlement. Residual mid-span displacements

measured on the panels in the frame post-shot were 0.185-in, 0.161-in, and 0.029-in.

Residual deflected shapes for the specimens are shown graphically in Figure 4.23.

Cracks were not observed after the first shot because the specimens remained in

the frame. Specimens were removed after the second shot and cracks marked and

photographed (see Figure 4.24). All three specimens had flexure cracks with the

longest cracks located at midspan. The longest cracks extended from the tension face

to within 0.25-in of the compressive face of the specimen and crack length reduced
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the further away from midspan the crack appeared. No concrete crushing was evi-

dent. Figure 4.24(a) shows that the post-test crack pattern for 3-2-50-5(1) consisted

exclusively of flexure cracks. Figure 4.24(b) shows that the post-test crack pattern for

3-2b-50-5(1) was similar to that for 3-2-50-5(1) with the exception of a flexural shear

crack near the quarter-point. Figure 4.24(c) shows that the post-test crack pattern

for 5-4-50-5(1) had two important differences: (1) long flexure cracks further away

from mid-span and (2) a flexure crack originated at the blast-face and extended about

3/4 of the way through the specimen. This flexure crack at the support suggests that

the supports provided more constraint than idealized.

4.1.3.2 Test 2

Three specimens were loaded in the BLS for Test 2, from left to right (as appeared

inside the target vessel, see Figure 4.25): 5-2-50-5(1), 5-2b-50-5(1), and 3-2-65-5(1).

Test 2 consisted of two shots. The first shot had a driver pressure of 400-psi which

resulted in 18.9-psi peak pressure and 260-psi·msec impulse. The second shot had a

driver pressure of 1420-psi which resulted in 61.6-psi peak pressure and 1068-psi·msec

impulse.

Frame settlement from shots 1 and 2 remained at the start of shot 3 as evident in

Figure 4.26(a). An additional 0.15-in of frame displacement occurred during shot 3

and 0.23-in during Shot 4. Neither shot had any measurable frame settlement. Frame

displacement and settlement were measured from high speed videos using PCC 2.5

software. Frame displacement resulted in larger measured deflections recorded by the

sensors than actually experienced by the specimens.

Raw displacement and strain gage date from Shot 3 for the three specimens are

shown in Figures 4.27, 4.28, and 4.29. A 2-pass bandpass filter with a 20kHz upper

limit was applied to the cable extensometer and strain gage data to remove noise.

As seen in the figures, there was more noise in some channels than in others - the

same filter was applied to all regardless of the amount of noise in the signal. No
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filter was applied to the accelerometer or potentiometer data. Accelerometer data

was integrated twice to obtain velocity and displacement. These calculated curves

are shown with the accelerometer data in Figures 4.27(a), 4.28(a), and 4.29(a).

Maximum measured mid-span displacements measured by the potentiometers for

shot 3 were 0.284-in, 0.318-in, and 0.250-in for 3-2-65-5(1), 5-2-50-5(1), and 5-2b-50-

5(1) respectively. Maximum measured mid-span displacements from accelerometer

data for shot 3 were 0.298-in, 0.307-in, and 0.266-in for 3-2-65-5(1), 5-2-50-5(1), and

5-2b-50-5(1) respectively. There was negligible residual displacement of the specimens

in the frame post-test (0.056-in, -0.003-in, and -0.007-in) which are similar to residual

displacements measured by the Bourns potentiometers. Residual deflected shapes

for the specimens are shown graphically in Figure 4.30. Figures 4.31, 4.32, and 4.33

show displacements measured by all three sensors. Note that cable extensometers

were located 8.75-in away from mid-span and therefore expected to register smaller

displacements than those calculated at mid-span from accelerometer data. Due to

numerical errors associated with integrating the acceleration curve twice, only the

peak displacement value was meaningful but the full transient response measured by

the potentiometers and cable extensometers were valuable. There was good agree-

ment between the displacement calculated from accelerometer data and that from the

potentiometer for all three specimens in Shot 3. When corrected for frame displace-

ment, maximum mid-span displacements were 0.130, 0.164, and 0.096 for 3-2-65-5(1),

5-2-50-5(1) , and 5-2b-50-5(1).

Filtered strain gage data for all strain gages on each specimen is shown in Fig-

ures 4.34, 4.35, and 4.36. The two strain gages at the non-midspan quarter-points

(SG2 and SG4) were close in value for each of the three panels which denotes sym-

metric bending. These figures also demonstrate that these three specimens remained

elastic during shot 3 as the largest strain registered by any gage was 1000-µε in ten-

sion and 500-µε in compression. SG1 for specimen 5-2-50-5(1) malfunctioned and is

not included Figure 4.35.
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Raw displacement and strain gage date from Shot 4 for the three specimens are

shown in Figures 4.38, 4.39, and 4.40. A 2-pass bandpass filter with a 20kHz upper

limit was applied to the cable extensometer and strain gage data to remove noise.

As seen in the figures, there was more noise in some channels than in others - the

same filter was applied to all regardless of the amount of noise in the signal. No

filter was applied to the accelerometer or potentiometer data. Accelerometer data

was integrated twice to obtain velocity and displacement. These calculated curves

are shown with the accelerometer data in Figures 4.38(a), 4.39(a), and 4.40(a).

Maximum measured mid-span displacements measured by the potentiometers for

shot 4 were 0.677-in and 0.761-in for 5-2-50-5(1) and 5-2b-50-5(1) respectively. Max-

imum measured mid-span displacements from accelerometer data for shot 4 were

1.293-in, 0.493-in, and 0.726-in for 3-2-65-5(1), 5-2-50-5(1), and 5-2b-50-5(1) respec-

tively. The potentiometer detached from 3-2-65-5(1) during the test. Measured resid-

ual displacements of the specimens in the frame post-test were 0.449-in, 0.097-in, and

0.049-in. Residual displacements demonstrated that the pressure-impulse of shot 4

exceeded the elastic capacity of all three specimens. Residual deflected shapes for the

specimens are shown graphically in Figure 4.41. Figures 4.42, 4.43, and 4.44 show dis-

placements measured by all three sensors. Note that cable extensometers were located

8.75-in away from mid-span and therefore expected to register smaller displacements

than those calculated at mid-span from accelerometer data. Due to numerical errors

associated with integrating the acceleration curve twice, only the peak displacement

value was meaningful but the full transient response measured by the potentiometers

and cable extensometers were valuable. The potentiometer connected to 3-2-65-5(1)

detached from the specimen during the shot and is not included in Figure 4.42. There

is good agreement between the displacement calculated from accelerometer data and

that from the potentiometer for 5-2-50-5(1). The displacement calculated from the

accelerometer for 5-2b-50-5(1) is about 75% of that measured by the potentiometer

and nearly equal to that measured by the cable extensometer. Given the distance

between the extensometer and the accelerometer, the data from the potentiometer
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is deemed most accurate for mid-span displacement for 5-2b-50-5(1). When cor-

rected for frame displacement, maximum mid-span displacements were 1.059, 0.443,

and 0.527 for 3-2-65-5(1), 5-2-50-5(1) , and 5-2b-50-5(1) respectively as tabulated in

Table 4.2.

Filtered strain gage data for all strain gages on each specimen is shown in Fig-

ures 4.45, 4.46, and 4.47. The two strain gages at the non-midspan quarter-points

(SG2 and SG4) were close in value for each of the three panels which denotes sym-

metric bending. These figures also demonstrate that the tension steel plates in these

three specimens exceeded their elastic limits during Shot 4. This is corroborated by

the residual tensile strain measured by SG3 for all three specimens. These sets of

strain gage data, particularly that for 3-2-65-5(1) (Figure 4.45), capture the transient

vibration of each specimen and show that damping stopped the vibration after five

or six cycles.

Cracks were not observed after the first shot because the specimens remained in

the frame. Specimens were removed after the second shot and cracks marked and

photographed (see 4.48). All three specimens had flexure cracks with the longest

cracks located at midspan. The longest flexure cracks extended from the tension face

to within 0.10-in of the compressive face of the specimen and crack length reduced the

further away from midspan the crack appeared. No concrete crushing was evident.

All three specimens also exhibited flexural shear cracks. Figure 4.48(a) shows that the

post-test crack pattern for 3-2-65-5(1) consisted primarily of flexure cracks with one

flexural shear crack appearing near the quarter point of the specimen. Figure 4.48(b)

shows that the post-test crack pattern for 5-2-50-5(1) had wider spacing than for

3-2-65-5(1) but also consisted primarily of flexure cracks and a single visible flexural

shear crack near a support. Figure 4.48(c) shows that the post-test crack pattern for

5-2b-50-5(1) was similar to 5-2-50-5(1) with the exception that flexural shear cracks

appeared near mid-span.
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4.1.3.3 Test 3

Three specimens were loaded in the BLS for Test 3, from left to right (as appeared

inside the target vessel, see Figure 4.49): 5-2-80-5(1), 3-2-50-5(2), and 3-2b-50-5(2).

Test 3 consisted of a single shot (shot 5) with a driver pressure of 1420-psi which

resulted in 59.9-psi peak pressure and 1032-psi·msec impulse.

Frame settlement from previous shots remained at the start of shot 5 as evident in

Figure 4.50(a). The frame displaced by a maximum 0.30-in during Shot 5 but had no

measurable additional settlement. Frame displacement and settlement were measured

from high speed videos using PCC 2.5 software. Frame displacement resulted in

larger measured deflections recorded by the sensors than actually experienced by the

specimens.

Raw displacement and strain gage date from Shot 5 for the three specimens are

shown in Figures 4.51, 4.52, and 4.53. A 2-pass bandpass filter with a 20kHz upper

limit was applied to the cable extensometer and strain gage data to remove noise.

As seen in the figures, there was more noise in some channels than in others - the

same filter was applied to all regardless of the amount of noise in the signal. No filter

was applied to the accelerometer or potentiometer data. Accelerometer data was

integrated twice to obtain velocity and displacement. These calculated curves are

shown with the accelerometer data in Figures 4.51(a) and 4.53(a). The accelerometer

malfunctioned on specimen 3-2b-50-5(2), therefore no accelerometer data is shown

for this specimen.

Maximum measured mid-span displacements measured by the potentiometers for

shot 5 were 1.460-in, 1.450-in, and 0.720-in for 3-2-65-5(1), 5-2-50-5(1), and 5-2b-50-

5(1) respectively. Maximum measured mid-span displacements from accelerometer

data for shot 5 were 0.462-in and 0.703-in for 3-2-50-5(2) and 5-2-80-5(1) respectively

(the accelerometer detached from 3-2b-50-5(2)). Measured residual displacements

were between 0.40-in and 0.50-in for 3-2-50-5(2) and 3-2b-50-5(2) demonstrating the

pressure-impulse of shot 5 exceeded the elastic capacity of these specimens. Residual

mid-span displacement of 5-2-80-5(1) was less than 0.20-in. Residual deflected shapes
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for the specimens are shown graphically in Figure 4.54. Figures 4.55, 4.56, and 4.57

show the displacements measured by all three sensors. Note that cable extensometers

were located 8.75-in away from mid-span and therefore expected to register smaller

displacements than those calculated at mid-span from accelerometer data. Due to

numerical errors associated with integrating the acceleration curve twice, only the

peak displacement value was meaningful but the full transient response measured by

the potentiometers and cable extensometers were valuable. There was good agree-

ment between displacements calculated from accelerometer data and that from the

potentiometer for 5-2-80-5(1) but not for 3-2-50-5(2). The potentiometer detached

from specimens 3-2-50-5(2) and 3-2b-50-5(2) during the test. From analysis of high

speed video they did not appear to continue to displace after the peak displacement

was reached but instead began to fall. Therefore, maximum displacement measured

by these two sensors was reasonable but no residual displacement value from these

sensors was possible. When corrected for frame displacement, maximum mid-span

displacements were 1.165, 1.160, and 0.417 for 3-2-50-5(2), 3-2b-50-5(2), and 5-2-80-

5(1).

Filtered strain gage data for all strain gages on each specimen is shown in Fig-

ures 4.58, 4.59, and 4.60. The two strain gages at the non-midspan quarter-points

(SG2 and SG4) were close in value for each of the three panels which denotes sym-

metric bending. These figures also demonstrate that the tension steel plates in these

three specimens exceeded their elastic limits during Shot 5. This is corroborated by

the residual tensile strain measured by SG3 for all three specimens. These sets of

strain gage data captured the transient vibration of each specimen and showed that

damping stopped the vibration after five or six cycles. The values recorded from

SG3 of 3-2-50-5(2) are suspect - this mid-span strain should be larger than strains

measured by SG2 and SG4 and it should not have negative (compressive) residual

strain.

Specimens were removed from the frame after the shot and cracks marked and

photographed (see Figure 4.61). Flexure cracks were most prominent in 3-2-50-5(2)
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and 3-2b-50-5(2) with some flexural shear cracks in both. Figure 4.61(a) shows there

was one large shear crack near one of the supports for 3-2-50-5(2) which extended from

top to bottom of the specimen at approximately a 45° angle. Figure 4.61(b) shows

shear cracks also formed near one of the supports for 3-2b-50-5(2) but did not extend

to the faces of the specimen. 3-2b-50-5(2) also had a short flexure crack (approx-

imately 1-in) near the support suggesting that the frame provided more constraint

than was idealized. Figure 4.61(c) shows that there were only a few flexure cracks

that formed near mid-span for 5-2-80-5(1). The small amount of cracking and residual

displacement suggests that the response of 5-2-80-5(1) to this pressure-impulse was

largely elastic. No concrete crushing was evident in any of the three specimens.

4.1.3.4 Test 4

Three specimens were loaded in the BLS for Test 4, from left to right (as appeared

inside the target vessel, see Figure 4.62): 5-4-50-5(2), 5-2-50-5(2), and 3-2b-65-5(1).

Test 4 consisted of a single shot (shot 6) with a driver pressure of 1420-psi which

resulted in 61.6-psi peak pressure and 1110-psi·msec impulse.

Frame settlement from previous shots remained at the start of shot 6 as evident in

Figure 4.50(a). The frame displaced by an additional maximum 0.15-in during Shot

6 but had no measurable additional settlement. Frame displacement and settlement

were measured from high speed videos using PCC 2.5 software. Frame displacement

resulted in larger measured deflections recorded by the sensors than actually experi-

enced by the specimens.

Raw displacement and strain gage date from Shot 6 for the three specimens are

shown in Figures 4.66, 4.65, and 4.64. The potentiometer detached from 3-2b-65-

5(1) during the test. A 2-pass bandpass filter with a 20kHz upper limit was applied

to the cable extensometer and strain gage data to remove noise. As seen in the

figures, there was more noise in some channels than in others - the same filter was

applied to all regardless of the amount of noise in the signal. No filter was applied
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to the accelerometer or potentiometer data. Accelerometer data was integrated twice

to obtain velocity and displacement. These calculated curves are shown with the

accelerometer data in Figures 4.66(a), 4.65(a), and 4.64(a).

Maximum measured mid-span displacements measured by the potentiometers for

shot 6 were 0.845-in and 0.852-in for 5-2-50-5(2) and 5-4-50-5(2) respectively and

residual displacements were 0.457-in and 0.340-in. Maximum measured mid-span

displacements from accelerometer data for shot 5 were 1.474-in, 0.694-in, and 0.455-

in for 3-2b-65-5(1), 5-2-50-5(2), and 5-4-50-5(2) respectively. Residual displacements

measured by the potentiometers were larger than measured residual deflections of the

specimens in the frame post-test. Residual deflected shapes for the specimens are

shown graphically in Figure 4.67. Figures 4.68, 4.69, and 4.70 show the displacements

measured by all sensors. Note that cable extensometers were located 8.75-in away

from mid-span and therefore expected to register smaller displacements than those

calculated at mid-span from accelerometer data. Due to numerical errors associated

with integrating the acceleration curve twice, only the peak displacement value was

meaningful but the full transient response measured by the potentiometers and cable

extensometers were valuable. There was reasonable agreement between the displace-

ment calculated from accelerometer data and that from the potentiometer for 5-2-

50-5(2) but not for 5-4-50-5(2). When corrected for frame displacement, maximum

mid-span displacements were 1.180, 0.551, and 0.558 for 3-2b-65-5(1), 5-2-50-5(2) ,

and 5-4-50-5(2).

Filtered strain gage data for all strain gages on each specimen is shown in Fig-

ures 4.71, 4.72, and 4.73. The two strain gages at the non-midspan quarter-points

(SG2 and SG4) were close in value for each of the three panels which denotes sym-

metric bending. These figures also demonstrate that the tension steel plates in these

three specimens exceeded their elastic limits during Shot 6. Of note, the strain mea-

sured by SG3 on 3-2b-65-5(1) exceeded the sensor’s capacity - thus the constant value.

There was more noise in the data from SG1 on 5-4-50-5(2) and the value of this data
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is limited. These sets of strain gage data captured the transient vibration of each

specimen and showed that damping stopped the vibration after five or six cycles.

Specimens were removed from the frame after the shot and cracks marked and

photographed (see Figure 4.74). Flexure and flexural-shear cracks were prominent

throughout much of the length of 3-2b-65-5(1) and the final deflected shape of the

specimen, shown in Figure 4.74(a), indicates a plastic hinge formed at mid-span.

Figure 4.74(b) shows that flexure cracking near mid-span and a shear crack near

one of the supports formed in 5-2-50-5(2). A similar crack pattern was observed in

5-4-50-5(2) as seen in Figure 4.74(c).

4.2 Experimentally Determined Natural Period and Damping Ratio

As described above, damped vibration of each specimen was evident from mea-

sured strain time histories. Figure 4.75 depicts how the natural period could be

estimated from the time between displacement peaks. This figure also shows the ex-

ponential damping curve (Equation (4.1) [85]) for various equivalent viscous damping

ratios.

x(t) = Xm · eζωnt (4.1)

For this example, 5-2-50-5(2) from Shot 6 (Test 4), the damping ratio that best fit

the experimental decay of vibration was 0.08. The values of damping ratios which

best fit the vibration decay for each specimen are listed with the experimentally

measured natural period for each specimen in Table 4.6. For shots in which the

response remained elastic, the damping ratio was ≈5%. For plastic response cases, the

damping ratio was ≈10%. This calculated damping ratio is a “smeared” ratio which

lumps together common sources of damping: material, concrete cracking, and from

support conditions. These values are not recommended for use in other applications

but are useful in providing some understanding of damping of one-way SC walls after

a short duration load was applied.
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4.3 Influence of Design Parameters on Blast Response

In order to compare the influence of design parameters, displacement results were

used to compute ductility demand by dividing the maximum displacement, XM , by

the calculated elastic displacement at yield, XE. This ductility measure provided a

normalized value from which the influence of design parameters were considered. Two

comparisons were made: pressure and impulse. For each, the pressure and impulse at

which these deflections occurred were normalized to dimensionless force and impulse

terms using Equations (4.2) and (4.3), respectively, (after [91]).

P =
2prbL

Ry

(4.2)

I =
irbL
Ry/ωn

(4.3)

The values for XE, the yield resistance, Ry, and the natural frequency of the specimen,

ωn, were calculated using values from the idealized bi-linear static resistance function

described in Section 3.6.2 and the estimated mass of the unsupported length of each

specimen.

Figure 4.76 shows comparisons of experimental ductility to normalized pressure

and impulse for each specimen. For each comparison an exponential curve was gen-

erated of the form in Equation (4.4) or (4.5). Values for A and B and the R2 value

for the fit are provided in Tables 4.7 and 4.8.

XM

XE

= AeB·I (4.4)

XM

XE

= AeB·P (4.5)

4.3.1 Performance of Panels With Varied Steel Plate Strength

Figure 4.77 provides the same data as in Figure 4.76 grouped by steel plate

strength and reinforcement ratio. Also shown in this figure are the best exponen-

tial fits through the data of each subgroup with the exception of Gr80, ρ = 3%,
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which had a single data point. Tables 4.7 and 4.8 provide values for the best fit con-

stants and R2. These trendlines assist in identifying the influence of these parameters.

Figure 4.77(a) indicates that as the steel strength increased, the ductility demand de-

creased for a given pressure. The same conclusion was drawn from Figure 4.77(b) for

lower impulses (I ≤ 6.0) but not for higher impulses.

4.3.2 Performance of Panels With Varied Reinforcement Ratio

The data grouped by nominal reinforcement ratio is shown with the data grouped

by steel plate strength in Figure 4.77. Figure 4.77(a) indicates that as the reinforce-

ment ratio increased, the ductility demand increased for the lower range of normalized

pressure (P ≤ 1.75). This may seem counterintuitive - less steel leads to lower duc-

tility demands. The reason for this is because the elastic displacement limit, XE,

which is dependent on reinforcement ratio, is included in the calculation of ductility

demand. The maximum displacement for a given pressure was larger for the speci-

mens with less reinforcement (see Table 4.2) but the ductility demand was less. The

same conclusion was drawn, although with a smaller difference, from Figure 4.77(b)

for lower impulses (I ≤ 6.0). Conclusions about higher pressures and impulses could

not be drawn because of limited data in the higher ranges of normalized pressure and

impulse for specimens with 5% reinforcement ratios.

4.3.3 Performance of Panels With Varied Tie Bar Spacing

Figure 4.78 provides the same data as in Figure 4.76 grouped by tie bar diameter

and spacing. The terms in the legend correspond to the second term in each specimen

name. The number ‘2’ indicates tie bars designed to provide the required shear

strength and spaced at 2-in on-center, ‘2b’ indicates tie bars one size larger than for

‘2’ and spaced at 2-in on-center, and ‘4’ indicates tie bars designed to provide the

required shear strength spaced at 4-in on-center. Shown with the data points in this

figure are the best exponential fits through the data of each subgroup. Tables 4.7
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and 4.8 provide values for the best fit constants and R2. Figures 4.78(a) and 4.78(b)

indicate that the ductility demand was larger for specimens with larger tie bar spacing

for the lower ranges included in this study (P ≤ 1.5 and I ≤ 6.0). The influence

reduced as pressure and impulse increased.

4.3.4 Performance of Panels With Varied Tie Bar Diameter

The data grouped by tie bar diameter is shown with the data grouped by tie bar

spacing in Figure 4.77. Figure 4.78(a) indicates that as the tie bar diameter increased,

the ductility demand decreased. The same conclusion was drawn from Figure 4.78(b)

for the normalized impulse. The influence was less notable as pressure and impulse

increased.

4.4 Chapter Summary

This chapter reported results from a series of dynamic experiments of twelve SC

panels completed using the USACE-ERDC BLS in Vicksburg, MS. These tests in-

cluded specimens with different design parameters (steel plate strength, flexural re-

inforcement ratio, tie bar diameter (shear reinforcement ratio), and tie bar spacing).

From these test results, the influence of each design parameter was described.

The following chapter develops benchmarked SDOF and FE models using results

from these dynamic experiments. These benchmarked models were used for a series

of parametric studies (Chapter 6) to better understand the influence of design and

load variables on structural response.



155

Table 4.1. Planned Blast Loads

pr ir

Series (psi) (psi·msec)

1 - small 20 300

1 - large 60 1100

2 60 1100
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Table 4.3. Concrete Mix Design for Blast Specimens (As Received
from Supplier; 3 CY order)

Component Type

Total

Amount

(lb)

Amount

per

CY

(lb)

%

Moisture

Water

Adjust.

