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Abstract
Over the past two decades the use of expledivattack both commeia and
government buildings hascreased. A substantial amount of research has been
conducted to be ableo protectnot only the occupants but the struct@ea New
construction practices have been developed to mitigate the damages, but retrofit of
existing buildings does not have a single answer. The resistance functions of all the
components of the wall including ratrofit system are needed to be able to model an

accurate simulation tensure safe design of the retrofit.

For design purposes the amounteokrgydissipationis important; howeverthe
design codg such as UF@3-340-02, do not use energy dissipatias a criteriorfor safe
design. Rather deflection and rotation limits are set for different levels of protection. In
order to determine if a wall meethese limits a dynamic analysis is performed to
determine the maximundeflectiona wall will exhibit during a loading. Typically a
singledegreeof-freedom(SDOF)model is usedio solve forthe midspan deflectiohis
simplified method requires aefinition of the relationship betweeresistanceand

deflection

Unreinforced ungrouted masonrfRM) walls are commonly found throughout
the world.Masonry buildings have been around for thousands of years and cooyatise
70% of buildings worldwide. Because oftheir popularity and susceptibility to

fragmentationit is imperative toensure masonry wallare capable of withstanding a



blast load.The two maincategorieof URM walls examined araonarchingwalls and
arching walls. Several methodisive been developed to simuldtew these walls will

resist a lateral load and an in depth comparison is presented.

Many methods havealso been developed for the resistance definition of an
unbonded retrofit stem. These methods have alsertdgeavily examined. A analytical
method was developed to incorporate #féects of theretrofit connection on the
resistance functionThis method was validated using finite element modeling. Many

differentgeometric mode were used to assess the validity of the algorithm.

Lastly, all of he components of the wallssistancealefinitions were combined to
form the total resistance of the wall. Thissistancewas used in a singléegreeof-

freedommodel to generate a retrofit system for a specific design example.
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Chapter 1: Introduction

1.1Background

Terrorist attacks have increased in frequeowsr the years. In a study conducted
by the National Reearch Council (NRC)explosionsaccount for 46 percent of all
terrorist attacksvorldwide This number is substantially higher within the Unitedé#ta
77 percentfRC 1995. Explosivesare chea@and easy to make but can cause significant

damage to both the structure and the occupants.

In 1993, theNew York World Trade Center was one of the first major U.S.
buildings to come under attacA Terrorist drove a 150 explosiveinto the basement
(Terrorism 2004). When detonated, a X0@rater was created killing six people and
injuring over a 1000 (FBI 2008). The explosiwas constructed using readily available
materials at a cost of less than $400 (NRC 1995). At that time, this ettadkdargest

terroristattackusing explosivesn American soil.

On April 19" 1995, the Alfred P. Murfa Federal Building came under attack
from a homgrown terrorist. A rented trunk placed next to the building contained the
explosive. Upon detonation, 168qple were killed and over fivaihdredwere wounded

(Terrorism 2004)Damage from the attack is shown in Figure 1.1.



Figurel.1 Structural Damagef the 1995 Oklahoma Building Bombing (AP Photo,
Newman 2013)

In 1998, two US embassies were attacked simultaneaustyin Kenyathe dher
in Tanzania. Again the explosivegre thought to be stored inside of a truck pdrkear
the buildings. The expsion in Kenya killed 11 while injuring 86. The Tanzania
explosion killed 213 people 12 of which were Americansand injuredover 5000

(Terrorism2004).

The useof explosives can be attributeéd several factors: to obtain publicity,
political or symbolic statements, destroy assets, religious imperative, injure and Kill
occupants, and lastly for revenge. For these reasons, commercial and military structures
are the two main targets (NRC 199Bue to these attacks the military has implemented
strict security measures in attempts to prevent explosives from entering the building. As a
result exterior elementsre more prone toattacls and increase theeed to be able to

resist blast loads. Govenent facilities may require blast loading as a part of design



loads whereas most of the commercial market does not require a building be designed to

resist an explosion.

Blast loading is dynamic in nature. It is commonly compared to earthquake
loading which is incorrect (NRC 1995). An earthquake has a low intensity and a long
duration, whereas a blast typically has a high intensity over a very short duration (NRC

1995). For this reason new techniquegdto bedeveloped to mitigate damage.

Unreinforced ungrouted masonrflJRM) walls are commonly found throughout
the world. Masonry buildings have been around for thousands of years and comprise over
70% of the buildings worldwideThe Mason Contractors Association of Amerinal).
Today buildngs with a high risk of being subjected to a blast loading have been designed
to withstand external detonation. However, many existing buildings were not designed to
resist blast loading. Davidson et al. (2005) stlas most injuries sustained duringplast
are not directly caused bythe detonation: pressure, heat or container fragmentation.
Rather most injuries result from secondary fragmentation resulting in blunt trauma or
penetration resulting from the disintegration of the CMU and the windowsy bein
propelled at high velocity. Because of secondary fragmentation it is importam$uoe

that these elements are able to resist the loading without producing hazardous debris.