(lb)

Gravel Pea 5680 1893 1.5 83

Sand SAND-23 4500 1500 3.9 175

Cement Type I 1685 562

Water 436 145

Admixtures GLEN 3030 34 oz 11 oz

Water (added on site) 0

Total Water (lb) 695

Water : Cement Ratio 0.41
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Table 4.4. BLS Calibration Shot Data

Cal Shot 1 Cal Shot 2 Cal Shot 3

pd = 1443 psi pd = 400 psi pd = 400 psi

Gage pr ir pr ir pr ir

P1 64.1 1072 17.5 251 19.5 263

P2 64.1 1056 19.4 248 22.1 249

P3 65.9 1092 22.9 253 24.0 278

P4 61.5 1072 20.5 268 20.9 260

P5 59.0 1074 18.6 257 20.6 263

P6 61.6 1066 16.8 247 18.8 254

P7 74.6 1246 21.0 284 21.7 298

P8 ∗ ∗ ∗ ∗ ∗ ∗

P9 60.7 1074 19.8 273 22.3 265

P10 63.1 1099 17.9 246 18.8 258

PD ∗ ∗ 16.6 247 ∗ ∗

PE 61.9 1075 17.7 254 19.4 260

Average 63.7 1093 19.0 257 20.8 265

Median 62.5 1074 18.6 253 20.8 262

Std Dev 4.3 55 2.0 13 1.7 14

NOTE: pressure data in psi and computed impulses in psi ·msec

∗ pressure transducer malfunctioned
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Table 4.6. Experimentally Determined Natural Period and Damping Ratio

Tn ζ

Panel Shot Response (msec)

3-2-50-5(1) 1 E 15.6 0.07

3-2b-50-5(1) 1 E 15.2 0.07

5-4-50-5(1) 1 E 16.4 0.05

3-2-65-5(1) 3 E 14.0 0.08

5-2-50-5(1) 3 E 14.4 0.08

5-2b-50-5(1) 3 E 14.3 0.06

3-2-65-5(1) 4 P 14.1 0.08

5-2-50-5(1) 4 P 15.5 0.10

5-2b-50-5(1) 4 P 11.2 0.10

3-2-50-5(2) 5 P 14.5 0.09

3-2b-50-5(2) 5 P 13.2 0.10

5-2-80-5(1) 5 E? 13.1 0.11

3-2b-65-5(1) 6 P 13.9 0.09

5-2-50-5(2) 6 P 13.0 0.08

5-4-50-5(2) 6 P 13.0 0.12
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Table 4.7. Exponential Fit of Ductility vs Normalized Pressure

A B R2

ALL 0.412 0.284 0.926

Gr50, 3% 0.385 0.290 0.978

Gr50, 5% 0.507 0.248 0.805

Gr65, 3% 0.282 0.347 0.979

Gr80, 5% N/A

2 0.395 0.292 0.957

2b 0.289 0.327 0.989

4 0.993 0.143 0.999

Table 4.8. Exponential Fit of Ductility vs Normalized Impulse

A B R2

ALL 0.342 1.183 0.926

Gr50, 3% 0.278 1.287 0.977

Gr50, 5% 0.441 1.030 0.806

Gr65, 3% 0.213 1.373 0.999

Gr80, 5% N/A

2 0.329 1.197 0.962

2b 0.218 1.386 0.996

4 0.874 0.665 0.999
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ematic

(a) Schematic

oto

(b) Photograph of Assembled BLS

Figure 4.1. USACE ERDC Blast Load Simulator (after [86])
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ssureGages

Figure 4.2. Pressure Transducer Locations for Calibration Panel
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(c) Putting Specimens in Place

Final

Cardboard
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Duck Tape

External 
Frame

(d) Completed Setup

Figure 4.3. Blast Test Setup Procedure
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Figure 4.4. Sensor Locations for Blast Tests
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Figure 4.6. Representative Pressure-Time History, Shot 3
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Figure 4.9. Representative Pressure-Time History, Shot 6
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PreIn

(a) View from Inside Target Vessel

PreOut

(b) View from Outside Target Ves-

sel (Blast Face)

Figure 4.10. Pre-Test Photos for Test 1: 3-2-50-5(1), 3-2b-50-5(1), and 5-4-50-5(1)

Pre

(a) Pressure Arrival, ta

max_16

Frame settlement

(b) Max. Displ, ta + 16msec

res_200

Frame settlement

(c) Rest, ta + 200msec

Figure 4.11. High Speed Video Frames from Test 1, Shot 1: 3-2-50-
5(1), 3-2b-50-5(1), and 5-4-50-5(1)
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(a) Accelerometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

Figure 4.12. Raw and Filtered Data, 3-2-50-5(1), Shot 1

(a) Accelerometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

Figure 4.13. Raw and Filtered Data, 3-2b-50-5(1), Shot 1
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(a) Accelerometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

(g) SG5 (h) SG6

Figure 4.14. Raw and Filtered Data, 5-4-50-5(1), Shot 1
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Figure 4.15. Post-Test Residual Displacement for Test 1, Shot 1: 3-
2-50-5(1), 3-2b-50-5(1), and 5-4-50-5(1)

Figure 4.16. Displacement Time-History, 3-2-50-4(1), Shot 1
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Figure 4.17. Displacement Time-History, 3-2b-50-4(1), Shot 1

Figure 4.18. Displacement Time-History, 5-4-50-4(1), Shot 1
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Figure 4.19. Strain Time-History, 3-2-50-4(1), Shot 1

Figure 4.20. Strain Time-History, 3-2b-50-4(1), Shot 1
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Figure 4.21. Strain Time-History, 5-4-50-4(1), Shot 1
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(a) Pressure Arrival, ta

max_11
Note frame displacement

(b) Max. Displ, ta + 11msec

res_200

(c) Rest, ta + 200msec

Figure 4.22. High Speed Video Frames from Test 1, Shot 2: 3-2-50-
5(1), 3-2b-50-5(1), and 5-4-50-5(1)
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Figure 4.23. Post-Test Residual Displacement for Test 1, Shot 2: 3-
2-50-5(1), 3-2b-50-5(1), and 5-4-50-5(1)
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Figure 4.24. Post-Test Crack Patterns from Test 1: 3-2-50-5(1), 3-2b-
50-5(1), and 5-4-50-5(1)
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PreIn

(a) View from Inside Target Vessel

PreOut

(b) View from Outside Target Ves-

sel (Blast Face)

Figure 4.25. Pre-Test Photos for Test 2: 3-2-65-5(1), 5-2-50-5(1), and 5-2b-50-5(1)

Pre

(a) Pressure Arrival, ta

max_09

(b) Max. Displ., ta + 9

res_200

(c) Rest, ta + 200

Figure 4.26. High Speed Video Frames from Test 2, Shot 3: 3-2-65-
5(1), 5-2-50-5(1), and 5-2b-50-5(1)
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.27. Raw and Filtered Data, 3-2-65-5(1), Shot 3
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG2 (e) SG3 (f) SG4

Figure 4.28. Raw and Filtered Data, 5-2-50-5(1), Shot 3
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.29. Raw and Filtered Data, 5-2b-50-5(1), Shot 3
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Figure 4.30. Post-Test Residual Displacement for Test 2, Shot 3: 3-
2-65-5(1), 5-2-50-5(1), and 5-2b-50-5(1)

Figure 4.31. Displacement Time-History, 3-2-65-4(1), Shot 3
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Figure 4.32. Displacement Time-History, 5-2-50-4(1), Shot 3

Figure 4.33. Displacement Time-History, 5-2b-50-4(1), Shot 3
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Figure 4.34. Strain Time-History, 3-2-65-4(1), Shot 3

Figure 4.35. Strain Time-History, 5-2-50-4(1), Shot 3
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Figure 4.36. Strain Time-History, 5-2b-50-4(1), Shot 3



185

Pre

(a) Pressure Arrival, ta

max_11
Note frame displacement

(b) Max. Displ., ta + 11msec

res_200

(c) Rest, ta + 200msec

Figure 4.37. High Speed Video Frames from Test 2, Shot 4: 3-2-65-
5(1), 5-2-50-5(1), and 5-2b-50-5(1)

(a) Accelerometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

Figure 4.38. Raw and Filtered Data, 3-2-65-5(1), Shot 4



186

(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.39. Raw and Filtered Data, 5-2-50-5(1), Shot 4
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.40. Raw and Filtered Data, 5-2b-50-5(1), Shot 4
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Figure 4.41. Post-Test Residual Displacement for Test 2, Shot 4: 3-
2-65-5(1), 5-2-50-5(1), and 5-2b-50-5(1)

Figure 4.42. Displacement Time-History, 3-2-65-4(1), Shot 4
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Figure 4.43. Displacement Time-History, 5-2-50-4(1), Shot 4

Figure 4.44. Displacement Time-History, 5-2b-50-4(1), Shot 4
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Figure 4.45. Strain Time-History, 3-2-65-4(1), Shot 4

Figure 4.46. Strain Time-History, 5-2-50-4(1), Shot 4



191

Figure 4.47. Strain Time-History, 5-2b-50-4(1), Shot 4

3‐2‐65‐5_crack

(a) 3-2-65-5(1)

5‐2‐50‐5_crack

(b) 5-2-50-5(1)

5‐2b‐50‐5_crack

(c) 5-2b-50-5(1)

Figure 4.48. Post-Test Crack Patterns from Test 2: 3-2-65-5(1), 5-2-
50-5(1), and 5-2b-50-5(1)
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(a) View from Inside Target Vessel

PreOut

(b) View from Outside Target Ves-

sel (Blast Face)

Figure 4.49. Pre-Test Photos for Test 3, Shot 5: 3-2-50-5(2), 3-2b-50-
5(2), and 5-2-80-5(1)

Pre

(a) Pressure Arrival, ta

max_10
Note frame displacement

(b) Max. Displ., ta + 12msec

res_200

Accelerometer detached
from 3-2b-50-5(2)

(c) Rest, ta + 200msec

Figure 4.50. High Speed Video Frames from Test 3, Shot 5: 3-2-50-
5(2), 3-2b-50-5(2), and 5-2-80-5(1)
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.51. Raw and Filtered Data, 3-2-50-5(2), Shot 5
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(a) Potentiometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

Figure 4.52. Raw and Filtered Data, 3-2b-50-5(2), Shot 5
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.53. Raw and Filtered Data, 5-2-80-5(1), Shot 5
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Figure 4.54. Post-Test Residual Displacement for Test 3, Shot 5: 3-
2-50-5(2), 3-2b-50-5(2), and 5-2-80-5(1)

Figure 4.55. Displacement Time-History, 3-2-50-4(2), Shot 5
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Figure 4.56. Displacement Time-History, 3-2b-50-4(2), Shot 5

Figure 4.57. Displacement Time-History, 5-2-80-4(1), Shot 5
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Figure 4.58. Strain Time-History, 3-2-50-4(2), Shot 5

Figure 4.59. Strain Time-History, 3-2b-50-4(2), Shot 5
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Figure 4.60. Strain Time-History, 5-2-80-4(1), Shot 5
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Figure 4.61. Post-Test Crack Patterns from Test 3: 3-2-50-5(2), 3-2b-
50-5(2), and 5-2-80-5(1)
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PreIn

(a) View from Inside Target Vessel

PreOut

(b) View from Outside Target Ves-

sel (Blast Face)

Figure 4.62. Pre-Test Photos for Test 4, Shot 6: 3-2b-65-5(1), 5-2-50-
5(2), and 5-4-50-5(2)
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(a) Pressure Arrival, ta

max_10
Note frame displacement

(b) Max. Displ., ta + 12msec

res_200

(c) Rest, ta + 200msec

Figure 4.63. High Speed Video Frames from Test 4, Shot 6: 3-2b-65-
5(1), 5-2-50-5(2), and 5-4-50-5(2)
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(a) Accelerometer (b) Cable Extensometer (c) SG1

(d) SG2 (e) SG3 (f) SG4

Figure 4.64. Raw and Filtered Data, 3-2b-65-5(1), Shot 6
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.65. Raw and Filtered Data, 5-2-50-5(2), Shot 6
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(a) Accelerometer (b) Potentiometer (c) Cable Extensometer

(d) SG1 (e) SG2 (f) SG3

(g) SG4

Figure 4.66. Raw and Filtered Data, 5-4-50-5(2), Shot 6
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Figure 4.67. Post-Test Residual Displacement for Test 4, Shot 6: 3-
2b-65-5(1), 5-2-50-5(2), and 5-4-50-5(2)

Figure 4.68. Displacement Time-History, 3-2b-65-4(1), Shot 6
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Figure 4.69. Displacement Time-History, 5-2-50-4(2), Shot 6

Figure 4.70. Displacement Time-History, 5-4-50-4(2), Shot 6
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Figure 4.71. Strain Time-History, 3-2b-65-4(1), Shot 6

Figure 4.72. Strain Time-History, 5-2-50-4(2), Shot 6
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Figure 4.73. Strain Time-History, 5-4-50-4(2), Shot 6
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Figure 4.74. Post-Test Crack Patterns from Test 4: 3-2b-65-5(1),
5-2-50-5(2), and 5-4-50-5(2)
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5. BENCHMARKED MODELS OF BLAST LOADED SC WALLS

SDOF and FE numerical models were benchmarked to results from the twelve speci-

mens subjected to blast loads. Details of both methods are described in the following

sections. Results of maximum and residual displacement at mid-span, XM and Xr

respectively, from both models are provided with experimentally measured displace-

ment (corrected for frame displacement) in Table 5.1.

5.1 FE Modeling of SC Walls Subjected to Blast Loads

The FE models created for static experiment benchmarking (see Section 3.4) were

modified to benchmark the blast experiments:

• Material models were changed to account for strain rate effects on material

strength,

• Supports were modified to reflect the support conditions provided by the BLS

frame, and

• Loading was accomplished by pressure loading of the top surface of the top steel

sheet.

Figure 5.1 provides a schematic of the FE model and Appendix B contains a list of

all keywords used in the model.

5.1.1 Strain Rate Effects on Material Properties

It is well known that steel and concrete strength and stiffness are dependent on

strain rate. In general, strength and stiffness increase as strain rate increases. The

effect on strength is typically more dramatic than stiffness. Strain rate effects on
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material strength were accounted for in these benchmarked models through use of

dynamic increase factors (DIF).

The input for MAT 024 for all steel parts included “load curve, strain rate”

(LCSR) input which defined a factor to increase yield stress for various strain rates

(see Figure 5.2). This curve was taken from UFC 3-340-02 for A514 steel plate. It

was developed based on an experimental database of tests of this steel at various

strain rates. No such curve existed for A1011 steel sheets as used in this study but

the chemical composition and static material behavior of A1011 is similar to A514.

Having LCSR defined allowed LS-DYNA to select the DIF corresponding to the strain

rate in each individual steel element during each time step of the analysis.

A similar curve could not be defined within MAT 084/085 and initial models

which implemented the internal Winfrith model strain rate effects (RATE=0 (on))

produced inaccurate results. Inaccurate and unreliable results have been reported by

others using the strain rate effects within the Winfrith material model [87]. For this

reason, rather than using internal strain rate modifications of the Winfrith model,

DIFs were applied to f ′c, ft, and Gf and the input variable RATE was set at 1

(off). DIFs applied to each property are provided in Table 5.2 and were selected from

figures available in the literature. Measured strain rates from the blast experiments

were ≈ 0.5-sec−1 for the lower pressure shots and ≈ 1.0-sec−1 for the higher pressure

shots. These strain rates were used to select appropriate DIFs. Values for f ′c and

ft DIFs were selected from Figures 5.3 and 5.4 both of which were produced by [88]

based on 50-years of experimental data from a variety of sources. The DIF for Gf was

selected from Figure 5.5 which was produced by [89] based on rather limited data.

The figures show variability in the data used to develop the average DIF curves for

each of these concrete material properties. The coefficient of variation (CV) of the

points on each figure within the strain rate range of interest in this study was 9.8%

for f ′c and 25% for both the ft and Gf DIFs. The influence of this variability on the

FE model results is described in Section 5.1.4.
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5.1.2 Idealized Pressure-Time History

A representative pressure-time history from each experiment was selected as the

load curve for the FE models (see Figures 4.5-4.9). The measured time-history record

was idealized using the modified-Friedlander waveform (Equation (3.3)) with a linear

rise from 0 to pr. The Freidlander best fit variables for each representative pressure

time-history obtained from regression analysis using Microsoft Excel®are provided

in Table 5.3.

5.1.3 Benchmarked Finite Element Model Results

Mid-span displacement time history for all twelve specimens are shown in Fig-

ures 5.6-5.9. Visual comparisons can be made with the experimental results explained

in Section 4.1.3 keeping in mind that the figures of experimental results also include

rigid body displacement of the frame assembly. The general shape of the time history

is the same between experimental and FE results: time to peak displacement, pe-

riod of vibration cycles, and time before vibration damped out to a constant residual

displacement.

Results of maximum and residual mid-span displacements of the benchmarked FE

models are close to experimental values when corrected for frame displacement, as

shown Table 5.1 and Figure 5.10. A basic statistical comparison demonstrates that

the FE models, on average, underestimated the maximum response by 4% with a high

of 27% (Shot 1, 3-2b-50-5(1)) and low of -51% (Shot 1, 5-4-50-5(1)). See Table 5.4

for additional statistical information. In this table, R2 was calculated as the ratio of

the explained sum of squares to the total sum of squares compared to an ideal error

of 0%.

Comparison of crack patterns from experimental and FE results demonstrates

that the FE model accurately captured behavior of the one-way SC wall sections

under blast loading. Visual comparisons are provided in Figures 5.11-5.14. In these

figures, the top two images for each specimen are the cracks marked post-test on both
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sides of the specimen and the bottom image is a fringe of the crack output parameter

provided by the Winfrith concrete model. In these fringes, red denotes areas that were

uncracked and blue denotes areas that were fully cracked (i.e. the tensile strength

reduced to zero). The black lines on the FE images are cracks that were wider than

0.010-in as output by the Winfrith concrete model. These figures also demonstrate

that the residual shape of the model of each specimen was similar to the experimental

result.

5.1.4 Sensitivity to Concrete Material Properties

Variability of the experimental results is due in part to variability in material

properties. The variability in the data used to select DIFs for concrete material prop-

erties was described in Section 5.1.1. To assess the influence of this DIF variability on

numerical results, an additional 15 models were analyzed (Table 5.5). These models

were based on specimen 3-2-50-5(1) and modified only the concrete material proper-

ties in accordance with the DIFs listed. Each DIF was varied by plus and minus the

CV from the data used to generate the DIF curves in Figures 5.3 - 5.5. To evaluate

the influence on both the elastic and plastic response of the specimen, two load cases

were run: the pressure curve from Shot 1 and the pressure curve from Shot 5.

Maximum mid-span displacement from these models are shown in Figures 5.15-

5.17. As the f ′c or ft DIF increased, the displacement decreased for both the elastic

and plastic response. The change in displacement was influenced more by the ft DIF

than f ′c. As seen in Figure 5.15, the percent change in mid-span displacement was

about 0.25 to 0.30 times the percent change in f ′c DIF with larger changes in the

results associated with the elastic response than the plastic response. This is because

of the influence of f ′c on Ec and changes in elastic stiffness have more notable influence

on elastic response. The mid-span displacement varied about 10% between the model

with the smallest f ′c DIF and the one with the largest.
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As seen in Figure 5.16, the percent change in mid-span displacement was about

0.39 to 0.73 times the percent change in ft DIF with larger changes in the results

associated with the plastic response. The shear strength of the specimen is directly

related to ft and the most dramatic influence of this DIF was noted as the DIF

decreased. This reduction led to shear cracks forming at lower stresses which increased

the total deflection. The mid-span displacement varied over 35% between the model

with the smallest ft DIF and the one with the largest.

As the Gf DIF increased so did the maximum mid-span displacement by a small

amount. As seen in Figure 5.17, the percent change in mid-span displacement was

about 0.03 to 0.09 times the percent change in Gf DIF with larger changes in the

results associated with the plastic response. The influence on the elastic response was

negligible. The mid-span displacement for the plastic response varied less than 10%

between the model with the smallest Gf DIF and the one with the largest. Influence

was most significant for lower values of this DIF.

This sensitivity study demonstrated that between f ′c, ft, and Gf , the influence on

the result was most notable with changes in ft. This highlights the influence of tensile

strength on the performance of SC walls subjected to blast loads. The influence of

strain rate on ft and Gf are not as mature fields of research as the influence of strain

rate on f ′c. Influence of strain rate on ft is not included in the Winfrith concrete

model and this is an important reason why results from models using the internal

strain rate effects within the Winfrith model were inaccurate.

5.2 SDOF Modeling of SC Walls Subjected to Blast Loads

While FE models provide detailed information of how a structure or structural

element responds to a blast load, an SDOF model takes less time to create and is a

common tool in blast resistant design. For these benchmarked models, the resistance

function was idealized as bi-linear with strain hardening as developed in Section 3.6.2.

The measured weight of the specimens was used in the SDOF calculation and the
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forcing function was the Friedlander waveform using the best fit variables in Table 5.3.

The DIF for f ′c was the same as in the FE model and a DIF of 1.12 was used for the

Fy. No damping was used in these benchmarking calculations.

The equation of motion was numerically solved using the constant velocity as-

sumption within each time step (a method also known as the acceleration impulse

extrapolation method). A MATLAB script was written to solve the equation of mo-

tion using a time step equal to Tn/25. Using time steps smaller than this did not

change the calculated maximum displacement. The script was validated using several

worked examples from dynamics textbooks.

5.2.1 Benchmarked SDOF Model Results

As the data in Table 5.1 and Figure 5.18 shows, the results of maximum mid-

span and residual displacements of the benchmarked SDOF models were reasonable

and generally conservative when compared to experimental values corrected for frame

movement. A basic statistical comparison shows that the SDOF models, on average,

overestimated the maximum response by 17% with a high of 69% (Shot 4, 5-2-50-

5(1)) and low of -40% (Shot 1, 5-4-50-5(1)). See Table 5.4 for additional statistical

information.

5.2.2 Sensitivity to Equivalent Viscous Damping

Analysis procedures described in UFC 3-340-02 neglect damping because peak

displacement is of primary concern and transient vibration is of little interest in most

blast resistant design applications. Neglecting damping provides a conservative esti-

mate of peak displacement because all real structures have some inherent damping.

As described in Section 4.2, experimental results indicated a damping ratio of 5-10%

for the specimens in this study. To investigate the influence of damping on SDOF

results, all twelve cases were run including 5% and 10% of critical damping. Results

are provided in Table 5.6 and a basic statistical comparison is shown in Table 5.4.
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Statistical analysis demonstrates that the closest comparison to experimental results

was obtained by including 5% damping in the calculation. This underestimated the

maximum response by 8% on average with a high of 48% (Shot 3, 5-2b-50-5(1)) and

low of -39% (two cases: Shot 5, 3-2-50-5(2) and 3-2b-50-5(2)). As seen in Figure 5.19,

while the statistical fit may be better, including 5% damping resulted in less conser-

vative estimates of displacement than the model with 0% damping.

The ratios of calculated to experimental results for each tested specimen consid-

ering various levels of damping are shown in Figure 5.20. In this figure, points above

the double black line (ratio of 1) indicate cases for which the model overestimated

the displacement and points below the line indicate cases for which the model under-

estimated the displacement. This figure demonstrates that the influence of damping

differs for each specimen configuration and load. A more general investigation of the

influence of damping ratio on SDOF results is included in the parametric studies in

Chapter 6.