Since Wiehleand coeresearchers at The Stanford Research Instistieted
researching how to develop a static resistance function for URM walls subjected to a
lateral load in 1969, many different theories and methodologies have been developed.
Due to the brittle nature of URM wallaboratory testing is very difficuandunreliable,

especially during the decay phase of the resistance function. For these reasons, many



have developed their own resistance functions based on differing assumptions. These

assumptions can change the resistance curve significantly.

The threetypes of systems to be considered in ti@portare: 1) norarching
walls 2) arching walls 3) unbonded retrofithe first two systems involve URM walls
while the third system describes how an unbonded membrane will resistaf-plane
load. The first URM wall system will describe how a simply supported ,wélllere the
supports do not resist rotatiowill respond tothe lateral load, while the second details

how a wall with an arching force will react to the lateral load.

Since 1995, a great deal of research and testing has been conducted by the Air
Force Research LaboratorAKRL) at Tyndall Air Force BaseFlorida to develop
inexpensive and practical methods to strengthen URM walls against blast (Davidson et al.
2004). An impotant factor that is considered is the ability for the retrofit system to be
implemented worldwide where limited equipment is available during the asball For
this reason AFRL, along with other agencies, have explored the use of fiber reinforced

composites, aramid composite fabrics, etc.

For unbonded membrane margifferent methods have been developed to
generate a resistance definition. These methods are examined in the same manner as the
masonry methodsSeveral laboratory tests have been cateld to examine how the
retrofit connections will affect the resistance cyrieat no analytical method has been

developed to describe the$fect



1.2 Objective
The overall objectiveof theresearclhrepresented by this repostas to develop a
resistmce function to be used in SD&@@Ased blst analyses of membrane retrofitted

unreinforced masonry walls.

1.3 Methodology and Scope

The following tasks were required to achieve that broader goal stated above: 1)
assess resistance definitions that are currently used for blast analysesaoémog and
arching unreinforced masonry walls, compare them to experimental data, and determine
which is the most accurate; 2) evaluate the different membrane resistance definitions and
validate them using finite element software; and 3) develop a method to incorporate the
connection flexibility into the membrane resistance function used for tHgsanaf
unbonded retrofit masonry walls subjected to blast loading and validate the method using

full-scale explosion test results.

Over the years several different methods have been developed to form a resistance
curve forboth the wall and retrofit sstem.It is important to know how each of these
methods was developed and what assumptweie used to develop these methods.
Finally with each of these componenishich method should be used for design

purposes?

Researth was conducted to findalid resistance dinctions for various types of
URM walls. Foreach method the originaburce was reviewed to validate tleasoning
andensure it should be used. This process was also used for the membrane resistance

methods.



The connection algorithm was ddeped to mimic the response of the retrofit
against previous lab tesand finite element models. Thaegorithmswere developed
using equilibrium, compatibility, and the stresgrain curve. The assumptions made to
generate this gbrithm producea slightly conservativaesistance curvby generating a

slightly lower resistancd~or design purposes this is acceptable.

The resistance of the wall systemaisritical input component ofingledegree
of-freedom moded used for blast desigior design ofetrofit systems, it is impaant to
determine the peak deflection of the system. This deflection corresponds to a wall
rotationthatis compared to respon$mits. These response limits determihe level of

protectionthatis provided.



Chapter 2: Literature Review

2.1 Overview

Over the past several years much research has been done in order to evaluate
methods of retrofitting unreinforced concrete masonry (URNMlls. Many older
buildings are not reinforced against lateral loads. Due to the brittle nature of concrete
masonry there is littleesistancevhen a outof-planeload is applied. Buildings being
constructed for a high blast resistance typically use grouted CMU with steel
reinforcament. It is both expensive and impractical to demolish and rebuild the wall. A
practical solution is to retrofit the existing wall with a membrandany different
materials can be applied as a backing to the CMU wall to add resistance to a blast load.
As a blast wave propagates through a wall it encounters several forms of resistance that
will help provide strength, ductility andissipate the energy reducethe lethality of a
blast. Every part of the wall and retrofit system should be consideredstoge an

accurate and proper design.

According to Knox et al. (2000) the overall objective of a blast analysis is to
determine the maximum deflection that would be acceptal#asiore minimal injury or
death to the occup#s. The use of a singbegreeof-freedom system simplifies the
analysis as a mass on a spring with a defined resistance. Analytical formulas have been
developed to formulate the resistance of ¢cbacrete masonry unicMU) wall and the

unbondedretrofit. With some assumptions, Knox &t (2000) stated that the overall



resistance of the wall is the sum of the resistasfcthe individual componentat the

corresponding displacement

Many analytical models have been developed to describe the resistance of the
CMU and theunbondedretrdit. The way the retrdof is installed has been studied
extensively and determined that the connection can inctbasauctility of the system

(Hoemann et al2010;Johnson et ak009).