5.3 Chapter Summary

This chapter presented modeling methods of blast loaded one-way SC walls bench-

marked to experimental results reported in Chapter 4. These models modified the

methods used to create benchmarked models of static response of one-way SC walls

developed in Chapter 3. The primary purpose of these benchmarked models was to

enable a series of parametric studies and better understand the influence of design

and load variables on structural response as described in the following chapter.
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Table 5.1. Blast Specimen Mid-Span Maximum and Residual Dis-
placement Comparisons

Experimental? FEM SDOF

XM Xr XM Xr XM Xr

Panel Shot (in) (in) (in) (in) (in) (in)

3-2-50-5(1) 1 0.182 † 0.164 0.000 0.170 0.000

3-2b-50-5(1) 1 0.130 † 0.165 0.000 0.172 0.000

5-4-50-5(1) 1 0.268 † 0.130 0.004 0.162 0.000

3-2-50-5(1) 2 0.948‡ ‡ 1.013 0.595 1.367 1.125

3-2b-50-5(1) 2 0.959‡ ‡ 1.036 0.634 1.353 1.110

5-4-50-5(1) 2 0.535‡ ‡ 0.627 0.188 0.473 0.145

3-2-65-5(1) 3 0.130 0.035 0.154 0.011 0.181 0.000

5-2-50-5(1) 3 0.164 0.059 0.098 0.000 0.183 0.000

5-2b-50-5(1) 3 0.096 0.083 0.096 0.000 0.154 0.000

3-2-65-5(1) 4 1.059 ∗ 0.988 0.531 1.204 0.933

5-2-50-5(1) 4 0.443 0.194 0.533 0.161 0.750 0.414

5-2b-50-5(1) 4 0.527 0.241 0.529 0.164 0.558 0.250

3-2-50-5(2) 5 1.165 ∗ 0.880 0.502 1.368 1.126

3-2b-50-5(2) 5 1.160 ∗ 0.914 0.546 1.354 1.111

5-2-80-5(1) 5 0.417 0.193 0.495 0.086 0.491 0.004

3-2b-65-5(1) 6 1.180 ∗ 1.055 0.616 1.236 0.961

5-2-50-5(2) 6 0.551 0.457 0.468 0.114 0.459 0.148

5-4-50-5(2) 6 0.558 0.340 0.529 0.127 0.555 0.262

? measured values corrected to account for frame movement (Shot 2 values were

not corrected because the panel displacement was taken directly from high-speed

video); if available, data from displacement potentiometer is listed otherwise

the data was calculated from accelerometer data

†, ‡, and ∗: see notes on Table 4.2
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Table 5.2. Concrete Material DIFs for Benchmarked FE Models

Concrete Property DIF

f ′c 1.3

ft 1.6

Gf 1.2

Table 5.3. Friedlander Waveform Best Fit Values

Test 1 Test 2 Test 3 Test4

Shot 1 Shot 2‡ Shot 3 Shot 4 Shot 5 Shot 6

pr 20.2 59.9 18.9 61.6 59.9 61.6

ta 2.2 7.0 4.9 6.8 7.0 6.8

td 44.9 81.3 43.8 82.1 81.3 81.9

α 2.174 4.609 2.168 4.562 4.609 4.211

R2 0.881 0.898 0.774 0.841 0.898 0.903

‡ values from Shot 5; data acquisition system for Shot 2 failed

to trigger; similar rupture pressures for Shot 2 and 5

Table 5.4. Maximum Displacement Statistical Comparison of Bench-
marked Models to Experimental Results

SDOF SDOF SDOF

FE (ζ = 0%) (ζ = 5%) (ζ = 10%)

Mean −4% +17% -8% -17%

Standard Deviation +21% +28% 26% 26%

R2 0.968 0.724 0.911 0.672
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Table 5.5. Combinations of DIFs for Sensitivity Study

DIF Varied Name f ′c DIF ft DIF Gf DIF

f ′c

S fc 1 1.17 1.6 1.2

S fc 2 1.25 1.6 1.2

S fc 3* 1.3 1.6 1.2

S fc 4 1.35 1.6 1.2

S fc 5 1.43 1.6 1.2

ft

S ft 1 1.3 1.2 1.2

S ft 2 1.3 1.4 1.2

S ft 3* 1.3 1.6 1.2

S ft 4 1.3 1.8 1.2

S ft 5 1.3 2 1.2

Gf

S Gf 1 1.3 1.6 1

S Gf 2 1.3 1.6 1.1

S Gf 3* 1.3 1.6 1.2

S Gf 4 1.3 1.6 1.35

S Gf 5 1.3 1.6 1.5

All

S ALL L 1.17 1.2 1

S ALL M* 1.3 1.6 1.2

S ALL H 1.43 2 1.5

* These models were identical but are listed for completeness
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Table 5.6. Sensitivity of SDOF Calculation to Damping

Maximum Mid-Span Displacement (in)

SDOF

Panel Shot Experimental 0% Damping 5% Damping 10% Damping

3-2-50-5(1) 1 0.182 0.170 0.157 0.145

3-2b-50-5(1) 1 0.130 0.172 0.159 0.147

5-4-50-5(1) 1 0.268 0.162 0.149 0.137

3-2-50-5(1) 2 0.948 1.367 0.707 0.639

3-2b-50-5(1) 2 0.959 1.353 0.705 0.638

5-4-50-5(1) 2 0.535 0.473 0.416 0.389

3-2-65-5(1) 3 0.130 0.181 0.167 0.154

5-2-50-5(1) 3 0.164 0.183 0.168 0.156

5-2b-50-5(1) 3 0.096 0.154 0.142 0.131

3-2-65-5(1) 4 1.059 1.204 1.011 0.638

5-2-50-5(1) 4 0.443 0.750 0.575 0.532

5-2b-50-5(1) 4 0.527 0.558 0.460 0.414

3-2-50-5(2) 5 1.165 1.368 0.707 0.639

3-2b-50-5(2) 5 1.160 1.354 0.705 0.638

5-2-80-5(1) 5 0.417 0.491 0.455 0.425

3-2b-65-5(1) 6 1.180 1.236 1.037 0.904

5-2-50-5(2) 6 0.551 0.459 0.425 0.376

5-4-50-5(2) 6 0.558 0.555 0.449 0.401
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Figure 5.1. Finite Element Model of Blast Test Specimens
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Figure 5.2. Strain Rate Effect on Steel Yield Strength (after [24])
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Figure 5.3. Strain Rate Effect on Concrete Compressive Strength (from [88])
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Figure 5.4. Strain Rate Effect on Concrete Tensile Strength (from [88])
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Figure 5.5. Strain Rate Effect on Concrete Fracture Energy (from [89])
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marked FE Analysis: Test 1
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Figure 5.11. Test 1 Crack Pattern Comparison: Experimental (top
two images) to FE (bottom image)
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Figure 5.12. Test 2 Crack Pattern Comparison: Experimental (top
two images) to FE (bottom image)
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Figure 5.13. Test 3 Crack Pattern Comparison: Experimental (top
two images) to FE (bottom image)
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(c) 5-4-50-5(2)

Figure 5.14. Test 4 Crack Pattern Comparison: Experimental (top
two images) to FE (bottom image)
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Figure 5.15. Influence of f ′c DIF on FE Model Maximum Displacement
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6. PARAMETRIC STUDIES OF BLAST LOADED SC PANELS

Numerical modeling techniques were benchmarked to results from blast experiments

of twelve SC specimens as described in Chapter 5. These benchmarked models were

used to conduct further investigation of the influence of design and blast load param-

eters on the response of one-way SC walls.

An important phenomenon of the response of blast loaded structural members is

that the same maximum mid-span displacement can result from a variety of blast load

conditions. Figure 6.1 shows results from FE analysis for three different load cases on

the same SC specimen (3-2-50-5) for which the maximum displacement was similar.

In each figure the solid line is the triangular load pulse applied to the specimen (the

right vertical axis shows the pressure associated with this pulse). The dotted line

depicts the structural response (mid-span displacement) with the left vertical axis

showing the magnitude of the displacement.

As seen in this figure and explained by Baker et al [90], the response of structural

members to blast loads can be categorized based on the relationship between the

load duration and the time of maximum response of the specimen. There are three

basic response domains: impulsive, dynamic, and quasi-static. The impulsive domain

includes cases in which the load is over before the maximum resistance is reached by

the structure (Figure 6.1(a)). The quasi-static domain, as the name implies, includes

cases in which the load is still near its maximum when the maximum resistance is

reached by the structure (Figure 6.1(b)). The dynamic response domain lies between

impulse and quasi-static and is characterized by cases in which the load reduces to

zero at approximately the same time at which the maximum response is reached

(Figure 6.1(c)). The pressure pulses in the example of Figure 6.1 range from an

impulsive case of 150-psi for a total duration of about 2-msec to a quasi-static case

of 25-psi for a total duration of 175-msec.
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6.1 Pressure-Impulse Diagrams

Contours on pressure-impulse (p-i) diagrams of constant damage states (typically

calculated as ductility) can be plotted with pressure on the vertical axis and impulse

on the horizontal axis as shown in Figure 6.2. The usefulness of p-i diagrams and

numerical methods to create them are described in [90] and [91]. The p-i contours for

ductility of one for each of the eight SC wall configurations in this study were created

by modifying the MATLAB script to solve the SDOF equation of motion as described

in Section 5.2 for a triangular load pulse with zero rise time. An additional script

was written to solve for a variety of pressure-impulse combinations that resulted in a

desired ductility. The figure shows the pressure-impulse combinations that resulted

in the specimen deflecting to its elastic limit (ductility of one). Consider specimen

3-2-50-5: a 150-psi, 200-psi·msec triangular pulse would result in yield displacement

just as a 25-psi, 2500-psi·msec pulse would (or any other combination that lies on the

countour line). Combinations of pressure and impulse which fall below or to the left of

the damage contour would result in an elastic response while points above and to the

right would exceed the elastic limit. Figure 6.2 demonstrates that there are impulsive

(vertical) and quasi-static (horizontal) asymptotes which bound the contours.

6.1.1 Normalized Total Force-Total Impulse Diagrams

For more general use, p-i diagrams can be normalized as total force-total impulse

(P-I) diagrams using Equations (4.2) and (4.3). Figure 6.3 shows the normalized

P-I diagram for all eight specimens included in this study subjected to triangular

load pulses with zero rise time. All eight p-i diagrams became the same P-I curve

making this single contour useful for a wide variety of design configurations. The

quasi-static asymptote corresponds to a normalized total force, P , of one and the

impulsive asymptote corresponds to a normalized total impulse, I, of one. The three

response domains (impulsive, dynamic, and quasi-static) are labeled on this figure.

Divisions between the three domains do not correspond to exact points on the P-I
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diagram. The impulse and quasi-static domains are points near the asymptotes of

the P-I diagram and the dynamic domain connects the other two.

Similar diagrams can be created for any desired ductility limit as shown in Fig-

ure 6.4. For cases in which ductility limits are defined by a design specification or

other source, contours of those specific limits assist in understanding what blast loads

can be resisted. This understanding can inform other blast resistant design consid-

erations such as stand-off distance and other security measures to limit the risk of

exposure to blast loads beyond a design limit.

6.1.2 Experimental Validation of P-I Diagram

To confirm that the P-I diagram was in agreement with experimental results, the

total force and impulse from each experimental test were normalized using Equa-

tions (4.2) and (4.3) and the maximum mid-span displacement was divided by the

elastic deflection. The results are shown in Figure 6.5. Because all of the tests were

clustered in the dynamic response region, a smaller portion of the P-I diagram is

shown than was shown in previous figures. The black line is the damage contour

associated with ductility of one and the gray lines correspond with ductility of 3 and

5 as indicated on the figure.

Each point on Figure 6.5 corresponds to the P-I coordinate for each of the twelve

tested specimens and the label is the experimental ductility of that test. For example,

the triangular point near the middle of the figure corresponds to the test of specimen

5-2-80-5 and the measured displacement was 0.808 times the elastic deflection. The

majority of the experimental data points fall in regions of the figure as expected.

Exceptions are a test of 5-4-50-5 which has a ductility of 0.780 but falls below the

line for µ = 0.5. Two other exceptions are: a test of 3-2-50-5 with a ductility of

4.045, and a test of 3-2b-50-5 with a ductility of 4.028, each of which fall close to the

contour for µ = 3. SDOF and FE analysis results described in Chapter 5 suggested

that the measured response of 5-4-50-5 was an outlier. The other two high ductility
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outliers are cases in which the specimen was first tested with a lower shot resulting

in elastic deflection; damage from this shot contributed to larger displacements when

subjected to the larger shot. This is corroborated by the two other specimens of 3-2-

50-5 and 3-2b-50-5 which were tested only by the larger shot and resulted in ductility

as expected (3.327 and 3.289 respectively). The favorable comparison of experimental

data to the P-I curves generated from SDOF analysis demonstrate agreement between

this numerical method and experimental results.

6.2 Parametric Study Design

The experimental investigation included a variety of parameters (i.e. steel plate

thickness and strength, tie bar spacing and diameter) and the influence of these

parameters on the blast response of one-way SC walls was discussed in Section 4.3.

The two parametric studies described in this chapter focused on other parameters:

1. Changing blast loads on benchmarked models to evaluate the response to a

variety of load conditions, and

2. Modifying other geometric, material, and analysis parameters: unsupported

span-to-depth ratio, concrete strength, and damping ratio.

Because p-i curves for all eight configurations converged to the same normalized P-

I curve, the influence of the design parameters included in the experimental study were

inherently accounted for in the definitions of the idealized static resistance function for

the SDOF system as explained in Section 3.6.2. This P-I diagram is useful for damage

assessment of any SC wall subject to blast loads. To assist in understanding the

influence of variables considered in the parametric studies described in this chapter,

p-i and P-I diagrams were used.



239

6.3 Influence of Blast Load Parameters on SC Wall Response

A series of 80 P-I combinations were selected from Figure 6.4 to expand the ex-

perimental database and investigate the blast response of the SC specimens to blast

loads throughout the impulsive, dynamic, and quasi-static domains (as shown in Fig-

ure 6.6). Points were selected to achieve larger ductility than observed experimentally

to investigate what values of P-I lead to ultimate failure of the specimen (i.e. rup-

ture of the tension plate). Triangular pressure time history curves were applied to

the benchmarked FE model of specimen 3-2-50-5. This specimen was selected be-

cause it is the one-third scale specimen of the minimum practical SC wall. From the

static analysis of this specimen maximum displacement was ≈2.40-in corresponding

to a maximum displacement ductility of 11.65. This damage contour is shown in

Figure 6.6.

Pressure-impulse combinations and results from these analyses are listed in Ta-

ble 6.1. The results were used to generate contour plots of the same ductility levels

as shown overlayed on the SDOF ductility curves in Figure 6.7. The FE results were

similar to SDOF results for ductility of one with FE estimating slightly larger loads

in the dynamic response domain. Results were similar for ductility of 3 and 5 in the

impulsive domain but FE estimates larger required loads in the quasi-static domain.

The FE model estimates larger loads required to reach ultimate failure. These re-

sults confirm blast resistant design guidance that SDOF analysis with 0% damping

provides conservative results.

The response mechanism and crack pattern differs for load cases in each of the P-I

domains. Figure 6.8 shows representative crack patterns for cases in each of the three

regions for which the response ductility was roughly 4. These examples are instructive

concerning response mechanisms of one-way SC walls in each of these three regions.

For impulsive cases, cracks were concentrated at mid-span and extended through

the depth of the specimen. This leads to formation of a plastic hinge at mid-span

and the deflected shape reflects this. As response becomes dynamic, flexure cracks

spread from mid-span and the end regions are completely uncracked (indicated by
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the red areas). The mid-span flexure cracks do not extend through the depth and

the deflected shape is not as dominated by a central plastic hinge as in the impulsive

load case. The flexure cracks are distributed over a larger area for the load case in

the quasi-static region, do not extend through the depth, and the end regions are

uncracked.

6.4 Influence of Geometric, Material, and Analysis Parameters

The experiments examined influence of several important design parameters but

did not hold all other variables exactly constant nor did they include all design pa-

rameters. For example, the different grades of steel for a given gage were not exactly

the same thickness leading to slightly different reinforcement ratios. All specimens

had the same span to depth ratio, support conditions, and approximately the same

concrete strength. Studies in this section investigate the influence of these parameters

by changing input parameters to the benchmarked SDOF models.

6.4.1 Influence of Span-to-Depth Ratio

Figure 6.9 depicts influence of unsupported span-to-depth ratio on member re-

sponse. These figures were generated using cross-section properties of specimen 3-2-

50-5 with changing length. The value of L : tsc varied from 6 to 20. Figure 6.9(a)

shows the p-i elastic damage contour (µ = 1.0) for each L : tsc ratio and Figure 6.9(b)

shows the damage contour for steel plate rupture (µ = 11.6). The impulsive asymp-

tote is the same for all cases indicating that the response in the impulsive domain

was independent of L : tsc. In the dynamic and quasi-static domains as L : tsc de-

creased, the pressure required to result in yield increased exponentially as shown in

Figure 6.10. The influence of L : tsc in the quasi-static domain was significant: a 20%

increase in L : tsc resulted in a 30% decrease in required pressure. The p-i contours

in Figure 6.9 all collapsed to the same P-I contours indicating that influence of L : tsc

was inherently included in SDOF analysis.
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6.4.2 Influence of Concrete Strength

Figure 6.11 depicts influence of concrete compressive strength on member re-

sponse. These figures were generated using the cross-section properties of specimen

3-2-50-5 with changing f ′c. The value of f ′c varied from 3.0-7.5-ksi, a common range of

normal-weight concrete strength. Figure 6.11(a) shows the p-i elastic damage contour

(µ = 1.0) for each f ′c and Figure 6.11(b) shows the damage contour for steel plate

rupture (µ = 11.6). The quasi-static asymptote was the same for all cases indicat-

ing that the response in this domain was independent of f ′c. In the impulsive and

dynamic domains as f ′c increased, the impulse required to result in yield increased

slightly. This may seem counter-intuitive but the contours shown are for an achieved

ductility not a displacement. As concrete strength increased the load required to

achieve a specific displacement also increased as discussed in Section 5.1.4 and shown

in Figure 5.15. When considering the load required to achieve a specific ductility,

however, the elastic displacement is included and this value is also influenced by f ′c

leading to the conclusion that lower loads resulted in the same achieved ductility as f ′c

increased. The influence of f ′c in the impulsive domain was quite small: less than 1%

reduction in required impulse for a 10% increase in concrete strength (see Figure 6.12.

The p-i contours in Figure 6.11 all collapsed to the same P-I contours indicating that

influence of f ′c was inherently included in SDOF analysis.

6.4.3 Influence of Steel Faceplate Strength

Figure 6.13 depicts influence of steel faceplate yield strength on member response.

These figures were generated using modified cross-section properties of specimen 3-

2-50-5 with changing Fy (the faceplate thickness was changed to 0.060-in so that

the reinforcement ratio was exactly 3.0%). The value of Fy varied from 50-65-ksi,

the range permitted by AISC N690s1 N9.1.1(d). Figure 6.13(a) shows the p-i elastic

damage contour (µ = 1.0) for each Fy and Figure 6.13(b) shows the damage contour

for steel plate rupture (µ = 11.6). The impulsive and quasi-static asymptotes differed
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for all cases indicating that response in all three domains was dependent on Fy. As

Fy increased, the pressure (in the quasi-static domain) or impulse (in the impulsive

domain) required to result in yield increased linearly as shown in Figure 6.14. The

influence of Fy in all domains was significant: a 10% increase in Fy resulted in a 10%

decrease in required pressure or impulse. The p-i contours in Figure 6.13 all collapsed

to the same P-I contours indicating that influence of Fy was inherently included in

SDOF analysis.

6.4.4 Influence of Reinforcement Ratio

Figure 6.15 depicts influence of reinforcement ratio on member response. These

figures were generated using modified cross-section properties of specimen 3-2-50-5

with changing ρ. The value of ρ varied from 1.5-5.0%, the range permitted by AISC

N690s1 N9.1.1(c). Figure 6.15(a) shows the p-i elastic damage contour (µ = 1.0) for

each ρ and Figure 6.15(b) shows the damage contour for steel plate rupture (µ = 11.6).

The impulsive and quasi-static asymptotes differed for all cases indicating that the

response in all three domains was dependent on ρ. As ρ increased, the pressure (in

the quasi-static domain) or impulse (in the impulsive domain) required to result in

yield increased related to the square of ρ as shown in Figure 6.16. The influence of

ρ in all domains was significant: a 20% increase in ρ resulted in a 12% decrease in

required pressure or impulse. The p-i contours in Figure 6.15 all collapsed to the same

P-I contours indicating that influence of ρ was inherently included in SDOF analysis.

6.4.5 Influence of Damping Ratio

The effect of including damping in the benchmarked SDOF models was described

in Section 5.2.2. That sensitivity study was specific to individual load cases included

in the experimental investigation. Figure 6.17 shows the influence of the percent of

critical damping, ζ, on member response across all three response domains. These

figures were generated using the cross-section properties of specimen 3-2-50-5 with
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changing ζ. The value for ζ varied from 0-10% based on results of this current

study and recommendations by others [92], [93]. Figure 6.17(a) shows the p-i elastic

damage contour (µ = 1.0) for each ζ and Figure 6.17(b) shows the damage contour

for steel plate rupture (µ = 11.6). The impulsive and quasi-static asymptotes differed

for all cases indicating that the response in all three domains was dependent on ζ.

As damping increased, the pressure (in the quasi-static domain) or impulse (in the

impulsive domain) required to result in yield increased related to the square of ζ as

shown in Figure 6.18. The influence of ζ was most notable for plastic response in the

impulsive response domain: including 5% damping increased the required impulse

by 33% compared to the case with 0% damping. In the quasi-static domain, the

same damping ratio increased the required pressure by 13%. For elastic response

in impulsive and quasi-static domains, including 5% damping increased the required

load by less than 10%. The p-i contours in Figure 6.17 did not collapse to the same

P-I contours. Figure 6.19 shows the P-I curves for each of the values of damping

considered.

6.5 Chapter Summary

This chapter presented results from parametric studies investigating influence of

typical load, geometric, material, and analysis parameters. These studies were con-

ducted by modifying parameters of benchmarked models described in Chapter 5 and

expanded the experimental database reported in Chapter 4. Results from paramet-

ric studies were presented as pressure-impulse diagrams to identify the influence of

each parameter in the impulsive, dynamic, and quasi-static domains. The following

chapter compiles the knowledge from the experimental static and dynamic tests with

findings from these parametric studies into a methodology to design one-way SC walls

to resist blast loads.
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Table 6.1.: Parametric Study of Blast Loads on Specimen
3-2-50-5

pr ir td ym Remarks
Number P I (psi) (psi·msec) (msec) (in)

I1 3 1 80.4 117 2.91 0.256
I2 3 2 80.4 234 5.82 0.498
I3 3 3 80.4 351 8.73 0.714
I4 3 4 80.4 468 11.64 0.915
I5 3 5 80.4 585 14.55 1.12
I6 4 1 107.2 117 2.18 0.267
I7 4 2 107.2 234 4.37 0.565
I8 4 3 107.2 351 6.55 0.905
I9 4 4 107.2 468 8.73 1.27
I10 4 5 107.2 585 10.91 1.65
I11 5 1 134.0 117 1.75 0.247
I12 5 2 134.0 234 3.49 0.602
I13 5 3 134.0 351 5.24 1.14
I14 5 4 134.0 468 6.98 1.50
I15 5 5 134.0 585 8.73 2.01
I16 5 6 134.0 702 10.48 2.63 plate ruptured at 2.40-in
I17 4 6 107.2 702 13.10 2.04
I18 2 0.5 53.6 58 2.18 0.119
I19 2.5 0.5 67.0 58 1.75 0.123
I20 3 0.5 80.4 58 1.46 0.125
I21 4 0.5 107.2 58 1.09 0.125
I22 5 0.5 134.0 58 0.873 0.127
I23 4 7 107.2 819 15.28 2.44 plate ruptured at 2.36-in
Q1 0.5 10 13.4 1170 174.6 0.097
Q2 1 10 26.8 1170 87.3 0.243
Q3 1.3 10 34.8 1170 67.2 0.331
Q4 1.7 10 45.6 1170 51.4 0.488
Q5 2 10 53.6 1170 43.7 0.688
Q6 2.5 10 67.0 1170 34.9 1.23
Q7 0.5 15 13.4 1755 261.9 0.098
Q8 1 15 26.8 1755 131.0 0.246
Q9 1.3 15 34.8 1755 100.7 0.339
Q10 1.7 15 45.6 1755 77.0 0.515
Q11 2 15 53.6 1755 65.5 0.754
Q12 2.5 15 67.0 1755 52.4 1.5
Q13 0.5 20 13.4 2339 349.2 0.099
Q14 1 20 26.8 2339 174.6 0.249
Q15 1.3 20 34.8 2339 134.3 0.341
Q16 1.7 20 45.6 2339 102.7 0.535
Q17 2 20 53.6 2339 87.3 0.796
Q18 2.5 20 67.0 2339 69.8 1.74

Continued on next page
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Table 6.1 Continued

Number P I pr ir td ym Remarks
(psi) (psi·msec) (msec) (in)

Q19 3.3 10 88.4 1170 26.5 2.3
Q20 3 15 80.4 1755 43.7 4.17 plate ruptured at 2.36-in
Q21 2.8 20 75.0 2339 62.4 2.3
Q22 3 20 80.4 2339 58.20 5.11 plate ruptured at 2.35-in
D1 3 6 80.4 702 17.46 1.3
D2 3 8 80.4 936 23.28 1.66
D3 3.5 7 93.8 819 17.46 1.98
D4 3.5 9 93.8 1053 22.45 2.37
D5 4 8 107.2 936 17.46 3.72 plate ruptured at 2.42-in
D6 4 10 107.2 1170 21.83 5.29 plate ruptured at 2.55-in
D7 2.5 1 67.0 117 3.49 0.248
D8 2.5 2 67.0 234 6.98 0.439
D9 2.5 3 67.0 351 10.48 0.584
D10 2.5 4 67.0 468 13.97 0.707
D11 2.5 5 67.0 585 17.46 0.825
D12 2.5 7.5 67.0 877 26.19 1.04
D13 2 1 53.6 117 4.37 0.233
D14 2 2 53.6 234 8.73 0.366
D15 2 3 53.6 351 13.10 0.451
D16 2 4 53.6 468 17.46 0.506
D17 2 5 53.6 585 21.83 0.553
D18 2 7.5 53.6 877 32.74 0.633
D19 1.7 5 45.6 585 25.68 0.432
D20 1.7 7.5 45.6 877 38.52 0.467
D21 1.3 1 34.8 117 6.72 0.189
D22 1.3 3 34.8 351 20.15 0.285
D23 1.3 5 34.8 585 33.58 0.309
D24 1.3 7.5 34.8 877 50.37 0.325
D25 1 1 26.8 117 8.73 0.157
D26 1 3 26.8 351 26.19 0.214
D27 1 5 26.8 585 43.65 0.232
D28 1 7.5 26.8 877 65.48 0.237
D29 0.5 3 13.4 351 52.38 0.092
D30 0.5 5 13.4 585 87.30 0.095
D31 0.5 7.5 13.4 877 131.0 0.096
D32 3.8 8 101.8 936 18.38 2.82 plate ruptured at 2.42-in
D33 3.5 9.5 93.8 1111 23.70 2.44
B1 0.75 2.2 20.2 261 25.84 0.164
B2 2.24 8.8 59.9 1032 34.46 0.88
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7. DESIGN RECOMMENDATIONS

This chapter describes a rational method to assess or design blast resistant SC walls

and has been experimentally validated for:

• One-way flexure of simply supported SC walls without axial loads or openings,

• Far-field blast loads idealized as uniform pressure across the structure face,

• Blast pressure time-history idealized as triangular or exponential decay (e.g.

Friedlander waveform), and

• Conventional construction materials (50-ksi≤ FY ≤65-ksi; 3500-psi≤ f ′c ≤7500-

psi).

This method merged design-basis specifications for SC structures from AISC N690s1

Appendix N9 with blast resistant design methods for RC structures from UFC 3-340-

02 Chapter 4.

A structure is often designed first for design-basis loads (i.e. gravity, wind, earth-

quake, snow) and then checked for blast resistance. For these cases, Section 7.1

describes the process to assess the blast response of an initial design and compare

to defined response limits. Methods are described to modify the design, if necessary,

in order to improve performance. In cases for which a new SC wall is designed first

for blast resistance, Section 7.2 describes a rational design methodology. Like most

structural design processes, designing walls for blast resistance is inherently iterative

and techniques for efficient design are described.

For assessment of an existing design or development of a new design, the process

is similar and makes use of the P-I diagram in Figure 7.1 for assessment of design

adequacy. The process is depicted in the flowchart in Figure 7.2. The primary
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parameters that must be calculated or considered for each step are listed on the

flowchart.

7.1 Method to Assess Blast Resistance of SC Walls

For cases in which a preliminary wall design exists and must be checked for blast

resistance, a four step process can be followed:

1. Identify the blast load which the wall must resist and quantify load parameters

pr and ir,

2. Quantify resistance parameters Ry and ωn of the SC wall design,

3. Confirm the SC wall design will perform within the defined limit, and

4. Refine SC wall design as needed to ensure it meets the defined limit.

Many of the equations used in this method were introduced earlier in this dis-

sertation. For completeness, they are reproduced in this chapter with the original

associated equation number and the word “revisited”. A few equations were modified

from their earlier version by including a DIF; these equations are reproduced with

the change and their original equation number with the phrase “incl. DIF”.

7.1.1 Identify Blast Load

The determination of what blast load to use in design is beyond the scope of

this dissertation. Identifying the potential internal and external explosive threats

for a given structure is a multi-disciplinary task based on risk and security assess-

ments, planning and design assumptions, architectural and functional considerations,

and required structural performance. The book Modern Protective Structures is a

comprehensive reference design professionals can use for this important step [56].

With the threat identified, the two most important blast load parameters for the

following method are the peak reflected pressure, pr, and peak reflected impulse ir.
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These parameters can be determined in a variety of ways. ASCE 59-11 Chapter 4

describes acceptable methods for calculating these parameters [26].

7.1.2 Quantify Resistance of the SC Wall Design

In most cases, blast loads are considered beyond-design-basis. For this reason,

initial design of an SC wall may have already been accomplished for the design-basis

loads before assessing it for blast resistance and modifying the design as necessary.

The static resistance function for the preliminary design can be developed and the

natural frequency of the wall can be estimated using the preliminary design param-

eters and DIFs (see Table 7.1). In this table, DIFs from two different sources are

provided as noted in the table footnotes. If available, measured material properties

are recommended for use in these calculations. If measured values are not available,

expected strength should be used.

• Calculate yield resistance using Equation (3.18) including strain rate effects on

material properties

Ry =
8My

L
(3.18 revisited)

Where My is calculated as in Equation (3.17) including the DIF for Fy from

Table 7.1.

My = 0.9(DIFFy · Fy)Asttsc (3.17 incl. DIF)

• Estimate the natural frequency of the wall using Equation (7.1)

ωn =

√
k1

M
(7.1)

Where k1 is estimated from Equation (3.19), EIeff is calculated from Equa-

tions (3.20)-(3.23), and the effective mass, M of the structural element is esti-

mated from Equation (7.2). Equation (3.19) was modified to include the effect

of the reduced net section as discussed in Section 3.6.2.

k1 =
An
Ag

384EIeff
5L3

(3.19 modified)
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EIeff = EsIs + c2EcIc (3.20 revisited)

In calculating EIeff , Es is typically assumed to be 29,000-ksi, Ec is estimated

from Equation (3.8) including the dynamic increase factor on f ′c. The contri-

butions of the moment of inertia of the steel and concrete are estimated from

Equations (3.21) and (3.22) respectively.

Is =
btp(tsc − tp)2

2
(3.21 revisited)

Ic =
bt3c
12

(3.22 revisited)

c2 = 0.48
2tp
tsc

Es
Ec

+ 0.10 (3.23 revisited)

Ec = 57, 000
√
DIFf ′cf

′
c (3.8 incl. DIF)

M = KLME

Lb(tcγc+2tpγs)/123

g
(7.2)

In Equation (7.2), γc can be assumed as 150-pcf to account for additional mass

from studs and tie bars, γs is typically 490-pcf, and g is 386-in/sec2. The de-

nominator in the fraction in the numerator of Equation (7.2) converts the γc

and γs from pcf to pounds per cubic inches. The value for the elastic load-mass

transformation factor, KLME, is available in most structural dynamics text-

books or UFC 3-340-02. Values for uniform loads are provided for convenience

in Table 7.2. Values for elastic, elasto-plastic, and plastic behavior or provided;

the elastic response is the correct value for calculating k1 as this is the elastic

stiffness of the structural element.

7.1.3 Check Design Against Response Limit

Compute total force, P , and total impulse, I, from Equations (4.2) and (4.3)

respectively and use Figure 7.1 to determine if the design is within the defined re-

sponse limit. Four of the five ductility limits for which contour lines are provided

in Figure 7.1 correspond to response limits for RC wall elements in compression as
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defined in ASCE 59-11 Table 3-3 [26]. The fifth contour line corresponds to the al-

lowable ductility defined by AISC N690s1 N9.1.6b for SC walls used in safety related

nuclear facility structures. The reason for the difference in allowable ductility lies

in the purpose of typical walls in nuclear facilities. Unlike a typical RC residential

or commercial office building which support gravity loads from floors, shield walls in

nuclear facilities often support only their self-weight and the roof. Recommending

response limits for SC walls is beyond the scope of this dissertation.

P =
2prbL

Ry

(4.2 revisited)

I =
irbL
Ry/ωn

(4.3 revisited)

If the computed P-I point falls below or to the left of the applicable limit contour in

Figure 7.1, the design is safe. If the point falls above or to the right of the contour

the design is unsafe.

7.1.4 Refine Design

If the design is deemed unsafe, several parameters could be modified to improve

the resistance. Based on findings from experimental and parametric studies presented

in Chapters 4 and 6, the following methods to improve resistance are listed in order

of influence (most influential listed first):

• Increase section depth, tsc, or decrease unsupported length, L. The ratio L : tsc

was shown to have the largest influence on reducing ductility demand and had

the largest influence in the dynamic and quasi-static domains.

• Increase reinforcement ratio, ρ (i.e. increase faceplate thickness, tp). This pa-

rameter was shown to have a significant influence on reducing ductility demand

in all three response domains.

• Increase faceplate strength, Fy. This parameter was shown to have an influence

on reducing ductility demand within all three response domains.
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Increasing concrete strength, f ′c, was not recommended to improve performance be-

cause this parameter was shown to have negligible influence on ductility demand.

Although increasing tsc is listed first this may not be possible for cases in which other

wall thickness limitations must be met. For these cases, increasing ρ and/or Fy are

the best options for improving wall resistance.

7.2 Rational Design Method for Blast Resistant SC Walls

For cases in which a preliminary wall design does not exist, the following steps

will lead to an efficient design:

1. Identify the blast load which the wall must resist and quantify load parameters

pr and ir,

2. Estimate required wall thickness,

3. Define remaining SC wall design parameters,

4. Quantify resistance parameters Ry and ωn of the preliminary SC wall design,

5. Check preliminary SC wall design against response limit,

6. Refine preliminary design to ensure an efficient SC wall within response limit,

and

7. Complete the design in accordance with AISC N690s1 Appendix N9.

7.2.1 Identify Blast Load

This step is the same for a new design as for the assessment of an existing design

as explained in Section 7.1.1.



267

7.2.2 Estimate Required Wall Thickness

AISC N690s1 N9.1.1(a) defines minimum and maximum limits for SC walls. No

SC wall can exceed 60-in in NPP applications. The minimum wall thickness is 18-in

for exterior walls and 12-in for interior walls. A reasonable starting point for most

far-field blast loads is the minimum thickness.

7.2.3 Complete Preliminary SC Wall Design

With the initial total wall thickness selected, the remainder of the design parame-

ters must be defined. For conventional designs, concrete and steel faceplate strengths

are often 5-ksi and 50-ksi respectively. AISC N690s1 N9.1.1 imposes limits that must

be adhered to in design of SC walls for nuclear facilities and are reasonable limits for

SC walls used in other applications:

• 0.25-in≤ tp ≤ 1.50-in,

• 1.5% ≤ ρ ≤ 5%,

• 50-ksi ≤ Fy ≤ 65-ksi, and

• f ′c ≥ 4-ksi.

Additional limitations are included in AISC N690s1 N9.1.1 that must be considered

for other details of SC wall design (i.e. headed stud anchor and tie bar spacing,

dimensions of holes in faceplates, and faceplate splices) but are not critical for pre-

liminary design as described here. Design of these components is more appropriately

done after the initial wall design is deemed adequate. See Section 7.2.7 for methods

to design the remaining wall components.

7.2.4 Quantify Resistance of the SC Wall Design

With the basic wall design parameters defined, the process proceeds with quanti-

fying Ry and ωn as explained in Section 7.1.2.
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7.2.5 Check Design Against Response Limit

Compute total force, P , and total impulse, I, and use Figure 7.1 to determine if

the design is within the defined response limit as described in Section 7.1.3.

7.2.6 Refine Design

If the preliminary wall design is deemed unsafe, the recommendations in Sec-

tion 7.1.4 can be applied to improve the resistance of the wall. If the design is safe

but deemed excessively conservative, design parameters can be modified to reduce

resistance and gain a more efficient design.

7.2.7 Complete Design of Remaining SC Wall Components

As described to this point, the principal parameters of an SC wall design have

been selected but the design remains incomplete. Several important aspects of the

design remain:

• Select diameter and spacing of tie bars,

• Select diameter and spacing of headed stud anchors,

• Confirm shear strength of the SC wall exceeds the flexural strength of the SC

wall to prevent brittle shear failure, and

• Check the final design to confirm it meets all required provisions of the specifi-

cation.

7.2.7.1 Design Tie Bars

Minimum tie bar area can be calculated from out-of-plane shear strength provisions

of AISC N690s1 N9.3.5 accounting for DIFs on concrete and steel strength. As this

section of the specification explains, the shear capacity of an SC section is the sum
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of the contributions of concrete and tie bars if tie bar spacing is no larger than half

the section depth (S ≤ tsc/2). Because shear demand is high in structures subjected

to blast loads, tie bar spacing in blast resistant SC structures is recommended to be

no larger than tsc/2. Rearranging N690s1 Equations (A-N9-20) - (A-N9-22) to solve

for the minimum area of a single tie bar results in Equation (7.3) where f ′c is in ksi.

Atie ≥
1
φvo

(
L−tsc/2

L

)(
Ry
2

)
−
(
0.05

√
DIFf ′c f

′
c

)
tcb

ξ tcb
S2DIFFy Fy,tie

(7.3)

Where φvo is 0.75, Ry is calculated from Equation (3.18), the DIFs are taken from

Table 7.1, and ξ is either 1.0 or 0.5 for yielding or non-yielding ties, respectively.

Yielding ties are defined as those for which the yield strength is no greater than 80%

of the ultimate tensile strength and are recommended for blast resistant structures.

The area of the ties also depends on the selected tie bar spacing, S.

With the tie dimension selected, the total shear strength provided by the ties, Vs,

must be checked against a maximum limit using Equation (7.4) where f ′c is in ksi.

Vs = ξ
tcb

S2
AtieDIFFy Fy,tie ≤

(
0.25

√
DIFf ′c f

′
c

)
tcb (7.4)

If the condition of Equation (7.4) is met, the tie bar design and shear strength

provided by the combination of concrete and tie bars are adequate. If this condition

is not met, the section must be redesigned to meet the required shear strength, Vu

(Equation (7.5)), at a location half the section depth away from the support. This

typically requires increasing the concrete contribution to shear strength (see Equa-

tion (7.7)) to reduce the required steel contribution. In most cases, increasing the

section depth will be required because increases in concrete strength have small ef-

fects on shear strength. This change in section depth increases Vu making this process

iterative.

φvoVn ≥ Vu (7.5)

Vn = Vconc + Vs (7.6)

Vconc =
(

0.05
√
DIFf ′c f

′
c

)
tcb (7.7)
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Vu =

(
L− tsc/2

L

)
Ry

2
(7.8)

7.2.7.2 Design Headed Stud Anchors

Proper design of headed stud anchors achieves two purposes: (1) develop yield

strength of the steel faceplates and (2) ensure interfacial shear strength is greater

than out-of-plane shear strength of the section. The method in AISC N690s1 N9.1.4.

is described in this section. No DIFs are applied to headed stud anchor strength

because the literature lacks recommendations.

Before calculating the required cross-sectional area of stud anchors, the spacing,

s, should be determined to meet the faceplate slenderness requirement of N690s1

N9.1.3. reproduced as Equation (7.9).

s

tp
≤ 1.0

√
Es
Fy

(7.9)

Where Es and Fy are the elastic modulus and yield strength of the steel faceplates,

respectively.

The cross-sectional area of stud anchors, Asa, is governed by the larger of two limits

as determined from Equations (7.10) and (7.11) (rearrangments of N690s1 Equations

(A-N9-3) and (A-N9-4) with substitutions of equations for variables). Equation (7.10)

ensures the yield strength of the faceplates is developed within a development length

equal to three times the section depth and Equation (7.11) ensures the interfacial

strength exceeds the out-of-plane shear strength as discussed in Section 7.2.7.1.

Asa ≥
(

Fytp
φvFu,sa(3tsc)

)(
s

c1

)2

(7.10)

Asa ≥
φvoVn
0.9tsc

(
1

φvFu,sab

)(
s

c1

)2

(7.11)

In these equations, φv is 0.65, Vn is from Equation (7.6), Fy is the yield strength of

the steel faceplate, Fu,sa is the ultimate tensile strength of the headed stud anchors,

and c1 is 1.0 or 0.7 for yielding or nonyielding stud anchors. Yielding stud anchors

are required by N690s1 N9.1.4a.
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7.2.7.3 Check Direct Shear Capacity

Although experimental investigations of concrete filled tubes subject to blast loads

have shown that these types of structures are not as prone to direct shear failure

as RC columns are [62], [63], this check is still recommended. Conservatively, the

influence of the steel faceplates on direct shear resistance is neglected. Direct shear

is largest at the supports and this is the location at which this check should be made

as shown in Equation (7.12) (UFC 3-340-02 Equation (4-30)).

Vd ≥ VS (7.12)

VS =
Ry

2
(7.13)

Vd = 0.16DIFf ′c,shearf
′
cbtc (7.14)

7.2.7.4 Check Flexure-to-Shear Capacity Ratio

At this point, the design is essentially complete. A check of the flexure-to-shear

capacity with Equation (7.15) is an instructive measure to identify if the wall behavior

is likely to be flexure- or shear-controlled.

φbMy

φvoVntsc
(7.15)

Where My and Vn are computed from Equations (3.17 incl. DIF) and (7.6) respec-

tively. The strength reduction factor φb is 0.90.

This simple check results in a numerical value in terms of wall thickness (e.g. a

certain wall may have a flexure-to-shear capacity of 3tsc). By normalizing this ratio

to the wall thickness, some rules-of-thumb can be applied. The smaller the ratio, the

more likely it is to be flexure-controlled. Specimens tested as part of this project

had ratios ranging from 2.1tsc for 5-2b-50-5 to 5.7tsc for 5-4-50-5. All specimens were

flexure-controlled in both static and dynamic tests.

AISC N690s1 N9.1.6b. allows a ductility demand limit of 10 for impulse or impact

loads on flexure-controlled SC walls. The same section defines a flexure-controlled SC
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wall as one in which the flexural yielding capacity is less than the out-of-plane shear

capacity by at least 25%. For a uniformly loaded one-way wall with simple supports,

this check can be made using Equation (7.16).

LVn
4My

≥ 1.25 (7.16)

In Equation (7.16), the constant 4 in the denominator would change to 6 for a one-way

fixed-fixed wall, 2 for a one-way cantilever wall, or 5 for a one-way propped cantilever

wall.

7.2.7.5 Final Design Checks

AISC N690s1 Appendix N9 includes several other requirements that must be met:

• Check minimum required tie bar strength - AISC N690s1 Equation (A-N9-6),

and

• Confirm general provisions of AISC N690s1 N9.1.1 are satisfied.

7.2.8 Complete Numerical Analysis if Necessary

For many cases, the design process described above will be adequate. For cases in

which additional detail about the response of the designed wall to the specified blast

load is desired, the benchmarked numerical methods described in Chapter 5 may

be used. For example, the design parameters can be used to develop the idealized

bi-linear static resistance function, the blast load can be idealized as a Freidlander

waveform or triangular pulse, and the SDOF equation of motion can be solved for the

maximum displacement. For more fidelity in understanding the response of the wall

to the blast load, an FE model may be analyzed. The FE analysis provides maximum

displacement but also provides useful insights such as areas of highest shear stress in

which additional shear reinforcement may be desirable.



273

7.3 Assessment Example: Minimum Practical SC Wall

Consider the minimum practical interior SC wall which is 12-in thick with 0.25-in

Gr50 steel faceplates with the following assumptions and requirements:

• 5-ksi concrete strength,

• Headed stud anchors and tie bars were designed to ensure this wall was flexure-

controlled and meet all applicable requirements of AISC N690s1,

• This 12-ft high wall was wide enough to be modeled as one-way action and

could be idealized with simple supports at top and bottom,

• The owners completed a risk assessment and concluded that the largest blast

threat for this wall would be 5000-lb of TNT-equivalent at a standoff of 75-ft,

and

• The damage limit from AISC N690s1 N9.1.6b. must be met.

This example follows the steps described in Section 7.1. Calculations for this

example are included as Appendix C.

1. Identify Blast Load. Using ATBlast software [57] or Table 2-7 from UFC 4-340-

02 [24], the peak pressure and impulse of this blast threat can be determined.

From ATBlast: pr = 230-psi, ir = 820-psi·msec.

2. Quantify Resistance of the SC Wall Design. Using equations provided in Sec-

tion 7.1, resistance parameters were calculated. For this wall, Ry was 116-kips,

k1 was 164-kips/inch, and ωn was 203-sec−1. DIFs from AISC N690s1 were used

for these calculations (see Table 7.1).

3. Check Design Against Response Limit. From the blast load and SC wall re-

sistance parameters, the normalized total force and impulse for this case were:

P = 6.8 and I = 2.5. Plotting this point on Figure 7.1 indicated that this wall

subjected to this load was well within the response limit for a flexure-controlled

SC wall defined by AISC N690s1 N9.1.6b.
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4. Refine Design. Because this wall design was below the defined response when

subject to this blast load, redesign is unnecessary. The assessment is concluded:

this minimum interior SC wall would perform within the defined damage limit

for a 5000-lb TNT equivalent explosion at 75-ft standoff.

7.4 Design Example: Resist a Specific Blast Load

For this example the required exterior wall was 20-ft high, wide enough to be

modeled as one-way action, and assumed to be simply supported at top and bottom.

The owner stipulated that the wall must resist a 2500-lb TNT-equivalent at a standoff

of 60-ft and must meet the moderate damage limit from ASCE 59-11.

The example follows the steps described in Section 7.2. Calculations for the final

design for this example are included as Appendix D.

1. Identify Blast Load. The blast load parameters for the defined blast threat were:

pr = 230-psi and ir = 650-psi·msec.

2. Estimate Required Wall Thickness and Complete Preliminary SC Wall Design.

Because this was an exterior wall, the starting thickness was selected as 18-

in. For convenience, the starting faceplate thickness was selected as 0.25-in.

Typical material properties were assumed: f ′c = 5-ksi and Fy = 50-ksi.

3. Quantify Resistance of the SC Wall Design. For this initial wall design, Ry was

120-kips, k1 was 217-kips/inch, and ωn was 173-sec−1. DIFs from AISC N690s1

were used for these calculations (see Table 7.1).

4. Check Design Against Response Limit. The normalized total force and impulse

for this case were: P = 8.1 and I = 2.0. Plotting this point on Figure 7.1

indicated that this design did not meet the moderate damage limit state defined

by ASCE 59-11 when subjected to the required load.
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5. Refine Design. Because the initial wall did not meet the limit state the design

had to be modified. Because tsc was shown to have the largest influence on

resistance, the first attempt to refine the wall design was to increase tsc to 24-

in which reduced P to 6.1 and I to 1.8 - still not within the specified limit

state. The second refinement attempt increased tp to 0.5-in (ρ=4.2%) resulting

in P = 3.1 and I = 1.1. This was closer to the limit state but still inadequate.

The third refinement attempt increased Fy to 60-ksi and brought the wall design

to within the defined limit state (P = 2.5, I = 0.94).

6. Complete Design of Remaining SC Wall Components

• Minimum tie bar area for this case with tie bars spaced at tsc/2 was 1.93-

in2 (#14 bars welded to both faceplates provide this). The steel con-

tribution to shear strength for this tie bar design exceeded the limit in

Equation (7.4). There were several options for redesign of shear strength:

increase tsc, increase Fy of the tie bars, decrease S, or increase f ′c (the influ-

ence of f ′c on shear strength is minimal). Through iteration, an adequate

design was found to be: tsc = 30-in, tp = 0.375-in (ρ=2.5%), and #7 bars

at 10-in spacing (Gr60 steel) for shear reinforcement (P = 4.2, I = 0.9).

• The minimum shear stud area for this case with studs spaced at 5-in (half

of the tie bar spacing) was 0.228-in2. Nelson H4L 5/8” headed stud anchors

met this requirement. The minimum length for this stud was 5-in (from

AISC 360-10 I8.3 [34]).

• The direct shear capacity of this design was 309-kips which exceeded the

maximum direct shear demand of 156-kips.

• The flexure-to-shear capacity for this design confirmed that this design was

flexure-controlled. The ratio of moment to shear capacity was 1.84tsc.

• Final design checks confirmed that this wall was designed in accordance

with the provisions of AISC N690s1 Appendix N9.
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• SUMMARY: Components of the 20-ft SC wall to resist 2500-lb of TNT at

60-ft stand-off: tsc = 30-in (f ′c=5-ksi), tp = 0.375-in (Gr60 steel), #7 bars

at 10-in spacing (Gr60 steel), Nelson H4L 5/8” headed studs at 5-in (Gr60

steel).

7.4.1 Numerical Analysis of the Design Example

7.4.1.1 SDOF Model of Design Example

An SDOF model of the wall design described in Section 7.4 was created using the

method explained in Section 5.2. The maximum mid-span displacement from this

analysis was 0.635-in with 0% damping. The yield displacement for this section was

0.734-in using the idealized resistance function which leads to a ductility demand of

0.87. This demand was less than the allowable limit of 1.0 confirming the adequacy

of the design for the specified load.

7.4.1.2 FE Model of Design Example

An FE model of the wall design described above was created using the method

explained in Section 5.1. The maximum mid-span displacement from this analysis

was 0.727-in and neither faceplate yielded indicating a ductility demand less than

1.0. Flexure cracks occurred near mid-span and some shear cracks initiated near the

supports. Axial stress in the tie bars in the region in which shear cracks began to

form was higher than axial stress in tie bars elsewhere, but the tie bar element with

the highest stress was only at approximately 50% of yield stress under this blast load.
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7.5 Chapter Summary

This chapter explained rational methods to assess or design an SC wall for blast

resistance. The method was developed using provisions of AISC N690s1 Appendix N9

modified to account for strain rate effects on material properties and SDOF analysis

of one-way SC walls subjected to pressure loads. A design aid was presented which

provided damage contours for response limits defined in ASCE 59-11 for RC walls

in compression and defined in AISC N690s1 N9.1.6b for SC walls. This design aid

enables quick assessment of existing walls for specified blast loads and is useful for

design. The following chapter summarizes the conclusions of this dissertation and

describes recommendations for future work.
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Table 7.1. Dynamic Increase Factors for Design

Material Property For Calculating DIF* DIF**

f ′c Yield Moment 1.19 1.25

f ′c Shear Capacity 1.10 1.10

Fy Yield Moment 1.12 1.29

* permitted by ASCE 59-11 Table 3-5 [26]

** permitted by AISC N690s1 Table A-N9.1.1 [5]

Table 7.2. Transformation Factors for Uniformly Loaded One-Way
Elements (excerpt from UFC 3-340-02 Table 3-12 [24])

Edge Conditions Range of Behavior KLM

Simply Supported Elastic 0.78

Plastic 0.66

Fixed-Fixed Elastic 0.77

Elasto-Plastic 0.78

Plastic 0.66

Propped Cantilever Elastic 0.78

Elasto-Plastic 0.78

Plastic 0.66

Cantilever Elastic 0.65

Plastic 0.66
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8. SUMMARY AND CONCLUSIONS

This chapter summarizes the findings from experimental and numerical studies of the

response of simply supported one-way SC walls to blast loads. Final conclusions and

observations are highlighted and recommendations for future work are presented.

8.1 Research Summary

RC has historically been the preferred choice for blast resistant structures for

several reasons: the mass of the concrete, the ductility of the steel reinforcement,

and the extensive experimental database of RC structures subjected to blast loads

from which design methods have been validated. SC walls are a viable alternative for

the same reasons as RC with the exception of an experimental database. SC offers

several advantages over RC: The faceplates prevent concrete spalling, by locating

the steel plates on the outside of the concrete the flexural resistance is maximized,

the plates serve as formwork which reduces construction time, and SC modules can

be prefabricated which improves construction efficiency. Experimental tests were

conducted on SC wall sections to evaluate their performance when subjected to blast

loads, begin to build a publicly accessible experimental database, and inform design

recommendations.

Two series of experiments were completed to: (1) quantify the static performance

and available ductility, and (2) quantify the response under different blast loads. An

innovative method to quantify the static resistance function was used. Rather than

using specialized equipment such as a loading tree or a vacuum or water chamber,

a four-point bending test was conducted on eight different configurations of SC wall

sections. FE models were benchmarked to experimental results and then the loading

in the FE models was changed to increasing uniform load. The result was a static re-
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sistance function for uniform pressure loads without the use of specialized equipment.