2.2Masonry Wall

CMU walls can resist lateral loading one of wo ways. If the wallsupports
cannot resist rotationghe only way the wall will resist the load is through tlex
resistance (Drysdale et al994). If the supports areigid the wall will have a
compressive force to resist rotation of the wdlhen he wall is bent due to the lateral
loads the tension face willangate. If the supports argiml this elongation is met with a
compression force at the support$is type of interaction is referred to as an arching
boundary conditionThe two types of wallare separated based on the support conditions

andwill be classified agitherarching walls onon-arching walls.

Buchan and Chen (20p7ooked at 40 CMU walls subjected to explosions
reported in 6 different papers. The tasicluded bothURM walls and partially grouted
lightly reinforced walls Of those categories some were retrofit and others were not. The
retrofit under consideration was a fiber reinforced polymembranelt was concluded
that the retrofitted walls resistea peak pressure 50% greater than theratofit walls.
Along with an increase in peak pressuffee retrofit walls had a reduction in debris

scatter compared to the noetrofit walls.



For all masonry wallsACI 530-08 outlines the design criteriaath must be
satisfied forstrengthdesign ofungrouted unreinforcethasonry walls subjected to both

moments and an axial loathe four design assumptions used in AC|-88Gre:

a) Strength designof masonrymembersshall be in accordance witbrinciples of
engineering mechanics

b) Strain in masonry shall be directly proportional to the distance from the neutral
axis

C) Flexural tension irmasonryshall be assumed to be directly proportional to the
strain

d) Flexural compressive stress in combination with compresstress shall be

assumed to be directly proportional to strain

Using these assumptions the strength of the masonry catetbemined so that the
compressive stress in the masonry does not ex@e¥f | and the tensile stress in the

masonry does noexceedthe modulus of rupture for masonrpesign values for the

modulus of rupture for masonry is given in Table 2.1.



Table2.1 Modulus of Rupture for Masonry, psi (kPa) (ACI 538)

Direction of flexural tensile stress Mortar types
and masonry type
Portland cement/lime or mortar Masonry cement or air
cement entrained portland cement/lime
MorS N MorS N
Normal to bed joints in running or
stack bond
Solid units 100 (689) 75 (517) 60 (413) 38 (262)
Hollow units’
Ungrouted 63 (431) 48 (331) 38 (262) 23 (158)
Fully grouted 163 (1124) 158 (1089) 153 (1055) 145 (1000)
Paraliel to bed joints in running bond
Solid units 200 (1379) 150 (1033) 120 (827) 75 (517)
Hollow units
Ungrouted and partially grouted 125 (862) 95 (655) 75 (517) 48 (331)
Fully grouted 200 (1379) 150 (1033) 120 (827) 75 (517)4
Parallel to bed joints in stack bond
Continuous grout section parallel | 250 (1734) 250 (1734) 250 (1734) 250 (1734)
to bed joints
Other 0(0) 0(0) 0(0) 0(0)

' For partially grouted masonry, modulus of rupture values shall be determined on the basis of linear interpolation between
fully grouted hollow units and ungrouted hollow units based on amount (percentage) of grouting.

2.2.1 Non-Arching walls

Wiehle et al (1969)wasone of the first to outline the process of developing a
static resistance function for masonry walléiehle et al (1969assumed the resistee
can be idealized in five regionglastic, elasticplastic, strain hardening, plastic, and

decaying. An idealized representation of the resistance functions is shown in Elgure 2
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Figure2.1 Idealized Resistance Curves

The resistance definitiomsed byWiehle et al (1969)considered the wall as only
having two phases: an elastic and decaying phase. During the elastic phase the wall
behaves in the same way as an elastic b@édighle et al (1969)does consider the tensile
bond of the mortarOnce cracked, the wall idealized as twaigid beams connected at
the crack After cracking, the wall will have a discontinuity due to thelden loss of the
flexural strength if noaxial load is appliedThe geometry of the wall along with the
weight and axial load are the onfgrces considered resisting the lateral load.
preexisting axial load increases the resistance by keeping the crack @bkl et al.

(1969)placethe axial load at the wall centerline and assumes the eccentricity negligible.

Slawson (1995), Johnsonet al. (2008), and Jongd989) use thisresistance

functionas the analytical method for URMalls.
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Paulay andPriestley (1992) describe the mechanics of masonry walls under
| ater al | oads and what deter mi neracksfdees | ur e
not constitut e amaPrestlel }092. The dadure (ofPtheuwals ig
dependent on the resultant of the compressive force moving past the line of action for the

axial load and seliveight of the wall.

Paulayand Priestley (1992 make the assumption that there will be no tensile
resistage of the masonry wall. Figure 2iRistrates how the resultant force moves as the

crack propagates.
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Figure2.2 Compressive Resultant Force (Rguand Priestley 1992)

It is noted that the intensity of the compressive stress increhsesver the area
decreases as the crack spreads. Because of this, the resultar® foeceains the same

throughoutif there is no arching forcePaulay andPriestley (1992) state that as a
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conservative estimate, the deflection of the wall increases proportionally with the

curvature of the centerline.