This method enables researchers at most structural engineering research laboratories

to develop static resistance functions at reduced expense. Dynamic tests were con-

ducted at the USACE-ERDC BLS and used innovative instrumentation techniques to

provide primary and supplementary displacement measurements and record faceplate

strains.

The eight configurations of SC wall sections tested experimentally varied the flex-

ural and shear reinforcement ratios, steel faceplate strength, and tie bar spacing.

During each four-point bending test, displacement at each quarter point, rotations of

the specimen at the supports and each load point, strain at mid-span of the compres-

sion faceplate and quarter points of the tension faceplate, and the total load applied

were measured.

Static experiments demonstrated that each of these designs was flexure-controlled

and the shear strength of the concrete was greater than 2
√
f ′c for these specimen

dimensions because shear failure did not occur. All specimens ultimately failed due

to net section rupture of the tension steel plate at deformation ductility between 7.1

and 13.1. The yield strength of all specimens was within 6% of estimated strength

and stiffness was within 10% of the estimated values.

Two methods to estimate moment-curvature for an SC wall section were devel-

oped. One was based on the Ramberg-Osgood power-law model for stress-strain

providing a closed-form solution for curvature along the length of a one-way bending

element. The second method was a fiber model which used the Hognestad parabola

[74] for concrete stress-strain and a power law developed by Varma [71] for the steel

faceplate stress-strain. The fiber model directly accounted for slip between the steel

plates and concrete infill for cases with less than 100% composite action while the

power-law model accounted for this indirectly through the best-fit parameters. Both

methods provided reasonable approximations of experimentally determined moment-

curvature and could be used to estimate the static resistance function for a variety of

load conditions by using the moment-area method.
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FE models were benchmarked to experimental results for all eight specimens using

LS-DYNA. Fundamental moment-curvature and load case specific load-displacement

relationships from the FE models closely matched the experimental results. The

maximum effective plastic strain for the steel faceplates was established by examining

the FE results at the displacement at which tensile faceplate rupture occurred in the

experiments. These maximum effective plastic strain values were used to estimate

the ultimate capacity of the specimens when the load case was analytically changed

from four-point bending to uniform pressure.

Results from the FE models subject to uniform load were used to develop a bi-

linear approximation for the static resistance function of one-way SC wall sections.

This idealization is an important input to SDOF models used to estimate the behavior

of blast loaded SC walls and was developed using accepted capacity and stiffness

equations for SC walls.

Twelve specimens were subjected to short duration pressure waves in the USACE-

ERDC BLS. The designs for the static test specimens were used for these dynamic

test specimens. Two sets of dynamic tests were conducted: (1) six specimens were

first subjected to a pressure pulse for which an elastic response was expected and then

the same specimens were subjected to a larger pressure pulse intended to achieve plas-

tic deformation, and (2) six specimens were subjected to a pressure pulse intended

to achieve plastic deformation. Displacement and acceleration at mid-span, displace-

ment at a location 8.75-in from mid-span, and strains at mid-span on the compressive

faceplate and at the quarter points on the tension faceplate were recorded for each

specimen. Pressure time-histories at eight locations around the perimeter of the tested

specimens were recorded for each shot.

The FE models initially benchmarked to the static experiments were modified and

benchmarked to the dynamic experiments. An important modification was the inclu-

sion of DIFs for concrete and steel material properties. Models using the Winfrith

concrete model’s internal capability to account for strain rate effects resulted in in-

accurate results. Excellent results were obtained when DIFs for f ′c, ft, and Gf , based
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on extensive experimental databases available in the literature, were used. Results

were sensitive to the concrete tensile strength assumed in the analysis.

SDOF models were also benchmarked to the dynamic experimental results. These

models used the idealized bi-linear static resistance function described above and the

pressure pulses were modeled using a modified Friedlander waveform. Results were

sensitive to the amount of equivalent viscous damping included in the model and were

closest to experimental results when 5% equivalent viscous damping was used.

A variety of parametric studies were completed using the benchmarked numer-

ical models (both FE and SDOF). Results were provided as p-i and P-I diagrams

from which conclusions about the influence of the parameter being investigated could

be made. The baseline P-I diagram was benchmarked to results from the dynamic

experiments.

8.2 Conclusions

Based on the static experimental investigation conducted on one-way SC wall

sections, the following conclusions were drawn:

1. Scaled specimens of SC wall sections exhibited the same fundamental behavior

as full-scale specimens governed by flexural yielding. Equations from AISC

N690s1 for SC walls accurately estimated the strength and stiffness of the scaled

specimens tested.

2. Deformation ductility larger than 7.0 and curvature ductility larger than 8.0

were observed for flexure-controlled SC walls with holes through the faceplates

in order to fasten threaded tie bars. Ductility was higher for specimens con-

structed using Gr50 steel faceplates than for those using Gr65 or Gr80.

3. Specimen ductility was directly related to the steel plate material ductility and

the ratio of net to gross steel plate area. Ductility was indirectly related to steel

faceplate strength.
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4. Ultimate failure was the result of net section fracture for flexure-controlled SC

walls with holes through the faceplates in order to fasten threaded tie bars.

Fracture occurred in the region of highest combined moment and shear (under

the load point in the four-point bending tests).

5. No concrete compression failure occurred even at large displacements. Flexure

cracks extended through nearly the entire section depth.

6. The normalized moment-curvature and load-displacement relationships were

similar for all varieties of SC wall design tested. These normalized curves en-

abled development of idealized bi-linear static resistance functions for simply

supported one-way SC walls.

Based on the dynamic experimental investigation conducted on one-way SC wall

sections, the following conclusions were drawn:

1. Behavior of SC walls designed to be flexure-controlled is dominated by flexure

when subjected to blast loads.

2. Ductility demand was inversely related to reinforcement ratio for a given pres-

sure pulse. This was most notable at lower pressure and impulse combinations.

As impulse increased, sensitivity to reinforcement ratio decreased.

3. Ductility demand was inversely related to faceplate yield strength for a given

pressure pulse. As impulse increased, the sensitivity to faceplate strength de-

creased.

4. Ductility demand was inversely related to shear reinforcement ratio (tie bar

diameter). This was most notable at lower pressure and impulse combinations

in the elastic region of response. In the plastic region, the opposite was true for

this specific wall configuration because of the decreased net section as tie bar

diameter increased.



285

5. Maximum displacements were most reliably measured using potentiometers or

extensometers rather than computing displacements from accelerometer data.

Residual displacements were only able to be reliably measured using poten-

tiometers and extensometers.

Based on the numerical investigations conducted on one-way SC wall sections, the

following conclusions were drawn:

1. Behavior of SC wall sections subjected to static and blast loads can be predicted

with FE models. These models provided estimates of moment-curvature and

load-displacement curves for static loads that compared well to experimental re-

sults. The models also provided estimates of mid-span deflection, damping, and

crack patterns for dynamic loads that compared well to experimental results.

2. The only modification between an FE model of a statically loaded SC wall and

a blast loaded wall was the inclusion of DIFs to account for strain rate effects

on steel faceplate and concrete infill material properties. Using the strain rate

effects feature included in the Winfrith concrete model resulted in inaccurate

results. More reasonable results were obtained by directly accounting for DIFs

in the concrete material properties and keeping the strain rate feature off in the

Winfrith concrete model.

3. Maximum mid-span deflection of SC walls subject to blast loads can be pre-

dicted with SDOF models using bi-linear static resistance functions.

4. Results from FE models of the response of SC wall sections to blast loads are

sensitive to concrete tensile strength.

5. Results from SDOF models of the response of SC wall sections to blast loads

are sensitive to the percent of equivalent viscous damping included.

6. Ductility demand and normalized total force and impact were the best measures

to compare the response of SC wall sections of various design parameters.
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7. Of the design parameters included in this study, steel faceplate strength, Fy,

was observed to have the largest influence on response of an SC wall subject to

blast loads in all three response domains.

8. Reinforcement ratio, ρ, was observed to have the second largest influence on

the response of blast loaded SC walls in all three response domains.

9. Increases in span-to-depth ratio of an SC wall, L : tsc, resulted in reductions

in pressure required to achieve a certain ductility demand. This influence was

observed for the dynamic and quasi-static response domains and was negligible

in the impulsive domain.

10. Concrete compressive strength, f ′c, has minimal effect on the response of blast

loaded SC walls. Response was independent of f ′c in the quasi-static domain

and only a small influence was observed in the dynamic and impulsive domains.

11. Specimen vibration and damping was most clearly observed from strain data

rather than displacement data.

8.3 Recommendations for Future Work

Publicly available information concerning blast response of SC walls is limited.

This study has begun to fill this gap but was necessarily limited in scope. There

are several areas for future research to continue to improve the understanding of the

response of SC walls to a variety of blast load conditions and to further quantify the

influence of design parameters on this response.

• Blast response of two-way SC walls subjected to far-field explosions. Because

the present study demonstrated the similarity of blast response of one-way SC

and RC walls, it is expected that this would extend to two-way behavior. In-

vestigations of two-way response of SC walls to projectile impact have begun

but so far this has been restricted to numerical investigation [47]–[49]. Physical
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experiments to quantify static resistance of two-way SC walls will be broadly

useful - improving understanding of static behavior and providing the basis for

numerical analysis of projectile impact or blast loads. The USACE-ERDC BLS

could be used for two-way tests but the current target vessel opening is restric-

tively small. Until USACE-ERDC completes their larger BLS, field tests would

be necessary to physically test the blast response of two-way SC walls.

• Blast response of SC walls subjected to near-field explosions. Pressure from near-

field explosions cannot be idealized as uniform across the surface of a structure

as for far-field explosions. Experimental investigations of near-field explosive

effects on concrete filled steel boxes have been completed [18] but these panels

did not include headed stud anchors or tie bars in their design. Investigations

to quantify the influence of all design parameters on SC walls subject to near

field explosions are necessary to thoroughly understand blast response of SC

structures.

• Blast response of SC walls subjected to in-contact explosions. Response of SC

walls to in-contact explosions is expected to be similar to the response of walls

to projectile impact. While there is a large database of projectile impact tests

on SC walls there is no publicly available literature about the response to in-

contact explosions. Results from these studies would be particularly important

to understand how to design SC walls to prevent breaching.

• Experimentally confirm blast response of SC walls to far-field explosions in the

impulsive domain. The experiments conducted for this project consisted of

blast loads that were in the dynamic domain. Numerical models expanded

the database into the impulsive domain. Experimental verification would be

useful in expanding the database from which design methods could be further

validated.

• Accounting for strain rate effects on concrete tensile strength in numerical mod-

els. Variability of concrete tensile strength at high strain rates was demon-
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strated to account for variability in blast response of SC walls. Models in

this study manually accounted for the DIF on tensile strength. Doing so re-

quires knowledge of expected strain rates from a specific load case which is not

always possible. Development of concrete material models for numerical mod-

eling which accurately account for strain rate effects on compressive and tensile

strength, elastic modulus, and fracture energy of concrete would be a valuable

contribution for predicting performance of blast resistant SC structures.

• Designing and detailing blast resistant SC structural connections. An under-

standing of the structural response of wall sections to explosions enables quan-

tifying loads that connections must resist. The capacity of SC structural wall-to-

wall and wall-to-foundation connections have been experimentally investigated

and design methods proposed [94]–[96]. Experimental verification of connec-

tions designed and detailed in accordance with existing specifications and sub-

jected to explosive loads is critical to enabling complete design of protective SC

structures.

• Investigation of performance using other fill materials. For expedient construc-

tion, consideration of materials other than concrete as infill should be inves-

tigated. The concrete provides mass which helps provide dynamic resistance

but the strength of concrete was shown to have limited influence on blast resis-

tance of SC walls. Materials such as sand or compacted earth may be suitable,

particularly for expedient protection needs.
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A. SPECIMEN DESIGN SAMPLE CALCULATIONS



Design of SC Wall Section for Blast Resistance (One-Way Action) - Specimen 5-2-50-5
Jakob C. Bruhl, Purdue University
Fields in yellow: user input.  All others are calculated. Important results are in green.

Design is accomplished by combining guidance from AISC N690s1 Appendix N9 (Draft) with provisions
of UFC 3-340-02 as described for reinforced concrete.  Performance limits are recommended to be
taken from ASCE 59-11.  DIFs are also taken from ASCE 59-11.

 Assumptions 
Simply supported beam•
Unifomly distributed load (equal pressure across the face of the panel)•
Uniformly distributed mass•

 Panel Dimensions
Length (in):

Width (in):

Total thickness (in):

Plate thickness (in):

Total area of steel (in2):

Concrete thickness (in):

Reinforcement ratio:

Tie bar diameter, spacing (in):

Stud diameter, spacing (in):

 Design Blast Load (triangular)
Peak reflected pressure (psi):

Reflected impulse (psi*sec):

Compute duration (sec): 

L 52:= pr 60:=

l 11:= ir 1.100:=

tsc 4:= td 2
ir
pr

⋅ 0.037=:=

tp 0.1046:=

As tp l⋅ 1.151=:=

tc tsc tp− 3.895=:=

ρ
2tp
tsc

0.052=:=

dt 0.164:= st 2:=

ds 0.25:= ss 2:=

stt st:= stl st:= Assume studs and ties spacing is equal in
orthogonal directions. 

sst ss:= ssl ss:=

Total number of ties along span length
nt ceil

L
st

⎛
⎜
⎝

⎞
⎟
⎠

ceil
l
st

⎛
⎜
⎝

⎞
⎟
⎠

156=:=

ns ceil
L
ss

⎛
⎜
⎝

⎞
⎟
⎠

ceil
l
ss

⎛
⎜
⎝

⎞
⎟
⎠

⋅ nt− 0=:= Total number of studs along span
length

nties ceil
l
st

⎛
⎜
⎝

⎞
⎟
⎠

6=:= Number of ties in a row

nstuds1 ceil
l
ss

⎛
⎜
⎝

⎞
⎟
⎠

6=:= Number of studs in a row without ties

nstuds2 ceil
l
ss

⎛
⎜
⎝

⎞
⎟
⎠

nties− 0=:= Number of studs in a row with ties
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 Material Properties
Concrete compressive strength (psi):

Co
Concrete modulus of elasticity (psi):

Concrete mass density (lb*sec2/in4):

Steel yield, ultimate strength (psi):

Young's modulus of steel (psi):

Steel mass density (lb*sec2/in4):

Modular ratio:

fc 5000:=

Ec 57000 fc⋅ 4.031 106
×=:=

γc 2.36 10 4−
⋅:=

Ties 
fy 58000:= fu 67000:= fny 51000:= fnt 65000:=

Studs 
Es 29000000:= fys 61600:= Fu 76100:=

γs 7.33 10 4−
⋅:=

n
Es
Ec

7.195=:=

 Strength  Increase Factors
Dynamic increase factor (DIF) in flexure:

DIF in shear:

Static increase factor (SIF):

 Concrete         Steel          
DIFcf 1.25:= DIFsf 1.29:= Ref: N690 Table A-N9.1.1

DIFcs 1.10:= DIFss 1.10:=

SIFc 1.1:= SIFs 1.0:= Ref: ASCE 59-11 Table 3-4 
(1.0 if input measured properties)

 Check inputs are within N690 limits
Reinforcement ratio:

(N9.1.1(c))

Plate thickness:
(N9.1.1(b))

Steel plate strength:
(N9.1.1(d))

Concrete strength:
(N9.1.1(e))

Rupture strength:
(N9.1.1(i))

Stud spacing:
(N9.1.3, Eq'n (A-N9-2))

Tie bar spacing:
(N9.1.5)

reinf "OK" 0.015 ρ≤ 0.05≤if

"NoGo" otherwise

"NoGo"=:= ρ = 0.052

thick "OK" 0.25 tp≤ 1.5≤if

"NoGo" otherwise

"NoGo"=:= Scaled
specimens

plate "OK" 50000 fy≤ 65000≤if

"NoGo" otherwise

"OK"=:=

concrete "OK" fc 4000≥if

"NoGo" otherwise

"OK"=:=

Asn As ceil
l

stt

⎛
⎜
⎝

⎞
⎟
⎠

dt
1
16

+⎛⎜
⎝

⎞⎟
⎠

⋅ tp⋅− 1.008=:=

net "OK" fu Asn⋅ fy As⋅>if

"NoGo" otherwise

"OK"=:=

spacingstud "OK"
sst
tp

1.0
Es
fy

⋅≤if

"NoGo" otherwise

"OK"=:=

spacingtie "OK" stt tsc≤if

"NoGo" otherwise

"OK"=:=
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Tie bar material strength:           
(Eq'n (A-N9-5))           Freq "OK" fnt

tp fy⋅ tsc⋅

4

⎛
⎜
⎝

⎞
⎟
⎠

stt
stl

⎛
⎜
⎝

⎞
⎟
⎠

⋅
6

18
tsc
stl

⎛
⎜
⎝

⎞
⎟
⎠

2

⋅ 1+

⎡
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎦

⋅≥if

"NoGo" otherwise

"OK"=:=

 Compute Static Flexural Capacity:

Nominal moment capacity (lb*in): j 0.9:= Mn fy As⋅ j⋅ tsc⋅ 2.402 105
×=:= N9.3.3, Eq'n (A-N9-18) 

 Compute Static Shear Capacity:
    Concrete contribution to shear strength (lb): Vconc 0.05

fc
1000

⋅ tc⋅ l⋅ 1000⋅ 4.791 103
×=:=

Steel (tie bars) contribution to shear strength (lb): N9.3.4, Eq'n (A-N9-21) 

ξ 1.0 fny 0.8 fnt⋅≤if

0.5 otherwise

1=:=

ps
tc
stl

1.948=:=

Ft
π

4
dt

2
⋅ fny⋅ 1.077 103

×=:=

Vs min ξ ps⋅ Ft⋅
l

stt
⋅ 0.25

fc
1000

⋅ tc⋅ l⋅ 1000⋅, 
⎛⎜
⎜⎝

⎞⎟
⎟⎠

1.154 104
×=:= Eq'n (A-N9-22) 

Total nominal shear strength (lb):

Vn Vconc Vs+( ) stt
tsc
2

≤if

max Vconc Vs, ( ) otherwise

1.633 104
×=:= N9.3.4(a), Eq'n (A-N9-20) 

Flexural to Shear Capacity Ratio

Ratio
Mn

Vn tsc⋅
3.678=:= Ratio in terms of total section depth

This ends the static strength assessment.  Contained in the following pages is a modified version of the
dynamic strength design methods for reinforced concrete subject to blast loads (UFC 3-340-02, Chapter
4) modified to account for the mechanics of steel-plate reinforced concrete walls.
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Strength and stiffness calculations are completed IAW AISC N690s1 Appendix N9 as noted.  These
equations are modified to account for dynamic strength increases.
SDOF calculations are completed IAW UFC 3-340-2.

 Dynamic Strength:
Dynamic compressive strength of concrete (psi):

Dynamic yield strength of steel (psi):

fcddyn fc DIFcf⋅:=

fcddyn 6.25 103
×=

fyddyn fy SIFs⋅ DIFsf⋅:=

fyddyn 7.482 104
×=

 Compute depth to neutral axis at yield moment:

cc 2
As fyddyn⋅

12 fc⋅
n tp⋅−

⎛
⎜
⎝

⎞
⎟
⎠

⋅ 1.364=:= in Eq'n (C-A-N9-11)

 Compute moment capacity and ultimate resistance (N9.3.3): 

j 0.9:=

Mn fyddyn As⋅ j⋅ tsc⋅ 3.099 105
×=:= lb in⋅ Eq'n (A-N9-18) modified to include DIF

MnALT As fyddyn⋅ tsc tp−( )⋅ 6 fc⋅ cc⋅
cc
3

tp
2

+
⎛
⎜
⎝

⎞
⎟
⎠

⋅− 3.146 105
×=:= lb in⋅ Eq'n (C-A-N9-10)

Rm 8
Mn
L

⋅ 4.768 104
×=:= lb Table 3-1, UFC 3-340-02 (one-way, simple support, uniform load)

 Compute effective flexural stiffness (N9.2.2):

Is
l tp⋅ tsc tp−( )2

⋅

2
8.73=:= Ic

l tc
3

⋅

12
54.184=:=

ρn ρ n⋅ 0.376=:= c2 0.48 ρn⋅ 0.10+ 0.281=:=

EIeff Es Is⋅ c2 Ec⋅ Ic⋅+ 3.144 108
×=:= Eq'n (A-N9-8) 

 Compute stiffness and elastic deflection:

Stiffness (lb/in):

Elastic deflection (in):

ke
384 EIeff⋅

5 L3
⋅

1.718 105
×=:=

Xe
Rm
ke

0.278=:=

 Compute natural period of the panel: KLMe 0.78:= KLMp 0.66:= Transformation factors from
Table 3-12 (UFC 3-340-02)
(one-way, simple supports,
uniform load)Load mass factor: KLM

KLMe KLMp+

2
0.72=:=
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Mass (lb*sec2/in):

Natural period (s):

M tp l⋅( ) γs⋅ tsc tp−( ) l⋅⎡⎣ ⎤⎦ γc⋅+⎡⎣ ⎤⎦ L⋅ 0.57=:=

Tn 2π
KLM M⋅

ke
⋅ 9.71 10 3−

×=:=

 Compute maximum mid-span deflection of panel from blast load
Use MATLAB script "SDOF_SC_Uniform_Pressure" to compute time history of panel response.
Enter computed values below.  Alternatively, the maximum mid-span displacement can be computed
directly using a series of calculations and charts from UFC 3-340-02.

NOTE: Using the MATLAB script is preferred - avoid chart interpolation, solve the equation of motion,
account for material strain hardening, etc.

Response limits from ASCE 59-11 (see Tables 3-2, 3-3) θlimit 4deg:=

μlimit 2:= NOTE: N690 allows ductility of 10
for impulsive loads (N9.1.6b)Xm 0.31:=

SDOFok "OK"
td
Tn

0.3≥if

"Use implulse method" otherwise

"OK"=:=

θ atan
Xm
L
2

⎛⎜
⎝

⎞⎟
⎠

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

0.683 deg⋅=:=
μ

Xm
Xe

1.117=:=

Rotation "Meets rotation criteria" θ θlimit<if

"Does not meet rotation criteria" otherwise

"Meets rotation criteria"=:=

Ductility "Meets ductility criteria" μ μlimit<if

"Does not meet ductility criteria" otherwise

"Meets ductility criteria"=:=

 Check shear capacity of the section
 Direct shear check

Shear at support (lb):

Ultimate direct shear strength (lb):
(UFC 3-340-02 Equation (4-30))

 Diagonal tension check

Ultimate shear (lb):

Vs
Rm
2

=:=

Vd 0.16 fc DIFcs⋅( )⋅ l⋅ tc⋅ 3.771 104
×=:=

Sheardirect "OK" Vd Vs>if

"NoGo" otherwise

"OK"=:=

NOTE: Modified
equation for Vu to find
shear at distance T/2

Vu
L
2

tsc
2

−
⎛
⎜
⎝

⎞
⎟
⎠

Rm
L

⋅ 2.201 104
×=:=
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Ultimate shear stress (psi):

Concrete shear strength (psi):
(UFC 3-340-02 Eq'ns (4-23a)  and (4-23b))

Required shear reinforcement (in2):
(UFC-3-340-02 Equation (4-26))

Total Tie bar area in one row (in2):

from support rather
than Tvu

Vu
l tc⋅

513.564=:=

Shearult "OK" vu 10 fc DIFcs⋅⋅≤if

"NoGo" otherwise

"OK"=:=

vc1 1.9 fc DIFcs⋅⋅( ) 2500
ρ

2
⋅+:= or vc2 3.5 fc DIFcs⋅⋅:=

vc vc1 vc1 vc2≤if

vc2 otherwise

206.283=:=

Av
vu vc−( ) l⋅ st⋅

0.85 fnt DIFsf⋅( )⋅
0.095=:=

At nties
π

4
⎛⎜
⎝

⎞⎟
⎠

⋅ dt
2

⋅ 0.127=:=

Tie_bar "OK" Av At≤if

"NoGo" otherwise

"OK"=:=

 Check shear capacity IAW N690s1 N9
Same as shear check completed for static properties above but includes dynamic strengths to augment
the shear checks IAW UFC 3-340-02 above.