The bond of the mortar and CMU can define the maximum tensile stress and
therefore the ultimate strength of thall (Drysdale et al. 1994). However, the strength
of the bond can vary by as much as 2@%he laboratory testing. With a highly variable
mortar tensile bondhe crack can easily be initiated before the ultimate strength is
reached. It only takes a small portion of the mortar in a bed to have lower strength to
compromi se the entire wal/l. AThe crack i ni
immediatelypo pagates for the fulll |l engt morarf t he
tensile bondtself is very lowand reduced because it§ variability making it appear
negligible However, the addition of tensile stresses to the walls resistanceocarthan

doublethe strength of the wall (Drysdale et al 1994).

Based on the ideas from Bdale et al. (1994) and Paulay aRdestley(1992),
Moradi and Davidson(2008) deeloped a resistance definitidor nonarching URM
walls. However, one major difference thatthe Moradiresistance definitiormssunes
that tensile stresses aregligible The ACI 53008 code indicates that some tensile stress
can be usechowever Moradi and Davidson use a value of zeootar tensile bondOne
major advantage of Moradi ala v i d methoddighat it considerpartial fixity at the
supports. If the fixity is below 75% the wall will fail at the ngdan. The conservative
assumption is to assume figity at the top and bottomhowever, if some restraint is
known it will help increase the resistance of the wall. The axial load applied will remain
along the centerline of the wall all the way through failure. With this resistance function

tensile stresses cannot be resisted and result in cracking of the wall. The walllwill fai

13



when the resultant of the compressive stresses moves outside the line of action of the
gravity loads. The compressive stresses developed in theon@dlssectioncan reach the

linear elastialltimate compressive stress without constituting failure efhll.

Mor adi and Dagenehkresisténse défidit®n®tha closed form
solution it must be solved byncrementally changing the displacement in order to
achieve thdull resistance function. The overall process involves solving for the pressure
and deflection just before cracking. @éft cracking, the crack length imcreased
incrementally allowing for the deflection and pressure Hent be calculated. Since
Moradiand Da i d s eesistance function does rmminsider tensile stressesaill fall

well belowthe Wiehle et al. (1969) curve.

SingleDegreeof-Freedom Blast Effects Design SpreadsheeBEHDS
MethodologyManual (PDC 2008) does not recommendsing norarching snce static
test shows little resistance of the masonry past the yield point. It is stated that the moment
capacityof the wallis controlled primarily by the tensile bond strength between units.
SBEDS Methodology ManudPDC 2008) recommends using a dynamiortar tensile
bond of 200 i if no test data is available; however for static resistance this should be

reduced.

Because there is no restoring force tbsistance of a simply supported CMU wall
will rely solely on flexural resistance. After the ohséthe crack the masonry resistance
drops to an almost negligible value (Johnson 2008). It is nibteidwithout arching

supportsthere is little resistance to blast loading (Johnson 2008).
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2.2.2 Arching Wall Resistance Functions

Arching walls provide a significant increase in resistance due to the addition of
compressive force actingn the wallafter cracking. If masonry walls are placed inside a
rigid frame substantial resistance can be developed. MeDetal. (1956) statethat the
resisance of an arching wall can be up to six times the resistance ohaGNeJ wall.
Again it is assumed that the wall can be represented asgideams rotating about the
supports and hinged at the center. Once the wall craokpled forces develop #te
supports and the center crack. Theses coupled forces are subwatigs the additional

resistanceNIcDowell 1956) the coupled forces are shown in Figure 2.3

21NSsSald

Figure2.3 Idealized Arching Wall Forces
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Wherea represents the arching force applied by the supportRasdhe restoring force
at the midspanThe forces are developed from the crushing of the masonry wall. Once

the coupled forces vanish the wall is destroydd@owell 1956).

Several assumptions about the geometry and the material properties are needed.
The material properties of the masonry wall play a significant fbhe first major
assumption is the inability of the masonry to withstand any tensile forces. It is assumed
that the wall behaves as a classic elgsitistic material. The plastic phase represents the
crushing of the masonry. Once the masonry is crushed the masonry will not be able to
develop anyadditional stress. Therefore,the masonry does not have any sttbng

recovery McDowell 1956).

The first development of the resistance function for arching wall is presented in
Wiehle et al. (1969). All the pevious assumptions made by Wiehle et al. (1%G®)ut
nontarching walls are still viable. One major distinctimetween arching and narching
walls is that the maximum elastic resistance does not occur at cracking as it does for non
arching walls. For arching wallthe maximum elastic resistance is developed when the
supports reach their maximum moment. The geitzase of the arching wall is assumed
to behave in the same manner as theargching wall. This methodas implemented by

Jones (1989)Slawson(1995) and Johnson (2008).

As the axial forces and moments at supportsincreasethe wall will crush at
the wall end first followed by the crushingt the migpan (Drysdale et al. 1994). A three
hinged arch will beformed by crushingat these three locations. The arching force is

dictated by the mortar joint not the masonry properties (Drysdale 1994).
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Drysdde et al. (1994) addredbke issue of gap arching. The presence of a gap will
reduce the resistance of the wall compared to fully fixed supports and will have larger
resistance than a simply supported wall. Gaps between the wall and support are common
andhave several causencludingpoor construction, shrinkage and creep, or intentional.
Even though a gap is preseatching forces can still develop. When a lateral load is
applied, the wall must rotate about the base until the gap is closed. Once ks haen
closed the wall will begin to resist the load. Figird illustrates how a gaged wall

moves under lateral loading.
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Figure2.4 Arching Mechanism for Gapped Wall

The gap increases the deflection at cracking since the wall must rotate before cracking

can happen. There is a maximum amount of gap alloweasstaore the wall will touch the
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support and develop the compressive reaction. The maximum allowable gap igygiven

Drysdale et al(1994) and presented in Equata.

Orax =V #* R 2.1

Where gmax IS the maximum allowable gaph is the height of the wall andis the

thickness of the wall.

Hoemann et al. (2010) looked at the conne@iability to increase the arching
resistance of a gapped wall. If an angle is placed at the top of a wall it will eliminate the
need for the wall to rotate about the base before arching resistance can be exerted. The
angle will allow the wall to form theihged condition needed to exert the downward

thrust if the roof support can be considerga.

Moradi and Davidson(2008) examined the use of mechanical properties of the
masonry and the geometric properties to develop a resistance function for arahsng
Using the ideas developed by Paulay and Priestly (1888 Drysdale et al. (1994),
Moradi and Davidsordeveloped a resistance function for fgapped CMU walls.
Assuming the arching force is developed as the wall deflects and increases in iagnsity
the deflection grows until failure. The arching force is assumed to act only on the face
shell thickness or if the face thickness is unknown using the simplified formula below

(Drysdale et al. 1994).
a=0.1 2.2

Wherea is the legth over which the arching force acts ang the thickness of the

masonry block. The axial load applied to the wall is assumed to act at the top center of

18



the wall for the duration of the loading. This assumption is for simplicity since the axial

load mwing to the point of contacnce arching exists will complicate the calculations.

SBEDS Methodology Manual (2008) developed the resistance functions based on
Park and Gamble (2000). Park and Gam(2@00) developed resistance functions for
reinforced coorete slabs based on mechanical and geometric properties as well as
experimental data. The formulas developed by SBEDS neglect reinforcement and
incorporate voids to simulate ungrouted CMU. SBEDS incorporates not only tensile
strength of the mortar but tliynamicmortar tensile bonevhich should be reduced for
use in static resistance curybost masonry walls will have a gap@®25in. to 0.5in. to
allow for thermal expansion. This gap is often filled with a flexible material and needs to
be examined when developing a resistance funcfam existing walls (SBEDS

Methodology 2008).

2.3 UnbondedRetroft System

Since URMis very brittle and lack ductility there is a need to retrofit walls to
provide ductility. The retrofit may also catch the fragmented parts of the wall which
could be deadly if unrestrained. There are two methods of retrofittingexsteng CMU
walls: bonded and unbonded. Tingbonded method is commonly referred to as a catcher
system since it will catch the wall debri&n unbonded retrofit system drawing and
installationare shown in Figures 2.5 and 2.6 respectivEhe installation pictie comes

from testing done at the AForce Research Laboratory (AFRL)
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Figure2.6 Installation of Membrane Retrofit System
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An unbonded systens commonly attached to the floor and ceiling behind the wall.
Many different materials can be used for the retrofit. The materials range from stiff steel

to a plastianembraneommonly found at hardware stores.

Three methods for determining the resis& of the membrane have been
developed. Younget. al (2012 presers a formula for the resistance of thin elastic
flexible membranes. The deflection at rsigdan corresponds to a cubic root relationship.
The formula was developed assuming the membrane acts as a slender perfectly flexible
cablethat is loaded transverselydam tension. Figur@.7is the free body diagrawf the

cable(Younget a.2012.

i Pressure i
Tensile Force - “ » Tensile Force

Figure2.7 Free Body Diagram of Cable Analogy
Theuseoffoungds f or mul aSalimatsal. (R0O0)After weddahg b y

the use of a formula for plastic deformation proposed by Lane (2003) could be used. This
set of equations will provide an approximate elaglastic resistance function for the
retrofit (Salim 2006)The formula presented by Young (2012) can be used wiftlding

if the modulus of elasticity is updated at each step.

The second method was developedSeyde(1977). This formula was develape
assuming all edges astraight with negligible irplane shear stress and do not translate
once the load is afipd. The width to height ratio is assumed to be large, greater than 5.