Vconc 4 fc DIFcs⋅⋅ tc⋅ l⋅ 1.271 104
×=:=

ξ 1 fny 0.8fnt≤if

0.5 otherwise

1=:=
ρs

tc
stl

1.948=:= Fs At fny⋅ 6.464 103
×=:=

Vties min 21.2 fcddyn⋅ tc⋅ l⋅ ξ ρs⋅ Fs⋅
l

stt
⋅, ⎛

⎜
⎝

⎞
⎟
⎠

6.924 104
×=:=

Vno Vconc Vties+( ) stt
tsc
2

≤if

max Vconc Vties, ( ) otherwise

8.196 104
×=:=

ShearN690 "OK" 0.75 Vno⋅ Vu≥if

"NoGo" otherwise

"OK"=:=

 Check interfacial shear

Rg 1:= Rp 0.75:= Asa
π

4
⎛⎜
⎝

⎞⎟
⎠

ds
2

⋅ 0.049=:=

Qn min 0.5 Asa⋅ fc DIFcs⋅⋅ Ec Rg Rp⋅ Asa⋅ DIFss⋅ Fu⋅, ( ) 3.082 103
×=:=
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vi
Qn

ss
2

770.457=:=

Shearinterfacial "OK" vi vu≥if

"NoGo" otherwise

"OK"=:=

This completes the dynamic assessment.
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Table B.1.: LS-DYNA Keywords Used in Benchmarked
FE Models

Keyword Static Blast Remarks

*CONTROL CONTACT x x
*CONTROL ENERGY x x
*CONTROL HOURGLASS x x IHQ 6; QH 0.01 for all models
*CONTROL TERMINATION x x Termination time varied based on

load conditions
*CONTROL TIMESTEP x x Applied mass scaling for static

models (negative input value for
DT2MS); TSSFAC 0.70 for blast
models (no mass scaling)

*DATABASE BNDOUT x x
*DATABASE GLSTAT x x
*DATABASE MATSUM x x
*DATABASE RCFORC x x
*DATABASE SCFORC x x
*DATABASE BINARY D3PLOT x x
*DATABASE EXTENT BINARY x x NEIHP 56 to write Winfrith his-

tory variables; STRFLG 1 to write
strain data; BEAMIP 3 to write
data from beam elements

*BOUNDARY PRESCRIBED MOTION RIGID x Applied constant velocity to load
applicators in static model

*BOUNDARY SPC SET x x Restrained two nodes to prevent
lateral slip

*SET NODE x x Identified the two nodes restrained
against lateral slip

Continued on next page
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Keyword Static Blast Remarks
*CONTACT AUTOMATIC SURFACE TO SURFACE x x Defined between concrete in fill

and steel plates; between plates
and supports; between plates and
load applicator

*ELEMENT SOLID x x
*ELEMENT BEAM x x
*CONSTRAINED LAGRANGE IN SOLID x x Embedded tie bars and stud an-

chors in concrete; assumes perfect
bond

*HOURGLASS x x IHQ 6; QH 0.01 for all models
*MAT RIGID x x Used for supports and load appli-

cators (various restraints)
*MAT PIECEWISE LINEAR PLASTICITY x x Input measured stress-strain

curves for steel materials
*MAT WINFRITH CONCRETE x x Non-strain rate model used for all

cases
*MAT ELASTIC SPRING DISCRETE BEAM x x Used for zero-length connector

elements
*NODE x x
*PART x x
*SET SEGMENT x Identify surface loaded by blast

pressure
*SECTION SOLID x x ELFORM 1 for concrete and rigid

parts; ELFORM -1 for steel plates
*SECTION BEAM x x ELFORM 1 for studs and tie bars;

ELFORM 6 for connector elements
Continued on next page
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Keyword Static Blast Remarks
*DEFINE CURVE x x Constant velocity for static tests;

steel stress-strain curves for all
steel parts; load-slip for connec-
tors; pressure curves for blast
models; steel DIF for blast mod-
els

*LOAD SEGMENT SET x Applied blast pressure curve to
loaded surface for blast models

*END x x
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Blast Resistance Assessment of SC Wall
Jakob C. Bruhl
Purdue University
Procedures Explained in Chapter 7 of Dissertation

Last updated: 18 FEB 14  

Enter values for parameters highlighted in yellow and the remaining calculations assess the wall for
resistance to the defined blast load.  The figure at the end of the calculation shows the P-I
coordinate for the case with contour lines of response limits defined for RC walls subject to
compression by ASCE 59-11 and for SC walls by AISC N690s1 N9.1.6b.

Define Blast Load Parameters (7.1.1)
Peak Pressure:

Peak Impulse:

pr 230:= psi NOTES: 5000-lb TNT at 75-ft

ir 820:= psi*msec

Quantify SC Wall Resistance Parameters (7.1.2)

 Input existing wall design parameters:
Section Width:

Unsupported Length:

Total section depth:

Faceplate Thickness:

Concrete Compressive Strength:

Faceplate Yield Strength:

b 12:= inches (unit width)

L 144:= inches 

tsc 12:= inches 

tp 0.25:= inches 

fc 5:= ksi 

Fy 50:= ksi 

 Calculated values:
Concrete Thickness:

Reinforcement Ratio:

Concrete Elastic Modulus:

Steel Moment of Inertia:

Concrete Moment of Inertia:

Calibration Constant for EIeff:

Effective Flexural Stiffness:

Effective Mass:

tc tsc 2tp− 11.5=:= inches 

ρ
2 tp⋅

tsc
0.042=:=

Ec 57 1000 fc⋅ DIFfcM⋅ 4.506 103
×=:= ksi 

Is
b tp⋅ tsc tp−( )2⋅

2
207.094=:= inches4

Ic
b tc

3
⋅

12
1.521 103

×=:= inches4

c2 0.48
2tp
tsc
⋅

Es
Ec
⋅ 0.1+ 0.229=:=

EIeff Es Is⋅ c2 Ec⋅ Ic⋅+ 7.573 106
×=:= kips inch2

⋅

M KLME
L b⋅ tc γc⋅ 2 tp⋅ γs⋅+( )⋅⎡⎣ ⎤⎦

123 g⋅
⋅ 3.981=:=
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Stiffness Reduction Constant:

Yield Moment:

 Resistance Parameters:
Yield Resistance:

Resistance Function Initial Stiffness:

Natural Frequency:

r1 1.05 0.05 ρ 100⋅( )⋅− 0.842=:=

My 0.9 Fy⋅ DIFFy⋅ tp⋅ b⋅ tsc⋅ 2.09 103
×=:= kip inch⋅

kips 
Ry

8 My⋅

L
116.1=:=

k1 r1
384 EIeff⋅

5 L3
⋅

⋅ 163.943=:=
kips
inch

ωn
k1 1000⋅

M
202.936=:= sec 1−

Check Against Response Limit (7.1.3)
Normalized Total Force:

Normalized Total Impulse:

P
2 pr⋅ b⋅ L⋅

Ry 1000⋅
6.847=:=

I

ir
1000

b⋅ L⋅

Ry 1000⋅

ωn

⎛
⎜
⎝

⎞
⎟
⎠

2.477=:=

The figure below shows the P-I coordinate for the current case with damage contours for defined
response limits by ASCE 59-11 for RC walls subject to compression (Superficial (μ=0.9), Moderate (μ=1),
Heavy (μ=2), and Hazardous Damage (μ=3)) and the response limit defined by AISC N690s1 N9.1.6b for
flexure-controlled SC walls in safety related nuclear facilities.
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Blast Resistant Design of SC Wall
Jakob C. Bruhl
Purdue University
Procedures Explained in Chapter 7 of Dissertation

Last updated: 18 FEB 14  

Enter values for parameters highlighted in yellow and the remaining calculations assess the wall for
resistance to the defined blast load.  The figure at the end of the calculation shows the P-I
coordinate for the current design parameters with contour lines of response limits defined for RC
walls subject to compression by ASCE 59-11 and for SC walls by AISC N690s1 N9.1.6b.

Define Blast Load Parameters (7.2.1)
Peak Pressure:

Peak Impulse:

pr 228:= psi NOTES: 2500-lb TNT at 60-ft

ir 650:= psi*msec

Estimate Required Wall Thickness and Complete Preliminary SC Wall Design (7.1.2, 7.1.3)

 Input existing wall design parameters:
Section Width:

Unsupported Length:

Total section depth:

Faceplate Thickness:

Concrete Compressive Strength:

Faceplate Yield Strength:

b 12:= inches (unit width)

L 240:= inches 

tsc 30:= inches 

tp 0.375:= inches 

fc 5:= ksi 

Fy 60:= ksi 

 Calculated values:
Concrete Thickness:

Reinforcement Ratio:

Concrete Elastic Modulus:

Steel Moment of Inertia:

Concrete Moment of Inertia:

Calibration Constant for EIeff:

Effective Flexural Stiffness:

Effective Mass:

tc tsc 2tp− 29.25=:= inches 

ρ
2 tp⋅

tsc
0.025=:=

Ec 57 1000 fc⋅ DIFfcM⋅ 4506=:= ksi 

Is
b tp⋅ tsc tp−( )2⋅

2
1975=:= inches4

Ic
b tc

3
⋅

12
25025=:= inches4

c2 0.48
2tp
tsc
⋅

Es
Ec
⋅ 0.1+ 0.177=:=

EIeff Es Is⋅ c2 Ec⋅ Ic⋅+ 77251793=:= kips inch2
⋅

M KLME
L b⋅ tc γc⋅ 2 tp⋅ γs⋅+( )⋅⎡⎣ ⎤⎦

123 g⋅
⋅ 16.01=:=
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Stiffness Reduction Constant:

Yield Moment:

r1 1.05 0.05 ρ 100⋅( )⋅− 0.925=:=

My 0.9 Fy⋅ DIFFy⋅ tp⋅ b⋅ tsc⋅ 9404=:= kip inch⋅

Quantify Resistance of the SC Wall Design (7.2.4)

 Resistance Parameters:
Yield Resistance:

Resistance Function Initial Stiffness:

Natural Frequency:

Ry
8 My⋅

L
313=:= kips 

k1 r1
384 EIeff⋅

5 L3
⋅

⋅ 397=:=
kips
inch

ωn
k1 1000⋅

M
157=:= sec 1−

Check Against Response Limit (7.2.5)
Normalized Total Force:

Normalized Total Impulse:

P
2 pr⋅ b⋅ L⋅

Ry 1000⋅
4.19=:=

I

ir
1000

b⋅ L⋅

Ry 1000⋅

ωn

⎛
⎜
⎝

⎞
⎟
⎠

0.94=:=

The figure below shows the P-I coordinate for the current case with damage contours for defined
response limits by ASCE 59-11 for RC walls subject to compression (Superficial (μ=0.9), Moderate (μ=1),
Heavy (μ=2), and Hazardous Damage (μ=3)) and the response limit defined by AISC N690s1 N9.1.6b for
flexure-controlled SC walls in safety related nuclear facilities.

0 2 4 6 8 10
0

2

4

6

8

10
This Case
Superficial
Moderate
Heavy
Hazardous
N690s1

Normalized Total Impulse (I)

N
or

m
al

iz
ed

 T
ot

al
 F

or
ce

 (P
)

318



Refine Design (7.2.6)
   Make changes in section (7.1.2, 7.1.3) above in the following priority order: tsc, ρ (tp), Fy
   Changes to f'c have negligible influence on blast resistance

Complete Design of Remaining SC Wall Components (7.2.7)

 Design Tie Bars (7.2.7.1)
Tie Bar Yield Strength:

Tie Bar Ultimate Strength:

Yielding or Non-Yielding Ties:

Maximum Tie Bar Spacing:

Tie Bar Spacing:

Minimum Tie Bar Area:

Minimum Tie Bar Diameter:

Tie Bar Diameter:

Steel Shear Strength
Contribution:

FyTIE 60:= ksi 

FuTIE 90:= ksi 

ξ 1.0 FyTIE 0.8FuTIE≤if

0.5 otherwise

1=:=

SMAX
tsc
2

15=:= inches 

S 10:= inches 

AtieMIN

1
ϕvo

L
tsc
2

−

L

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

⋅
Ry
2

⎛
⎜
⎝

⎞
⎟
⎠

⋅ 0.05 DIFfcV fc⋅( ) tc⋅ b⋅−

ξ
b tc⋅

S2

⎛⎜
⎜⎝

⎞⎟
⎟⎠

⋅ DIFFy⋅ FyTIE⋅

0.57=:=

dtieMIN
4 AtieMIN⋅

π
0.85=:= inches 

dtie 0.875:= inches (#7 bars) Specify to meet dtieMIN

Vs ξ
tc b⋅

S2
⋅

π dtie
2

⋅

4
⋅ DIFFy⋅ FyTIE⋅ 163=:= kips 

VsLIMIT 0.25 DIFfcV fc⋅⋅ tc⋅ b⋅ 206=:= kips 

LIMIT "OK" Vs VsLIMIT≤if

"Reduce Vs" otherwise

"OK"=:=

Confirm Shear Capacity Exceeds Maximum Shear Demand

Maximum Shear Demand:

Concrete Shear Strength
Contribution:

Shear Check:

Vn

L
tsc
2

−

L

⎛
⎜
⎜
⎝

⎞
⎟
⎟
⎠

Ry
2

⎛
⎜
⎝

⎞
⎟
⎠

⋅ 146.939=:= kips 

Vconc 0.05 DIFfcV fc⋅⋅ tc⋅ b⋅ 41.158=:= kips 

Shear "OK" ϕvo Vconc Vs+( )⋅ Vn≥if

"NG" otherwise

"OK"=:=
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 Design Headed Stud Anchors (7.2.7.2)
Stud Yield Strength:

Stud Ultimate Strength:

Yielding or Non-Yielding Studs:

Maximum Stud Spacing:

Stud Spacing:

Minimum Stud Area:

Minimum Stud Diameter:

Stud Diameter:

 Check Direct Shear Capacity (7.2.7.3)
Direct Shear Capacity:

Direct Shear Check:

 Check Flexure-to-Shear  (7.2.7.4)
Ratio in terms of tsc:

Check Flexure-Controlled:

FySTUD 60:= ksi

FuSTUD 80:= ksi

c1 1 FySTUD 0.80FuSTUD≤if

0.7 otherwise

1=:=

sMAX 1.0
Es

DIFFy Fy⋅
tp⋅ 7.26=:= inches 

Specify to meet sMAX; 
consider S as multiples of s

s 5:= inches 

Asa1
FySTUD tp⋅

ϕv FuSTUD⋅ 3⋅ tsc⋅

s
c1

⎛
⎜
⎝

⎞
⎟
⎠

2
⋅ 0.12=:=

Asa2
ϕvo Vconc Vs+( )⋅

0.9 tsc⋅

1
ϕv FuSTUD⋅ b⋅

s
c1

⎛
⎜
⎝

⎞
⎟
⎠

2
⋅ 0.228=:=

AsaMIN Asa1 Asa1 Asa2≥if

Asa2 otherwise

0.228=:=

dsaMIN
4 AsaMIN⋅

π
0.538=:= inches 

dsa 0.625:= inches (H4L 5/8") Specify to meet dscMIN

Vd 0.16 DIFfcV⋅ fc⋅ tc⋅ b⋅ 309=:= kips 

DirectShear "OK" Vd
Ry
2

≥if

"NG" otherwise

"OK"=:=

Ratio
ϕb My⋅

ϕvo Vconc Vs+( )⋅ tsc⋅
1.84=:= Smaller value suggests

flexure-controlled

Ratio2
L Vconc Vs+( )⋅

4 My⋅
1.3=:=

Flexure "Flexure Controlled" Ratio2 1.25≥if

"Shear Controlled" otherwise

:=

Flexure "Flexure Controlled"=
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 Final Design Checks (7.2.7.5)
Minimum Tie Bar Strength:

Confirm N9.1.1 General Provisions
(a) Section Thickness:

(b) Faceplate Thickness:

(c) Reinforcement Ratio:

(d) Faceplate Strength:

(e) Minimum Concrete Strength:

(f) Steel Faceplates Nonslender:

Freq
tp Fy⋅ tsc⋅

4

⎛
⎜
⎝

⎞
⎟
⎠

6

18
tsc
S

⎛
⎜
⎝

⎞
⎟
⎠

2

⋅ 1+

⎡⎢
⎢
⎢
⎣

⎤⎥
⎥
⎥
⎦

⋅ 6.2=:= kips 

Ftie FyTIE
π dtie

2
⋅

4

⎛⎜
⎜⎝

⎞⎟
⎟⎠

⋅ 36.1=:= kips 

TieStrength "OK" Ftie Freq≥if

"NG" otherwise

"OK"=:=

Thickness "OK" 12 tsc≤ 60≤if

"NG" otherwise

"OK"=:=

Faceplate "OK" 0.25 tp≤ 1.50≤if

"NG" otherwise

"OK"=:=

Reinforcement "OK" 0.015 ρ≤ 0.050≤if

"NG" otherwise

"OK"=:=

PlateStrength "OK" 50 Fy≤ 65≤if

"NG" otherwise

"OK"=:=

ConcreteStrength "OK" 4 fc≤if

"NG" otherwise

"OK"=:=

Slenderness "OK"
s
tp

⎛
⎜
⎝

⎞
⎟
⎠

1.0
Es
Fy

≤if

"NG" otherwise

"OK"=:=
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Abstract 

Conventional reinforced concrete (RC) structures have historically been the 
preferred choice for blast and impact resistant structures. Recent research 
demonstrates advantages of steel-plate composite (SC) structures that make them an 
excellent candidate for efficient construction of protective structures.  Understanding 
of the behavior, analysis, and design of SC walls for safety-related nuclear structures 
in the US and abroad has advanced in the past decade resulting in the publication of a 
new specification for their design. A body of knowledge also exists to design SC 
structures to resist the effects of projectile impacts. Research on the behavior of SC 
walls subjected to blast does not exist in the public domain – a loading which has 
been identified as a continuing concern for protective structure design. This paper 
summarizes results from blast tests of SC walls. 

INTRODUCTION 

Steel-plate composite (SC) walls consist of steel faceplates with a poured 
concrete core (see Figure 1).  Steel headed stud anchors provide composite action 
between the concrete infill and steel faceplates. Tie bars provide stability during 
construction and in-service shear strength.  SC walls have recently been used in 
nuclear power plant (NPP) projects and are being considered for the next generation 
of small modular reactors (SMR). A specification to design SC structures for NPP 
applications, AISC N690s1 Appendix N9 (AISC, 2014), contains guidance to design 
each component within an SC wall. For safety-related NPP facilities these walls may 
be required to resist the effects of impact or impulsive loads. While there are methods 
to design SC walls to resist the local effects of projectile impact (i.e. Bruhl et al. 
(2015)) there are no accepted methods to design blast resistant SC walls.   

There is limited experimental data on the response of SC walls to blast loads 
that can be used to validate a design method. Heng et al. (1995) and Lan et al. (2005) 
described the results of blast tests on various configurations of steel-concrete 
composite panels.  None of these configurations included headed stud anchors or tie 
bars, which are both important components of the SC structures discussed in this 
paper. They tested fully enclosed steel-concrete-steel (SCS) panels and thin profiled 
steel sheeting cast compositely with concrete, similar to that in a composite deck. 
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Liew & Wang (2011) reported results from a series of blast tests on two different 
types of steel-concrete composite panels: cellular stiffened panels and a unique 
configuration which used J-hooks in place of headed stud anchors and tie bars. Hulton 
& Gough (1999) and Hulton (1995) provided quantitative descriptions of blast tests of 
what eventually became the Bi-Steel® system. Of the different configurations 
previously tested, Bi-Steel® is most similar to the general SC system described in this 
paper but is proprietary and has some key differences from SC structures designed in 
accordance with AISC N690s1 Appendix N9. 

 

 
Figure 1. Typical SC Wall Section (from Johnson et al. (2014)) 

 
The purpose of this paper is to summarize: (1) the blast test program 

conducted on a variety of SC walls designed in accordance with AISC N690s1 
Appendix N9, (2) results from a representative test specimen, and (3) comparisons of 
the blast response of SC walls and RC walls.  

EXPERIMENTAL PROGRAM 

Twelve one-way SC wall specimens were subjected to blast loads using the 
U.S. Army Corps of Engineers – Engineering Research and Development Center 
(USACE-ERDC) Geotechnical and Structures Laboratory (GSL) Blast Load 
Simulator (BLS) located in Vicksburg, MS.  This facility can be tuned to create 
pressure waves, which replicate those generated by high explosives at various far-
field stand-off distances. The components, operation, and limitations of the BLS are 
described by Johnson (2013).   

Eight different SC wall designs were tested which varied steel plate thickness, 
steel plate strength, tie bar spacing, and tie bar diameter (see Table 1). Figure 2 
provides design details and Figure 3 depicts a specimen prior to being filled with 

Pipe Sleeve
(for Penetrations
Through SC Panel)

Steel Headed Stud Anchors
Steel Plate

Tie Bars
Concrete

Steel Plate

Embed Plate
for Commodity

Attachments
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Prior to conducting dynamic tests in the BLS, static four-point bending tests 
of each specimen were completed. Figure 4 depicts the static test setup. A shear arm 
of 18-inches (a/tsc = 4.5) was used for each test.  Load was applied by a single 
actuator and spreader beam.  Displacements were measured at the three quarter-points 
of the specimen using linear extensometers. Rotations were measured at the ends and 
directly under the load points using inclinometers.  Strains on the tension face were 
measured at the quarter points and strain on the compression face was measured at 
mid-span. 

Static results were used to benchmark numerical models which were then used 
to analyze the static behavior of each specimen loaded with increasing uniform 
pressure.  Two numerical methods were used: (1) a fiber model to calculate moment-
curvature relationships and moment-area method to generate load-displacement 
relationships, and (2) non-linear explicit finite element analysis using LS-DYNA. The 
result of these experiments and analyses was the static resistance function of each 
specimen for use in single-degree-of-freedom (SDOF) dynamic analysis to compare 
to experimental results. 

 

 
Figure 4. Static Four-Point Bending Test Setup 

 
Three specimens were tested simultaneously in the BLS by loading them 

adjacent to one another with 0.25-inches between each specimen and 0.25-inches 
between the end specimens and the BLS frame, as shown in Figure 5.  Displacements 
at mid-span were measured using linear potentiometers and were also calculated from 
accelerometer data as a check.  Displacements 8.75-inches from mid-span were 
measured using linear extensometers.  Strains on the tension (non-blast) face were 
measured at the quarter points and strain on the compression (blast) face was 
measured at mid-span.  Pressure was measured by eight pressure transducers placed 
around the perimeter of the frame.  Three high-speed video cameras captured the 
specimen response from different angles. 
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                   (a) Blast Face                                   (b) Interior (Non-Blast) Face 

Figure 5. Test Specimens in BLS Frame and Instrumentation Plan 
 
Four tests were conducted with a total of six BLS shots.  The first two tests 

consisted of two shots: a lower pressure-impulse intended to stay within the elastic 
range of response and a higher pressure-impulse combination intended to exceed the 
elastic capacity of the specimens.  The second two tests consisted of only the higher 
pressure-impulse combination. 

REPRESENTATIVE RESULTS 

The test results of only one specimen are summarized for brevity.  This 
specimen (5-2b-50-5) represents a typical SC wall design and was a one-third scale 
specimen of the minimum practical SC wall (12-in total thickness with 0.25-in steel 
plates).  It was comprised of A1011 HSLA Grade 50 gage 12 hot-rolled steel sheets 
and ¼-inch diameter tie bars at 2-inch spacing.  The measured material properties are 
provided in Bruhl (2015). The flexural reinforcment ratio using measured steel sheet 
thickness was 5.6%.  The holes drilled in the steel sheet to accommodate tie bars 
resulted in 12.8% reduction in section.  Calculated moment capacity of the net section 
was 223-kip·inches.  Static test of the specimen confirmed this moment capacity and 
yielded the static resistance functions shown in Figure 6. 

 

      
                   (a) Four-Point Bending                             (b) Uniform Pressure 

Figure 6. Static Resistance Functions (5-2b-50-5) 
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This specimen was tested dynamically twice: first with a lower pressure and 
then with a higher pressure.  The average measured pressures and impulses were 
18.9-psi and 260-psi·msec for the first shot and 61.6-psi and 1068-psi·msec for the 
second shot. Representative pressure-time history and calculated impulse for each 
shot are shown in Figure 7. 

Transient displacement and strain measurements for both shots are shown in 
Figure 8 and Figure 9. When corrected for frame movement, the maximum 
displacement of the specimen from the first shot was 0.11-inches with 0.08-inches of 
residual displacement.  Displacement measured by the potentiometer was close to that 
calculated from accelerometer data.  The displacement measured by the linear 
extensometer was smaller than that from the other two sensors because it was not 
located at mid-span as the others were. While yield strain was not reached in the steel 
sheets, the strain gages measured small residual strains.   

Maximum displacement from the second shot was 0.49-inches with 0.24-
inches residual displacement (corrected to account for frame movement). The 
displacement measured by the potentiometer was larger than that calculated from 
accelerometer measurements.  The tension steel sheet yielded during the second shot 
as evidenced by the change in slope of the strain history at approximately 2000-με, 
the residual strain of approximately 1500-με, and the residual displacement of the 
specimen. 

After the second shot, the specimens were removed from the frame, cracks 
marked and photographs taken. This was not done after the first shot so as not to 
disturb the specimen before the second shot.  As seen in Figure 10, flexural cracks 
were most prevalent near mid-span and there was limited shear cracking.  Residual 
displacement is evident in this figure. 