The formula proposed Iyeide(1977)was considered for use by Sudame (2004).
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One of the more widely used methods for developing the resistance function of
the membrane starts with theory developed by Lane (2003). Lane determined that steel
studs subjected to lateral pressures deflect in a parabolic shape. Lane (2003) developed a
method to solve for the arc length of the stud assuming a parabolic shape. This method
was used and r@lerived byFitzmauriceet al. (2006), Salim et al. (2007), Johnson (2008
and 2009) and referenced by Hoemann e8110). This method involves incremeatgi
the deflection and calculating the new arc length of the retrofit. The development and

process will be detailed in Chapter 4.

Two Engineering Technical Letters (EThjovideguidelines for usef geotextile
fabrics for use inan unbondedsystem. ETL O 9 def i nes geotexti |l e
per meabl e, pol ymeric textile material, w h
(Department of the Air Force 20p0Both ETL 1103-494 and ETL 0@9 developed
guidance baskon a 8in thick masonry and a #2 wall. The selection of these
parameters will allow for a desidior shorter and thicker wallthat will have lower
deflections(Protective Design Center 1999t should be noted that this method only
works for walls without windowsOepartment of the Air Force R0). Figure28 is a

schematic illustrating the suggested design.

22



6" minimum thickness reinforced
/ concrete slab, typ. (existing)

'y .._.:"- . . YT . F'y
T a e C I BT

s 6" min

.
| a
-
. . L, ',4.

4" x 1/4" steel plate, continuous, typ.

V5/8" dia. x 4" minimum embedment wedge type
expansion anchors at 8" 0.C. maximum spacing

V N with 2" x 1/4" washers, typ.

" Geotextile fabric, wrap twice around 4" x 1/4" steel
b plate. Apply just enough tension to remove slack

121 _ OH

___— Existing 6" minimum CMU
. - vaa 17 . A
| 6" min

Figure2.8 Suggested Catcher System Design (Department of the Air Force 2000)

A 4-in anchor is suggested as a minimum for 4000 psi concesteaints. Longer
anchorage will allow for more ductile failure of the connectiDegartment of the Air
Force 200D The average cost of a geotextile with installation is approximately $80 per
linear footalong the width of the wallvith labor and mat&l consuming most of the

expense@epartment of the Air Force 2000

2.4 Unbonded RetrofiBystem Connection

Several tests have been performed to demonstrate the importance and need for an
analytical expressiofor the connections roie the overall reistance and ductility of the
system. The first of these laboratory tests were performed by Salim et al. (2006). Two
different setups were used to determimth the ductility and strengtof the connection

andhow it will react with theme mb r a n e @adind. @otdetermine the ductility of
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the connectionsan axial tensile test was performed on three different thickness
membrans bent at 90at the top and bottom. Two different thickness plates were used to
connect the sheets to the loading frame with2 and 16 inch bolt spacingen tensile

tests were reported. The second setup was a 16 point loading tree that would simulate a
lateral load applied to the retrofit system. Only one test was performed to assess the

viability of the resistance definitiotheveloped.

More indepth tensile testing was performed by Fitzmaurice et al. (2006). Using

the same setup as Salim et al. (200@)wever, Fitzmaurice et al. uspolymers instead

of steel sheetingSixteendifferent tests were conducted to determinacWitonnection
scheme would allow for adequate strength without cumbersome construction. Three bolt
S p a c wereguéesl: 8, 12, and 16 inches. Two different thicknesses of plate were used to
clamp themembraneo the loading frame: 0.125 in and 0.25 ineTdoal of the plate is to

allow the membrane to develop significant stresses without contributing to premature
failure. It was noted that most of the test conducted with the 0.125 in. plate, the plate was
bent significantly which allowed for the membrane to tear out at the boKsr this
reason, Fitzmaurice et al. (2006Eoenmend using a 0.25 in. ptaiThe polymer allows

for significant ductility of the system (Fitzmaurice et al. 2006).

Using energy dissipatioas the criteria to deteine which bolt spacing would be
adequate, it was determined that the-iB/®olts spaced at 16 in. allowéadr sufficient
energy dissipatiorfFitzmaurice et al. 2006). 12 in. spacing was considered adequate as
wel | . The pl at eds @theaqirafir cantdeccease theesfremgtheof tleet t a ¢
membrane significantly. If the edges are allowed to remain square at the surface in

contact with the membrane, the edge might cut the membrane preventing it from
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achieving its full strength before failure. 8¢e sharp edges may reduce the capacity of

the retrofit by as much as 50% (Fitzmaurice et al 2005).

Salim et al. (2007) performed 6 pointloading tree test on several different
materials with plate configurations in order to determine if the plate affges the
ultimate strength of the system. Three tests were conducted, two of thasedttoed
plates. The toed plates were bent to eliminate a sharp edge from the system. The toed
edges allowdfor more ductility of the system. However, the toedelaent morghan a
flat plate, allowing a bearing failure of the membrane at the bolts deweasig the

ultimate pressurgSalim et al. 2007).

Johnson et al. (2009) conducted two series of test on retrofit systems to determine
which connection configation would allow the membrane to achieve its ultimate
strength. Series A used an axial tension approach to determine if sandwiching the
membranebetween an angle and a plate would eliminate toblgm of a sharp edge.

Figure 2.9details the tensile sep used by Johnson et al. (2009)
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Figure2.9: Tensile Test using Angles for Connection

This test reeded that the angles and plates did not bend, however they still
allowed for bearing stresses around the bolts to form. These bearing stresses resulted in a
59% reduction in theoretical strength predicted by the analytical model. Thephoihg
used by Jonson et al. (2009) were 2 in., 4 in., and 8 in. The bolt spacing that produced
the largest resistance reduced of strength6B%% used a 2 in bolt spacing. This

configurdion is very labor intensiveumbersomeand ineffective

Johnsoret al. (2009)erformed asecond series of teadng the samel6 point
loading tree as Salim et al. (2006). This test was conducted with four different
configurations to determine adequate bolt spacing and plate thickness. Using a bolt

spacing of 8 in. and 1i., the est again only achieved 41% of the optimum strength
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before the test was terminated. However, instead of the test being truncated because of
failure, the loading frame ran out of travel room making additional loading impossible.
The average deflection ofdtfour testsvas a little over 20 in. All of the testproduced

data lower than the analytical model because the ductility of the wall is heavily affected
by the connections. With a thick membratweo forms of failurewere exhibited by the
system. The fst was a bearing failure of the bolts on the plate. The bolts were ripped out
of the 0.125 in. thickness plate. The second failure was a bearing failurenoéithierane

on the bolts experienced by previous research.mémbranavas allowed to bear on the

bolts after the plate was bent approximately 45° (Johnson et al. 2009).

In an attempt to simplify the design and detailing of anchgrdgemann et al.
(2010) simplified the anchorage into three cases. Case 1 involves the tension of the
membrane being traferred directly into the plate with no moment arm. Without a
moment arm the anchorage needed to resist the tension is simply the tensile force. In
Case 2, the anchorage is pkde the center of the plate creating a pivot at the end
opposite the applietbad. The pivot point will amplify the tensile force causing the
anchorage to beodible the tension force. Cases& transition casé¢hataccounts for the
plate yielding and a plastic hinge forming in the plate. The force applied will bend the
plate deceasing the moment arm until it is negligible. In Case 3 the anchorage force
transitionsfrom twice the applied load the applied load. Figure 2.1€an illustration of

the three cases.
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Figure2.10: Idealized FBD of Mechanical Connections (Hoemann et al. 2010
Case 2is ideal for very soft low modulmembranematerials such a®VC

membraneslue to the inability to significantly bend or yield the connection (Hoemann et
al. 2010). For stiffer materiglthat can bend the plate Case 3 should be considéred.
capabilities of most drillsvill create anoment arnsince the bolt will be a distance from
the wall Most drills will not be able to tighten the bolt if it is less than 3 in. from the wall

(Hoemam et al. 2010).

2.5 Combination of Systems

A compositeresistance curvancluding both the wall and retrofit resistance,
needed in order to implement a SDOF mofiel blast analysesin order to create a
complete model, two methods may be used to determine the total resistance function. The
first is a laboratory test of the entire wall system. This method is both expensive and
cumbersome to do for evewall. The second is to detern@ a way of taking individual

resistance functions and combining thiemo one system.
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Knox et al. (2000) proposed a theory to combine different components of the wall
system. In order to develop this madkhox et al. (2000) made several assumptions
about the system. The first assumption is that all the components will have the same
deflection at midspanat every interval. The second is that no shear stresses will be
transmitted between components. This uagstion implies that all surfaces are
frictionless and thereferunbonded And lastly all static pressures will be applied normal
to the surface of the wall. If all assumptions are satisfied the individual resistances can be
added to determine the totakistance of the wall. Figure 2.14 an idealized resistance

curve combination if only the URMall and retrofit are considered.

/ CMU
Retrofit

/ Total

Pressure

=
Pl —

Deflection

Figure2.11: Idealized Resistance Curve Combination

The URMwall will have sgnificant resistance at the onset of the load application
and then dissipate once the wall has failed. The retrofit requires tension to develop before
significant resistance can be observed. Individually these two components nteayveot
adequate resistaa to a blast loading whereas their combination may provide the needed

resistance.
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2.6 Material Selection

The effectiveness of the retrofit is primarily based in the selection of the material
used. Many different materials have been tested for useast ktrofitting. No one
material will be ideal for every situation therefore it is necessary to explore different
materials. Some materials have been designed for use as blast retrofits and provide
adequate resistance. However, many materials used iniothestries can be used for
retrofitting URM walls. Examples of these materials are PWi&mbraneliners
(Hoemann 2010), geotextiles (ETL 2000), steakmbrans (Salim 2006), and

polypropylene (Johnson 2009)

The selection of a material is heavily dependent on the material properties, such
as modulus of toughness and percent elongation at failure, but construction may also
contribute to the selection process. Stiff materials, like steel and chain link fetice, wi
have low deflections with very large ultimate pressures; however they coméargih
construction cost (Hoemann 2010). The thickness of the material may also play a
contributing role in selection. Thicker materials have shown to resist larger pressures
however bending a-Bim membraneof polypropylene requires significantly more effort

and time, up td2 hours mor¢han a thinnemembrandJohnson 2009).