 
 

   
   (a) Lower Pressure Shot (Sensor P5)          (b) Higher Pressure Shot (Sensor P6) 

Figure 7. Measured Pressure-Time History and Calculated Impulse 
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                           (a) Displacements                                       (b) Strains 

Figure 8. Dynamic Response (5-2b-50-5; pr = 18.9-psi; ir = 260-psi·msec) 

 

     
                          (a) Displacements                                       (b) Strains 

Figure 9. Dynamic Response (5-2b-50-5; pr = 61.6-psi; ir = 1068-psi·msec) 

 

 
Figure 10. Post-test Crack Map (5-2b-50-5) 

COMPARISON OF SC AND RC PERFORMANCE 

While flexural reinforcement ratios of the SC specimens included in this study 
were larger than typical RC reinforcement ratios, comparison of their performances is 
instructive.  Thiagarajan, et al., (2014) reported experimental results from a program 
which investigated the influence of different reinforcement and concrete strengths. 
Their tests of 4-in thick RC slabs were conducted in the BLS and applied pressure 
waves nearly identical to those of the high pressure shot shown in Figure 7(b).  Each 
panel in their study was doubly reinforced with 1.5% total flexural reinforcement.  
The panels included shrinkage reinforcement but did not have shear reinforcing steel.  
Two varieties of concrete were investigated: normal strength (NSC, 4000-psi) and 
high-strength (HSC, 15,500-psi).  Two steel reinforcement strengths were 
investigated:  conventional (NR, 50-ksi yield) and HSLA-V (VR, 83-ksi yield).  
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Maximum mid-span deflections were largest for NSC-NR panels (8.7-inches) and 
smallest for HSC-VR panels (4.8-inches) indicating that the use of higher strength 
materials improved the blast resistance of RC structures. Comparing the response of 
the NSC-NR panels to specimen 5-2b-50-5 suggests that typical SC walls deflect 
much less than typical RC walls subjected to the same blast pressure.   

Coyle & Cormie (2009) suggested that the same level of protection could be 
provided by a Bi-Steel wall which was less than half the thickness of an RC wall.  
Their comparison was between a Bi-Steel wall with 8% and a RC wall with 1% total 
flexural reinforcement.  A numerical investigation of SC and RC wall sections with 
the same reinforcement ratio was reported by Bruhl & Varma (2014).  Their study 
included nine SC models and nine RC models consisting of 12-inch thick wall 
sections comprised of conventional construction materials (5000-psi concrete and 
Grade 50 steel).  The flexural reinforcement ratio was approximately 5% for both the 
SC and RC section.  Various lengths and pressure-impulse combinations were 
included in the study.  Results indicated smaller deflections for SC structures 
compared to RC structures.  The authors concluded that this was due, in part, to the 
fact that the steel reinforcement in an SC wall is at the extreme fiber while it cannot 
be for an RC wall due to clear cover requirements.  Thus, for the same section depth, 
the moment capacity and flexural rigidity is inherently larger for an SC wall than an 
RC wall of the same thickness. It is important to note that RC walls have significant 
rebar congestion and concrete placement issues at reinforcement ratios greater than 
1.5%.  The advantages of SC walls become evident for high reinforcement ratios. 

CONCLUSIONS  

This paper provided an overview of a test program investigating the 
performance of one-way SC structures subjected to blast pressures and presented 
results from one specimen.  Results from this study confirmed the influence of 
reinforcement ratio and steel strength on blast resistance.  Results corroborated 
conclusions by others that SC structures provide improved blast resistance when 
compared to RC structures.  Continued investigation of the blast response of SC 
structures to other than far-field explosions is necessary. Improved understanding of 
connection details and the influence of shear reinforcement are important. 
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ABSTRACT 
 

Steel-plate composite concrete (SC) structures consist of external steel-plates 
acting compositely with a concrete core.  These steel plates provide reinforcement 
and serve as formwork decreasing construction time when compared to conventional 
reinforced concrete (RC).  SC structures have recently been used for nuclear power 
plant (NPP) construction in the United States, Japan, and Korea.  The structural 
behavior of SC structures has been extensively studied and design standards have 
recently been published as AISC N690 Appendix N9.  This standard provides specific 
guidance for design basis loads and general guidance for impulsive and impact loads.   

While the use of SC structures in the United States has been almost exclusively 
in NPPs, there are important benefits for engineers of other protection needs to be 
aware of.  For example, it has been demonstrated that the same level of projectile 
protection can be achieved from an SC wall which is 30% thinner than an RC wall.  
Similar protective benefits are provided by SC walls against explosive loads. This 
paper includes an explanation of design philosophy and recommended design 
methods for impulsive and impact loads. 
 

INTRODUCTION 
 

Steel-plate composite concrete (SC) structures (see Figure 1) consist of external 
steel-plates which serve as flexural reinforcement and formwork.  These steel plates 
act compositely with a poured concrete core through headed stud anchors welded to 
the steel plates.  Tie bars provide shear reinforcement in service and stability of the 
steel plates during construction. Because the steel plates serve as formwork 
construction time is decreased when compared to that of conventional reinforced 
concrete (RC).  SC structures have recently been used for nuclear power plant (NPP) 
construction in the United States, Japan, and Korea [1,2] and are being considered 
for the next generation of small modular reactors (SMR). 



 
 

 
Figure 1. Typical SC Wall Section (from [3]) 

 
This structural system has been experimentally investigated in the U.S., Korea, 

and Japan.  Much of this research, focused primarily on design basis loads, has been 
incorporated into AISC N690[4].  The specification provides general guidance to 
design SC structures for impact or impulsive loads.  Recent work has begun to 
improve understanding of SC behavior under these extreme events [3,5–7].   

SC structures are well suited for protective construction.  Considering local 
effects from projectile impact, SC walls provide the same level of protection as an 
with 30% less thickness than an RC wall [8].  Bi-Steel®, a proprietary version of an 
SC wall, has been shown to provide the same level of protection against blast events 
as an RC wall which is twice as thick [9].  Considering SC and RC walls of the same 
thickness and reinforcement ratios, the mid-span displacement of an SC wall section 
was around 75% of the displacement of an equivalent RC wall section for a variety 
of lengths and blast loads [7]. 

This paper summarizes the design provisions provided in AISC N690 and 
explains experimentally validated methods to design SC structures to resist the effects 
of impact (such as tornado- or hurricane-generated projectiles, aircraft impact, or 
turbine failure fragments) and impulsive loads (such as from accidental explosions 
or terrorist threats). 
 
SUMMARY OF AISC N690 APPENDIX N9 
 

The behavior of SC walls in flexure, in-plane shear, and out-of-plane shear has 
been studied, clearly described, and developed into a design specification as 
Appendix N9 of AISC N690s1 (Draft) [4] (Supplement No. 1 to AISC N690-12[10], 
due to be published in 2015). The commentary of the supplement contains a flowchart 
to facilitate use of Appendix N9. The contents, organization, and utilization of the 
appendix are summarized in [11]. 
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AISC N690s1 Section N9.1.6. provides general guidance for the design of SC 
structures to resist impact and impulse loads. Maximum values for dynamic increase 
factors (DIF) used in analysis of impact or impulsive loads are given as are 
deformation ductility limits for flexure- and shear-controlled SC walls and for those 
with axial compressive loads.  In designing an SC wall to resist an impact load, 
criteria for both local effects and overall structural response must be satisfied and the 
steel faceplate thickness must be at least 1.25 times the calculated thickness.  To 
calculate the response of an SC wall to impulsive loads, the appendix provides three 
general options: 

(1) Account for dynamic effects of the impulsive load by calculating a dynamic 
load factor (DLF), 

(2) Use impulse, momentum, or energy balance methods to calculate the dynamic 
effects of the impulsive loads, or  

(3) Perform a time-history dynamic analysis including mass and inertial 
properties and nonlinear resistance behavior of the structural members. 

The commentary of AISC N690s1 Appendix N9 provides recommendations for 
analysis of impact loads on SC walls using single-degree-of-freedom (SDOF) or 
finite element (FE) analysis. The commentary also describes a rational method to 
calculate the steel faceplate thickness required to prevent perforation by projectile 
impact.  The method they recommend is described in the following section of this 
paper.  Provided in the commentary are a series of figures that show the required SC 
wall thickness required to prevent perforation by a variety of projectile diameters, 
weights, and initial velocities.  
 
IMPACT RESISTANT DESIGN OF SC WALLS 
 

There are two primary design concerns or an SC wall required to resist the effects 
of impact loads (e.g. tornado- or hurricane-generated missiles, turbine fragments, 
heavy load drops, or aircraft impact): (1) ensure the wall is not perforated by the 
impact and (2) confirm that the wall remains stable after impact by ensuring a 
ductility or end rotation limit is not exceeded.  While related, these two design 
concerns may be considered in two separate analyses. 

 
Design SC Wall to Prevent Perforation 
 

Bruhl et al. [5] provided a three-step rational method to design an individual SC 
wall against local failure due to a specific missile. The local failure mechanism for 
missile impact on SC walls is shown in Figure 2. As shown, the impact side steel 
plate is conservatively neglected.  The missile dislodges a conical concrete plug 
which, in turn, impacts the rear steel plate.  The rear steel plate is impacted by the 
concrete plug and original missile as they move together. The three steps to design 
the rear steel plate are: 

(1) Select an initial concrete wall thickness. This may be from previous design 
calculations or from practical limits. For new designs, this thickness may be 
assumed to be 70% of the required thickness of an RC wall calculated using 
DOE-STD-3014[12] or NEI 07-13[13]. 

 



 
 

 
                 (a) Prior to Impact                        (b) At Impact                        (c) After Impact 

Figure 2. Impact Sequence of Missile on SC Wall (from [5]) 

(2) Estimate the residual velocity of the concrete plug as it dislodges from the 
surrounding concrete.  This requires calculating the weight of the concrete 
plug and the minimum missile velocity needed to form the plug. 

(3) Calculate the required plate thickness to prevent perforation by the impacting 
concrete plug and missile.  Use this thickness for both steel plates. 

 
Equations and additional explanation for each step are provided in [5]. The 

method was validated against the complete database of 130 missile impact tests 
conducted on SC walls by a variety of researchers over a 30-year period and the 
authors included a factor in the equations to account for statistical variation.  The 
authors also provided details of a benchmarked finite element modeling method for 
use in more detailed analyses of local effects due to projectile impact on SC walls. 

Others [14–16] have suggested that the rear steel plate be considered as an 
equivalent concrete thickness. Combining this equivalent thickness with the actual 
concrete thickness to determine a total equivalent thickness, conventional RC 
equations can be used to evaluate the performance of a given design.  These methods 
are most useful for investigating the perforation resistance of an existing but can be 
manipulated to solve for required steel plate thickness. As explained in [5] results 
from these equivalent thickness methods tend to be less conservative than the more 
direct three-step method described above. 

 
Evaluate SC Wall Global Response due to Missile Impact 

 
While a wall may prevent perforation by a specific missile, the global 

deformation must be within certain limits to maintain structural stability.  Two 
idealized methods exist for conducting a global analysis as shown in Error! 
Reference source not found.: (1) a SDOF model in which the entire wall section is 
idealized as a single effective mass with an inelastic spring or (2) a two-degree-of-
freedom (TDOF) model which separates the mass into global and local effective 
masses with corresponding inelastic springs defined for each.  Equivalent viscous 
damping can be applied to the effective mass but is often conservatively neglected. 
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SINGLE-DEGREE-OF-FREEDOM ANALYSIS 
 
Johnson et al.[3] suggested that for cases in which the projectile is stopped by the 

wall and the response is dominated by global bending, an inelastic SDOF model can 
be used to estimate the maximum mid-span displacement (see Figures 3(a) and (c)). 
This requires solving the equation of motion (Equation (1)) for the displacement-time 
history, y(t). 

 (1) 

 The effective mass, M, can be calculated using the mass transformation factor, 
KM, which is 0.14 for elastic response and 0.10 for plastic response of a square fixed-
edge panel with a central concentrated load [6]. Because the value of primary interest 
is the first peak of the displacement-time history, damping, C, is often conservatively 
neglected [17]. Bruhl et al. [6] provided prescriptive equations to calculate an 
idealized static resistance function, R(y), for square two-way SC panels with four 
fixed or four simply supported edges subjected to a central concentrated load. The 
forcing function, F(t), depends on the type of impact in question.  The modified Riera 
method may be used for aircraft impact [18]. Methods for idealizing F(t) for other 
types of impact are described in [19]. 

 
TWO-DEGREE-OF-FREEDOM ANALYSIS 

 
SDOF analysis cannot account for local deformation.  For these cases, a TDOF 

analysis will yield more reasonable results and provide an understanding of how 
much of the total displacement is due to global bending and local deformation.  For 
this analysis, two equations of motion are written – one for each degree of freedom 
– and solved simultaneously.  Bruhl et al.[20] described a method to develop 
idealized resistance functions for both inelastic springs (global and local), how much 
of the mass to associate with both DOFs, and how to account for damping 
(particularly of the local DOF).  Their work was not prescriptive.  Additional work 
is necessary to fully develop this method of analysis for SC walls. 

 

 
                        (a) SDOF Model                                     (b) TDOF Model 

 

  
                (c) SDOF Displacement                                  (d) TDOF Displacements 

Figure 3. SDOF and TDOF Models and Displacements 
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BLAST RESISTANT DESIGN OF SC WALLS 
 

There is limited experimental data available in the literature regarding the blast 
response of SC walls.  A series of blast tests on fully enclosed steel-concrete-steel 
panels [21] and on thin profiled steel sheet cast compositely with concrete [22] have 
been conducted.  These do not include shear studs and tie bars. Tests of two other 
steel-concrete composite panel configurations, one with J-hooks in place of headed 
stud anchors and tie bars and the other with internal longitudinal stiffeners have also 
been reported [23]. Results from tests of the Bi-Steel® system were described 
qualitatively [24,25]. This structural system tends to have larger flexural and shear 
reinforcement ratios than typical SC walls and Bi-Steel® does not include stud 
anchors.  While results from each of these test series are instructive, none can be used 
to evaluate general performance of SC walls to blast loads. 

Numerical experiments of the far-field blast response of SC wall sections have 
been conducted and a SDOF model accurately estimated the maximum mid-span 
deflection [7].  From this study, the authors concluded that tie bar design was a critical 
component to ensuring flexural behavior particularly for large blast loads (scaled 
distance, Z, of less than 3-ft/lb1/3).  The authors of this study described a rational 
method to design an SC wall to resist a given blast threat by adapting the provisions 
for RC wall blast resistant design from UFC 3-340-02 [17] to account for the 
differences between SC and RC.  One conclusion from this study was the need to 
space tie bars more closely than the AISC N690 recommended tsc/2. 

Recent experimental tests by the authors of one-third scale SC wall sections have 
demonstrated that the SDOF model provides conservative estimates of the maximum 
mid-span displacement of SC panels subjected to large blast loads.  The study 
included 12 specimens of various designs subjected to different loads.  Section 
parameters varied were steel plate thickness, steel plate strength, tie bar diameter, and 
tie bar spacing.  Lower pressure (Z ≈ 11.6-ft/lb1/3) and higher pressure shots (Z ≈ 6.8-
ft/lb1/3) were included in the study. The tests were conducted in the U.S. Army Corps 
of Engineers – Engineering Research and Development Center (USACE-ERDC) 
Blast Load Simulator (BLS) in Vicksburg, MS.  These test results will be used to 
develop guidance to design SC structures to resist blast loads. 

 
CONCLUSIONS 
 

SC structures are well suited for protective construction.  A rational method to 
design an SC wall to prevent projectile perforation is available in the literature. SDOF 
or TDOF analysis methods to quantify global deformation due to projectile impact 
which does not perforate the wall are in development. A rational method to design an 
SC wall to resist blast loads is also under development based on a recent series of 
experiments conducted by the authors. 

Additional research is recommended for the following: 
 Experimentally confirm the static resistance function of a two-way SC 

panel subjected to a central concentrated load, 
 Experimentally confirm the accuracy of SDOF and TDOF methods to 

estimate displacement / deformation of a two-way SC panel subjected to 
a central impact load, and 



 
 

 Develop understanding of connection behavior under blast and impact 
loads. 

With these additional experimental results to inform future numerical studies, 
comprehensive design of SC structures for a variety of extreme events will be 
possible.  The ultimate goal is to provide more effective protection for critical 
infrastructure, personnel, and equipment. 
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ABSTRACT 

Steel-plate composite (SC) walls are a viable alternative to reinforced concrete (RC) for protective 
structures and offer several advantages over RC. Current blast resistant design standards describe methods 
to design protective structures using RC, structural steel, or masonry in part because of the available 
experimental database for these materials to validate design methods. While there are blast test results of 
steel-concrete composite panels available in the literature, they are few and the majority are of specific 
configurations making it difficult to extrapolate to general behavior. This paper reports representative 
experimental results of simply supported one-way steel-plate composite (SC) wall sections, designed in 
accordance with AISC N690s1 Appendix N9 (AISC, 2014), and loaded with short duration uniform 
pressure pulses representative of far-field blast effects. Two numerical methods to assess the performance 
of SC walls subjected to blast loads are discussed and comparisons of experimental to numerical results 
are provided. 

INTRODUCTION

Steel-plate composite (SC) walls consist of two steel faceplates and a plain concrete infill as shown in 
Figure 1. The faceplates provide flexural reinforcement and also serve as formwork. Composite action is 
provided by steel headed stud anchors on both faceplates. Positioning the faceplates at the extreme fiber 
of the cross-section maximizes their influence on flexural resistance and tension reinforcement is 
provided in all planer directions (Varma et al., 2014). Because the faceplates serve as formwork the need 
for temporary formwork structures is eliminated which reduces construction time. Transverse shear 
reinforcement is provided by steel bars, structural steel sections, or rectangular plates.  

Pipe Sleeve
(for Penetrations
Through SC Panel)

Steel Headed Stud Anchors
Steel Plate

Tie Bars
Concrete

Steel Plate

Embed Plate
for Commodity

Attachments

 

Figure 1. Typical SC Wall Section (from Johnson et al. (2014)) 
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Reinforced concrete (RC) has historically been the preferred choice for blast resistant structures. SC walls 
are a viable alternative and offer several advantages over RC: (i) steel plates on the outside of the concrete 
maximize flexural resistance of the section, (ii) the plates serve as formwork which reduces construction 
time, and (iii) SC modules can be prefabricated which improves construction efficiency. Similar to RC, 
SC structures combine tensile strength and ductility of steel with compressive strength of concrete.  

A specification for the design of SC walls for flexure, in-plane shear, and out-of-plane shear has recently 
been published as Appendix N9 of AISC N690s1 (AISC, 2014), a supplement to AISC N690-12 (AISC, 
2012). Methods to design SC structures to resist the local effect of impacts, such as from an aircraft or 
tornado or hurricane-borne projectile, have been experimentally validated (Bruhl et al., 2015b; Grisaro & 
Dancygier, 2014). Quantifying the total and global response of SC structures subjected to impact loads 
can be accomplished using dynamic analysis methods such as single-degree-of-freedom (SDOF) models 
or a two-degree-of-freedom (TDOF) model which accounts for both the local and global contributions to 
total response (Bruhl et al., 2015a; Bruhl et al., 2015c).  

Steel-concrete composite panels of various configurations have been subjected to blast loads (Heng et al., 
1995; Hulton & Gough, 1999; Hulton, 1995; Lan et al., 2005; Liew & Wang, 2011). With the exception 
of methods to design Bi-Steel™ walls (Coyle and Cormie 2009), no blast resistant design guidance for 
SC walls has been developed. This paper describes the behavior of simply supported one-way SC wall 
sections subjected to short-duration pressure pulses. These pulses were generated by a blast load 
simulator (BLS) operated by the US Army Corps of Engineers, Engineering Research and Development 
Center (USACE-ERDC) in Vicksburg, MS. The pressure was approximately uniform across the face of 
the specimens, simulating far-field blast effects. Time histories of displacement at two locations, mid-
span acceleration, faceplate strains, and pressure were recorded for each specimen. 

Two numerical modelling methods were benchmarked to these experimental results: (1) a lumped mass, 
single-degree-of-freedom (SDOF) model using an experimentally developed static resistance function, 
and (2) a detailed non-linear finite element (FE) model analyzed using the commercial software LS-
DYNA. These benchmarked models can be used to better understand the influence of design and loading 
parameters making them particularly useful in analysis of existing or new SC structures. 

BACKGROUND 

Blast tests of various configurations of steel-composite panels have been conducted by other researchers. 
Heng et al. (1995) described results from near-field blast tests of one-third scale fully enclosed steel-
concrete-steel (SCS) sandwich panels. Their panel design contained no internal components (shear studs 
or tie bars) and the concrete core was enclosed by steel plates on all sides. Lan et al. (2005) described 
results from a series of blast tests of three different panel types: (i) steel fiber reinforced concrete (SFRC), 
(ii) profiled steel sheeting reinforced concrete (PSSRC), and (iii) SCS panels similar to those by Heng et 
al. (1995). Tests of SCS panels investigated the influence of concrete infill (they tested some panels with 
no concrete), concrete thickness, and steel plate thickness for a variety of charge weights at a constant 
stand-off distance. Liew & Wang (2011) conducted blast tests on a unique configuration of SCS and a 
type of panel they called cellular stiffened plate (SP). The SCS panels had j-hooks in place of headed stud 
anchors and tie bars. The SP configuration connected steel faceplates with internal steel stiffeners. They 
tested panels with different steel plate thicknesses subjected to blasts of the same charge weight and 
stand-off distance. They concluded that increased steel faceplate thickness improved blast resistance of 
the structure and the type of concrete infill influenced the type of failure experienced by the panel. Hulton 
(1995) provided a qualitative summary of blast tests conducted by the United Kingdom Defence Research 
Agency of steel-backed reinforced concrete - some with steel plates on the back-face alone and others 
with steel plates on both front- and back-faces. The author concluded that panels with plates on both sides 
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performed better than those with only back-plates but that front-plates were inefficient because of 
fragment damage or buckling. 

Hulton & Gough (1999) discussed development of Bi-Steel™, a proprietary product of British Steel PLC 
(now Tata Steel). The authors described various configurations of SCS composite sections and explained 
how the Bi-Steel™ design overcame weaknesses of each. Bi-Steel™ walls consist of two steel faceplates 
connected by friction welded transverse bar connectors. These modular sections could be cast with 
concrete in the factory and shipped to their intended location or set in place, welded to each other, and 
filled with concrete on site. The authors reported general behavior of the panels in blast tests but provided 
no details on test specimens, blast loads applied, or observed damage. Coyle & Cormie (2009) described 
blast resistant design of SCS composite sections, addressed similarities and differences between RC and 
SCS, and discussed computation of strength and stiffness. They focused on Bi-Steel™ and the 
information was not general enough to be of use for other configurations of SC walls. 

Of the different configurations that have been tested, Bi-Steel™ is most similar to the general SC system 
described in this paper but is proprietary and has key differences from SC structures designed in 
accordance with AISC N690s1 Appendix N9. For example, Bi-Steel™ does not include headed stud 
anchors and its flexural reinforcement is often larger than the 5% maximum permitted by N690s1 N9. 

EXPERIMENTAL PERFORMANCE OF SC WALLS SUBJECTED TO BLAST LOADS 

An experimental investigation by Bruhl (2015) of one-third scale SC wall sections subjected to blast loads 
studied the influence of design and blast load parameters on SC wall performance (see Table 1).  

Table 1 Experimentally Varied Parameters 

Design Parameter Range Considered 

Steel Plate Strength A1011 HLSA Grade 50 to 80 
Steel Plate Thickness, tp  
Flexural Reinforcement Ratio, ! 

14 to 12 Gage 
3.5% to 5.6% 

Shear Reinforcement Ratio, !t 0.37% to 1.23% 
Shear Reinforcement Spacing, S tsc/2 to tsc 
Peak Reflected Pressure, pr 18.9 to 61.6 psi 
Peak Reflected Impulse, ir 260 to 1110 psi!msec 

 
Specimen Design 

Specimens were designed in accordance with AISC N690s1 Appendix N9 and current blast resistant 
design methods for RC explained in UFC 3-340-02 Chapter 4, to account for dynamic shear demand. 
Because the specimens were one-third scale and faceplate strength was intentionally varied, they were not 
in accordance with every aspect of N690s1 N9: 

! The smallest plate thickness permitted is 0.25-in; these specimens used 12 and 14 gage sheet 
(nominally 0.105-in or 0.075-in respectively), 

! Grade 80 steel is not permitted, and 
! The maximum permitted flexural reinforcement ratio of 5.0% was exceeded for three specimens; 

actual plate thickness of the 12 gage Grade 50 sheet was slightly larger than nominal. 
 
As shown in Figure 2, each specimen had identical global dimensions: 4-in total thickness, tsc; 11-in 
width, b; 64-in total length; and 52-in unsupported length, L. A1011 HSLA hot-rolled steel sheets were 
used for top and bottom faceplates. Steel sheet grade and gage varied between specimens. All specimens 
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were cast from the same concrete batch. Concrete aggregate was pea gravel with a maximum diameter of 
0.375-in. Day-of-test concrete cylinder strengths, f’c, were between 6.2 and 6.5-ksi. Threaded rods 
provided transverse shear reinforcement. Diameter of the rods, dt, varied from 0.138-in to 5/16-in. Holes 
were drilled in the faceplates 1/32-in larger than the tie bar diameter. Tie bars extended through the holes 
and were secured with hex nuts on both sides of the faceplate. All specimens included 0.25-in diameter 
(ds) 1.125-in long, headed shear stud anchors spaced, s, at 2-in on-center.  

 

Figure 2 Blast Specimen Design Schematic (units are inches) 

Test Setup 

The BLS, shown in Figure 3, is a compressed-gas-driven shock tube which can be tuned to simulate far-
field blast waveforms. It consists of: (i) a driver and pressure vessel which is pressurized with a 
combination of helium and air, (ii) vented cone and transition components which shape the pressure 
wave, and (iii) a target vessel to support the tested specimens and contain any debris (Johnson 2013). The 
BLS permits extensive instrumentation of specimens and there is no fireball or debris cloud from an 
explosion to obscure video recordings of the tests.  

Target VesselDriver – Pressure Vessel Vented Cone & Transition Components

 

Figure 3 Schematic of USACE-ERDC BLS (after C. F. Johnson (2013)) 

Three specimens were tested simultaneously during each of four setups (see Figure 4). The frame 
installed in the target vessel provided approximately simple supports of the specimens. In each of the first 
two setups, two shots were conducted. The first shot was designed to result in elastic response of the 
specimens and the second, larger pressure, shot was expected to result in plastic deformation. Each of the 
last two setups subjected the specimens to the larger pressure shot. 

The layout and type of sensors was identical for each of the four tests (Figure 4). Eight pressure gauges 
around the perimeter of the frame recorded the pressure-time history. A ninth pressure gauge recorded the 
pressure inside the target vessel. Potentiometers recorded mid-span deflection of each. As an alternate 
measure, mid-span deflection was calculated from mid-span accelerometer data. Cable-extension 
transducers recorded deflection 8.75-in away from mid-span. Strains were measured at mid-span on the 
compression (blast) face and the quarter-points on the tension (non-blast) face of each specimen.  
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(a) Blast Face        (b) Non-Blast Face 

Figure 4 Specimen Setup in BLS (Pre-test Photos) With Sensor Layout 

Three high-speed video cameras documented the specimen responses (left, right, and rear angles) and pre- 
and post-test still photos were taken. Residual displacements were measured prior to removing specimens 
from the target vessel. After each test was complete, the three specimens were removed from the frame 
and cracks along the sides were marked and photographed.  

Experimental Results 

For brevity, representative results from one specimen from the second setup are discussed in this paper. 
Complete experimental results from all sensors for all six shots are provided by Bruhl (2015). This 
representative specimen was comprised of 12 gage Gr50 A1011 HSLA steel sheets, 0.25-in tie bars 
spaced at 2-in on-center, and 6.3-ksi concrete. Measured stress-strain curves of the steel components are 
shown in Figure 5. Included on this figure are idealizations of the measured curves which were used as 
input for numerical models. 

  
(a) 12 gage, Gr50 A1011 HSLA Sheet       (b) Tie Bars 

Figure 5 Measured Steel Stress-Strain Curves 
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This specimen was subjected to two pressure loads. Representative pressure time-histories for each shot 
are provided in Figure 6. Overlaid on the measured data in this figure is an idealized exponential decay 
function which served as input for numerical models. The idealization modified the Friedlander waveform 
(Baker et al., 1983) to include a finite rise time to peak pressure, pr. The average maximum measured 
pressure from the eight pressure gages on the face of the target vessel for each of the two shots is 
provided with the average peak impulse in the captions of Figure 6.  

 
         (a) Shot 3 (pr = 18.9-psi; ir = 260psi·ms)   (b) Shot 4 (pr = 61.6-psi; ir = 950psi·ms) 

Figure 6 Measured and Idealized Pressure Time-History and Calculated Impulse 

The displacement time history for the representative specimen for both shots is provided in Figure 7. The 
measured value from the extensometer was at a location away from mid-span and expected to be less than 
mid-span displacement. Because of numerical errors, only the first peak displacement value calculated 
from accelerometer data is valuable but the potentiometer and extensometer transient displacement data is 
valuable. Despite being post-tensioned, the frame displaced as a rigid body during each test and 
maximum displacement of the frame was determined from analysis of high-speed video recordings. 
Corrected values accounting for frame displacement are provided in the captions of Figure 7 for 
maximum and residual displacement, XM and Xr respectively. 

  
              (a) Shot 3 (XM = 0.10-in; Xr = 0.08-in)        (b) Shot 4 (XM = 0.53-in; Xr = 0.24-in) 

Figure 7 Measured Displacement Time-History  
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Measured strains of the specimen for the two shots are shown in Figure 8. The black lines are the strains 
at the quarter points of the non-blast (tension) faceplate and the red line is the strain at mid-span of the 
blast (compression) faceplate. The strains during Shot 3 were below yield (~2000-#!) demonstrating that 
the specimen responded elastically. Results from Shot 4 show that the larger load resulted in plastic 
deformation – maximum tensile strain at mid-span was beyond yield. The peak compressive strain of the 
blast face plate was also close to yield. There was no evidence of concrete crushing. 

  

              (a) Shot 3 (XM = 0.10-in; Xr = 0.08-in)        (b) Shot 4 (XM = 0.53-in; Xr = 0.24-in) 

Figure 8 Measured Strain Time-History  

NUMERICAL MODELS 

Two numerical models were benchmarked to the experimental results: (1) a lumped mass SDOF model 
and (2) a detailed non-linear FE model. For brevity, a summary of each modelling method is provided 
below. Detailed information about input parameters for both models is provided by Bruhl (2015). 

SDOF Model 

An idealized lumped mass SDOF model is a common tool in blast resistant design of structural elements 
(ASCE 59-11; Smilowitz, et al., 2010; UFC 3-340-02). The SDOF model for this analysis included: 

! The idealized pressure time-history shown in Figure 6,  
! An idealized experimentally validated bi-linear static resistance function computed from section 

geometric and material properties, including dynamic increase factors (DIF) (Bruhl 2015), and 
! The mass of the unsupported length estimated from the measured mass of the entire specimen.  

 
The effect of damping is often neglected in analysis supporting blast resistant design. For comparison 
purposes, the model was analyzed with 0% damping and 5% damping. The equation of motion for the 
SDOF model was solved numerically using the constant acceleration method. 

FE Model

A detailed non-linear FE model was analyzed using LS-DYNA (Hallquist 2006). The model, shown in 
Figure 9, consisted of solid elements for the concrete infill, steel faceplates, and supports and beam 
elements for stud anchors and tie bars. The concrete core was modelled using the Winfrith concrete 
model. When the strain rate effects were included in the Winfrith model inaccurate results were obtained. 
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Instead, DIFs for concrete compressive strength, tensile strength, and fracture energy were applied 
directly to input values. Steel properties were input using the idealized piecewise curves from Figure 5. 
DIFs were applied to steel yield strength. Studs were connected to faceplates using zero-length connector 
elements which accounted for load-slip behavior (Zhang et al., 2014). 

Frame

Solid ELFORM 1
MAT_020

Loaded Surface

*LOAD_SEGMENT_SET

Concrete Infill

Solid ELFORM 1
MAT_084/085

 

Shear Studs

Beam ELFORM 1
MAT_024

Tie Bars

Beam ELFORM 1
MAT_024

Steel Sheets

Solid ELFORM -1
MAT_024

 
(a) Specimen in Frame              (b) Internal Components 

Figure 9 FE Model Overview 

Comparison of Results 

A comparison of experimentally measured displacements to those computed from the numerical methods 
is provided in Table 2. The SDOF model with 0% damping provided a conservative estimate of maximum 
response of this specimen for both shots and the FE model was nearly exact for this specific case. 
Including 5% damping in the SDOF analysis had small influence on the estimated response in the elastic 
region but decreased the maximum displacement for the larger shot by 17%. 

Table 2 Representative Blast Tests Results 

  Experiment 

 SDOF   

0% Damping 5% Damping FE 

Setup Shot  XM (in)  Xr (in)  XM (in)  Xr (in)  XM (in)  Xr (in)  XM (in)  Xr (in) 

2 3 0.10 0.08 0.15 0.00 0.14 0.00 0.10 0.00 
4 0.53 0.24 0.56 0.25    0.46     0.10 0.53 0.16 

 
The displacement time-history from the SDOF model with 0% and 5% damping considered and the FE 
model are shown in Figure 10. A direct comparison to the experimental values in Figure 7 is difficult 
because the measured data included the rigid body displacement but the shape of the transient response is 
most similar between the FE model results and the experimental response.  
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                 (a) Shot 3         (b) Shot 4  
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Figure 10 Numerical Analysis Displacement Time-History  

The strain time-history from the FE model for both shots of this representative specimen are shown in 
Figure 11. Neither analysis was run for the same length of time as shown in the experimental data but the 
horizontal scale for these figures was the same as Figure 8 for ease of comparison. Strains for the elastic 
response were similar between the FE model and experimental results. For the plastic response, the FE 
model predicted larger tensile strains and smaller compressive strains at mid-span than experimentally 
observed indicating the neutral axis was closer to the top of the cross section in the numerical model than 
in the experiment. 
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Figure 11 Numerical Analysis Strain Time-History  

CONCLUSIONS 

This paper described a recent experimental investigation of structural performance of simply supported 
one-way SC walls subjected to short duration uniform pressure loads using the USACE-ERDC BLS. The 
specimens tested were designed as flexure-controlled in accordance with provisions for SC walls in safety 
related nuclear facilities (AISC N690s1 N9) and accounted for dynamic shear demands.  

Detailed results were provided for a representative specimen subjected to two loads: a lower pressure 
designed to result in elastic response and a higher pressure designed to yield the section. Two numerical 
modelling methods were presented and, for the representative specimen, the SDOF and non-linear FE 
analyses provided good estimates of maximum and residual displacement. The SDOF model was 
generally conservative when 0% damping was considered and underestimated the response when 5% 
damping was included in the solution.  
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ABSTRACT 

 
This paper presents analytical tools to assess the performance of steel-plate 

composite (SC) walls subjected to blast and impact loads. These methods include 
design charts, single-degree-of-freedom (SDOF) models, P-I diagrams, and nonlinear 
finite element (FE) analysis. Each analytical method has been benchmarked to an 
experimental database which includes a wide range of design and load parameters. The 
paper also includes examples and recommendations to use these tools to assist in the 
design of protective structures. 

 
INTRODUCTION 

 
Steel-plate composite (SC) structures consisting of exterior steel faceplates, a 

concrete core, headed stud anchors and transverse tie bars have been used in submerged 
tube tunneling, offshore construction, storage vessels, safety-related nuclear power 
plant structures, and as protective structures. As Malushte and Varma (2015) describe, 
SC structures have distinct advantages when compared to reinforced concrete (RC). SC 
wall modules can be prefabricated which can expedite construction. SC structures have 
gained increased interest in the nuclear power plant industry because of the advantages 
of modular construction, reduced construction time and demonstrated resilience during 
extreme events such as seismic, blast, and impact loads. 

SC structures have been shown to provide a higher level of protection against 
projectile perforation and blast loads than RC structures. Experimental tests have 
demonstrated improved ductility and reduced risk of direct shear failure of concrete 
filled tubes (CFT) when compared to the behavior of steel-jacketed RC columns 
subjected to blast loads (Fujikura and Bruneau 2011; Fujikura et al. 2008). 
Experimental programs have investigated the performance of a variety of SC 
configurations subjected to near-field and far-field explosions (Bruhl 2015; Heng et al. 
1995; Hulton 1995; Lan et al. 2005; Liew and Wang 2011). Mizuno et al. (2005) 
concluded that an SC wall provides the same level of protection against projectile 
impact as an RC wall which is 30% thicker. Other experiments of SC walls subjected 
to rigid and deformable projectile impacts have substantiated this conclusion and a 
database of 130 impact tests on SC walls available in the literature was compiled by 
Bruhl et al. (2015). 

mailto:jakob.bruhl@usma.edu
mailto:ahvarma@purdue.edu


In order to justify the use of SC structures in new designs, engineers require 
experimentally validated analysis methods. This paper describes analytical tools to 
assess the performance of SC walls subjected to blast and impact loads.  

 
BLAST ANALYSIS METHODS 

 
Blast loads are often described as close-in, near-field, or far-field, depending on 

the magnitude of the scaled distance of the explosion, Z. This term is defined as the 
stand-off distance, R, divided by the cube root of the charge weight, W, and aids in 
characterizing the pressure distribution over the face of the structural element. Far-field 
effects can be assumed as uniform across the face of the element; this is not a reasonable 
approximation for near-field or close-in explosions. An important consideration for 
selecting appropriate blast analysis methods is the structural response: whether the 
response depends on the pressure only, the pressure-time history, or the impulse only. 
These three categories relate to low, intermediate, and high-pressure loadings and are 
also described as quasi-static, dynamic, and impulsive responses, respectively. For the 
first two categories, numerical methods to solve the equation of motion for a SDOF 
model are appropriate. For the third, impulse category, energy methods or design charts 
are required. UFC 3-340-02 (U.S. DOD 2008) describes details of analysis methods for 
blast resistant design. Other useful references which describe general blast response 
analysis methods include Dusenberry (2010) and Krauthammer (2008). 

 
Close-In and Near-Field Explosions 

 
There are few experimental investigations of close-in and near-field explosive 

effects on SC structures. Fujikura et al. (2008) tested CFTs subjected to near-field 
explosions and Heng et al. (1995) tested concrete filled steel panels subjected to close-
in explosions. In each of these cases, results from impulse analyses were compared to 
experimental results. Additionally, Fujikura et al. (2012) described a variety of 
analytical methods such as SDOF, fiber models, and finite element (FE) models to 
estimate the behavior of CFTs subjected to blast loads. These models were 
benchmarked to the experiments in Fujikura et al. (2008). 

 
Far-Field Explosions  

 
A series of experiments investigating the behavior of far-field explosive effects 

on SC walls designed in accordance with AISC N690s1-15 Appendix N9 was 
completed by Bruhl (2015). These experiments included twelve specimens which 
varied design parameters including: steel faceplate strength, flexural reinforcement 
ratio, shear reinforcement ratio, and tie bar spacing. The one-way bending specimens 
were tested with short duration uniform pressure pulses generated by the Blast Load 
Simulator (BLS) owned and operated by the U.S. Army Engineer Research and 
Development Center in Vicksburg, MS. Identical specimens were tested statically at 
Purdue University’s Bowen Laboratory for Large Scale Civil Engineering Research to 
characterize the static resistance function for use in a benchmarked SDOF model for 
far-field effects on SC walls. 



From these experiments, SDOF and FE models were benchmarked. The SDOF 
model neglected damping, used an idealized bi-linear static resistance function 
developed from static experimental results (modified to include dynamic increase 
factors (DIF) on steel and concrete strength), and idealized the pressure-time history 
using the modified Friedlander waveform fit to the experimentally measured pressure-
time history records. The equation of motion was solved numerically using the constant 
acceleration method. FE models of the statically loaded and pressure pulse loaded 
specimens were analyzed using LS-DYNA. The only difference between the models 
was the inclusion of DIFs on the concrete and steel material properties for the pressure 
pulse loaded models. These FE models used measured stress-strain curves for the steel 
faceplates and tie bars as inputs. Additional details of these modeling methods are 
provided in (Bruhl 2015).  

Results from the SDOF and FE models are compared to experimental results in 
Figure 1. In each graph, the horizontal axis is the measured mid-span displacement 
from the tests completed in the BLS and the vertical axis is the calculated mid-span 
displacement of the specimen using the SDOF model (Figure 1(a)) or the FE model 
(Figure 1(b)). As these comparisons demonstrate, both models provided reasonable 
estimates of the measured behavior and can be used to predict the behavior of specific 
SC wall dimensions for various blast threats. 

 

 
 (a) SDOF Model    (b) FE Model 
 

Figure 1 Comparison of Analytical to Experimental Results 
 
An efficient tool to analyze the performance of a structural element for a given 

blast threat is a total force vs total impulse (P-I) diagram. These diagrams normalize 
the blast load and section property parameters using (1 and (2 (Krauthammer et al. 
2008). In these equations, pr is the peak reflected pressure, ir is the peak reflected 
impulse (area under the pressure-time history curve), Ry is the yield resistance of the 
cross-section, ωn is the natural frequency of the structural element, and b and L are the 
width and length of the structural element, respectively. Contours on P-I diagrams are 
created for deflection ductility limits, which is the ratio of maximum deflection to the 
elastic deflection of the structural element.  
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P-I ductility contours for one-way SC wall structures were generated using the 

benchmarked SDOF model. Using computer methods described by Krauthammer et al. 
(2008), the required pr and ir combinations to achieve a maximum displacement 
associated with a specific ductility were calculated and plotted. This was done for a 
variety of ductility limits as shown in Figure 2. This figure also labels the portions of a 
P-I diagram which correspond to the quasi-static, dynamic, and impulsive structural 
response as described above. Shown on Figure 2 is also the measured ductility from 
each of the BLS tests. This measured ductility is the ratio of the measured maximum 
mid-span displacement to the calculated yield deflection of the specimen. As shown, 
measured ductility falls within the regions of the P-I diagram as expected, with three 
exceptions. The point near the bottom left labeled 0.780 is an outlier. Two points near 
the top right labeled 4.028 and 4.045 represent two specimens with larger experimental 
ductility than expected. Both of these specimens had been previously loaded by a lower 
pressure blast wave and sustained minor damage which reduced their resistance to the 
second larger blast wave. 

 

 
Figure 2 P-I Diagram with Experimentally Measured Ductility 

 
As seen in Figure 2, the experiments were all within the dynamic response 

domain. To expand the database and validate the P-I diagram in the other two response 
domains, blast load parameters on the benchmarked FE models were changed and the 
responses were used to create ductility contours. These confirmed accuracy in all 
regions of the P-I diagram.  

Figure 3 was prepared to depict ductility limit states from ASCE 59-11 and 
AISC N690s1-15. The limits from ASCE 59-11 were for RC walls with compressive 
loads (as in a conventional building structure) and the one from AISC N690s1-15 is for 
an SC wall for safety related nuclear power plant construction. It is beyond the scope 
of this paper recommend which limit states to use; rather the purpose is to provide 
design and analysis tools for use in engineering practice. For example, consider a case 
in which the calculated normalized total pressure was 2 and normalized total impulse 
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was 3. In this scenario the given wall would be expected to meet the ASCE 59-11 
Heavy damage criteria but exceed the Superficial and Moderate limit states. 

 

 
Figure 3 P-I Diagram with Published Limit States for RC and SC Walls 
 

IMPACT ANALYSIS METHODS 
 
Kim et al. (2015) summarized methods to analyze and design SC walls 

subjected to impact loads. The authors described methods to address each of the three 
primary design considerations: (i) prevent wall perforation, (ii) limit the maximum 
displacement to avoid wall contact with internal components, and (iii) limit end 
rotations to maintain structural stability and meet desired ductility limits.  

 
Prevent Wall Perforation 

 
Bruhl et al. (2015) presented a rational method to design the faceplate thickness 

of an SC wall to prevent perforation by a selected projectile. This method consists of 
three steps: (i) select the concrete wall thickness based on existing design requirements 
or 70% of the required RC wall thickness, (ii) estimate the weight and velocity of a 
dislodged concrete frustum which, with the original impacting projectile, impacts the 
rear steel faceplate, and (iii) calculate the required rear steel faceplate thickness 
required to resist perforation. This method is also applicable as an analysis tool by 
comparing the required steel faceplate thickness to the specified faceplate thickness. If 
the specified thickness is larger than required, the design is safe. The three-step design 
method was validated against a database of 130 impact tests on SC walls and was found 
to be generally conservative for the wide range of projectile and wall parameters 
included in the database.  

The method can be used to create design curves to enable efficient preliminary 
design or assess the protective capacity of existing SC walls. Two examples of such 
design curves are shown in Figure 4. Figure 4(a) was created for a 6-in diameter, flat-
nosed rigid missile. The vertical axis shows the concrete thickness required to prevent 
perforation by a projectile with a specific impact velocity (shown on the horizontal 
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axis) and weight (the curved lines on the figure). For example, if the specific projectile 
of concern is 500-lbs with an impact velocity of 350-ft/sec, a concrete thickness of 24-
in is required. This figure was created for specific material properties as listed on the 
figure and a reinforcement ratio of 1.5%; the required plate thickness for this SC wall 
would be 0.18-in on both faces.  

Figure 4(b) was created to assess the perforation resistance of a specific wall 
configuration, as listed on the figure, for a variety of projectile threats. The vertical and 
horizontal axes show the projectile weight and impact velocity, respectively, and the 
curved lines on the figure are for various projectile diameters. If the projectile in 
question falls below the line the wall will resist perforation. For example, if the 
projectile of concern is a 200-lb, 6-in diameter, missile with an impact velocity of 250-
ft/sec, the wall will stop the projectile, but if the velocity were increased to 400-ft/sec, 
the projectile would be expected to perforate the wall. 

 

 
    (a) Select Required Concrete Thickness     (b) Assess Resistance of Specific Wall 
 

Figure 4 Design and Assessment Curves for Perforation Resistance of SC Walls  
(from AISC N690s1-15 (AISC 2015)) 

 
Other methods to assess the perforation resistance of SC walls recommend 

converting the steel faceplate thickness to an equivalent concrete thickness. Walter and 
Wolde-Tinsae (1984) and Tsubota et al. (1993) proposed simple equations based on 
specific sets of experiments. Use of these equations for ranges of parameters beyond 
these experiments is not recommended. Grisaro and Dancygier (2014) proposed a more 
general methodology to convert steel faceplates to equivalent concrete thicknesses 
which is applicable for a wider range of design parameters. These methods are useful 
for analysis of existing designs. 

 
Limit Maximum Displacement 

 
A wall designed to prevent perforation may have excessive deflection which 

could damage internal components if the wall comes into contact with them. Deflection 
of a wall during missile impact consists of global bending and localized deflection in 
the vicinity of the impact location. Figure 5 defines deflection terminology: total mid-
span displacement, xT, and its local and global components, xL and xG respectively. 
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Figure 5 Definition of Local, Global, and Total Displacements (from Kim et al. (2015)) 

 
The maximum total deflection, xT, of SC walls subjected to a projectile impact 

which did not perforate the wall can be estimated using an SDOF model. The damping 
term in the equation of motion can be neglected. An idealized bi-linear static resistance 
function for two-way behavior of SC walls with central concentrated loads was 
developed by Bruhl et al. (2015b). This SDOF model is only valid when the governing 
failure mode of the SC wall is flexure. Flexure-controlled SC walls must be properly 
detailed in accordance with the specifications in Appendix N9 of AISC N690s1 (2015). 

 
Limit End Rotations 

 
A wall designed to prevent perforation and not contact internal components as 

it deflects may still result in excessive global deflection and end rotations which could 
lead to structural stability concerns. In order to address this design consideration a two-
degree-of-freedom (TDOF) model has been proposed by Bruhl et al. (2015c). In this 
model, the local displacement, xL, is extracted from the total displacement, xT, to 
calculate the global displacement, xG. The global displacement, xG, is the appropriate 
displacement to use in estimating end rotation or deflection ductility based on an impact 
force. Initial analysis has been completed but additional work is necessary to create 
reliable idealized resistance functions from which the global displacement, xG, can be 
estimated. 

A method proposed by Grisaro and Dancygier (2015) estimates residual 
displacement of the rear steel faceplate after projectile impact which is related ot the 
maximum local displacement, xL, during an impact event. In this method, the rear steel 
liner with the ejected concrete fragments and impacting projectile are represented 
together as a SDOF by decoupling it from the response of the remainder of the concrete 
wall. This methodology requires estimation of the mass and energy of the concrete 
fragments with or without the projectile which is used as the loading function on the 
rear faceplate. This SDOF model was verified using experimental results from the 
database of SC wall impact tests. This method provides reasonable estimates of the 
local displacement but does not account for the global bending contribution of the total 
maximum displacement. 

 
Finite Element Analysis for Projectile Impact of SC Structures 

 
For cases in which simplified models are not adequate or acceptable, detailed, 

3D nonlinear finite element models may be required. Depending on the design 
consideration which is the focus of the analysis, various benchmarked models exist in 



the literature. To investigate local perforation resistance, a very fine mesh in the 
impacting region is required and Bruhl et al. (2015a) described a benchmarked finite 
element modeling method using LS-DYNA. To understand the global behavior of a 
wall which prevents perforation, a much courser mesh is acceptable. For such cases, 
Bruhl et al. (2015b) provide benchmarked models of SC wall panels using LS-DYNA.  

Jiang and Chorzepa (2014) provided a summary of methods to numerically 
model aircraft impact and include a variety of references to experimental results which 
can be used for model validation. These references include modeling methods using a 
variety of finite element software including LS-DYNA, AUTODYN, and ABAQUS-
E, among others, and describe examples of detailed models of aircraft and containment 
structures. 
 
CONCLUSIONS 

 
Experimentally validated methods to analyze the behavior of SC walls for blast 

loads and projectile impact were presented. These included methods to estimate the 
behavior of one-way SC walls subjected to far-field blast effects. Methods were also 
presented to address the three design considerations for impact loads: (i) prevent 
perforation, (ii) limit total deflection, and (iii) limit end rotations to ensure structural 
stability. 

There is need for research concerning close-in and near-field blast effects on 
SC walls. Existing work in this field is rather limited and does not address performance 
of SC walls designed in accordance with AISC N690s1-15. Additional experimental 
and numerical work is recommended to improve understanding of behavior and 
develop tools to assist in the design of protective structures. There is also need for 
additional research in separating the global from local deformations during an impact 
event. Additionally, there is need to evaluate the performance of structural connections 
during blast and impact events. 
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