Thornburg (2004) reporteSTM standard uniaxial tension tesin 3 samples of
53 different materia. The three main characteristics observed were: ultimate stress,
percent elongation at failure, and modulus of toughness. The ultimate stress is used to
determine the ultimatidada membrane can withstand. The percent elongation correlates
to the amounof deflection that might be exhibited during loading. Lastly, the modulus of

toughness is a representation of the amount of energy that will be absorbed by the system
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before failure (Thornburg 2004). The three categories are what designers shouldrconside
when selecting a material but materials tend to perform well in two categories and poorly

in a third (Thornburg 2004Materials ranged from stiff to very soBtiff materials tend

to have low elongations with largdtimate pressures but low modulus @dughness,
whereas soft materials have large modulus of toughness and adequate pressures but very

large deflections.

The material properties needed for analysis depend significantly on the method
used to perform the analysis. SBEDI®thodology(PDC 2008 requires a lot of matil
data about masonry includitige dynamic properties, where Wielgleal. (1969yequires
only basic properties about the masonry. The same is true about the membrane material.
The method proposeby Lane (2003) requires a trs&ress truestrain curve ad the

method used by Youngt al.(2012 onlyusearea@h Youngods modul us of

2.7 Response Limits

New building design has the ability to estimate what the threat level might be and
design the structure to resist tloads to a certain level of protection (LOP). Retrofit
systems do not have the ability to always bring a building within a high level of
protection if the threat is high. The idea of the retrofit is to bring the structure within an

acceptable and feasidl®P. For retrofitting a building the process goes as follows:

1) Define loading

2) Analyze the masonry without retrofit

3) Determine what the provided LOP is

4) Analyze the structure with the retrofit system

5) Determine the change in the LOP
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6) Iterate if the LOP with té retrofit is not adequate

The LOP of a building is directly related to the expected damage to the system. The
LOPs of building structures from PDTR 060 6 i SDegrepdf-Ereedom Structural

Response Limits for oullinedinTaetr22.ori sm Desi gno

Table2.2: Structural Damage Associated with Building Levels of Protection (U.S Army
Corps of Engineers 2008)

Building
Level of Descriptions of Potential Overall Structural Damage
Protection

Below AT | Severe Damage Progressive collapse likely. Space in and aro
standards | damaged area is unusable.

Heavy Damage- Onset of structural collapse. Progressive collaps

very Low unlikely. Space in and around damaged area is unusable.
Low Unrepairable mage- Progressive collapse will not occur. Space in
around damaged area is unusable.
, Repairable DamageSpace in and around damaged area can be used
Medium . .
fully functional after cleanup and repairs.
High Superficial Damage- No permanent eformations. The facility is

immediately operable.

1- This is not a level of protection, and should never be a design goal. It only defines a realm of
more severe structural response, and may provide useful information in some cases.

For masonry structures, the masonry is commonly cracked and failed as a result of
loading. Different structural elements are allowed to have different response levels
depending on the type of element. This means that for a given building not all the
elemens must conform to the same criteria. The typesl@fents are outlined in Table

2.3.
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Table2.3: Component Descriptions (U.S. Army Corps of Engineers 2008)

Component | Description

Primary Members whose loss would affect a number of other compon
Structural supported by that member and whose loss could potentially affeq
overall structural stability of the building in the area of loss. Examplé
primary structural components include: columns, girdersd other
primary framing components directly or-directly supporting othe
structural or nosstructural members, and any lebearing structura
components such as walls.

Secondary | Structural component supported by a primary framing compio
Structural Examples of secondary structural components includeloamh bearing
infill masonry walls, metal panels, and standing seam roofs.

Non Components whose loss would have little effect on the overall stru
Structural stability of the building inthe area of loss. Examples of mstnuctural
components include interior nédoad bearing walls, and architectu
items attached to building structural components.

For masonry walls, depending on whether or not they are load bearing will fall
into either the primary structural or secondary structural category. The damage associated
with a structural component is related to the weight and standoff aéxihlesive and

shown in Figure 22,
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Figure2.12: Component Damage Levels (PO®R 06-08 2008)

The damage to a component is specified as visible effects after loading happens.
However, for design purposes response limits were developed to determine if damage
would be declared superficial or hazardotlieese response limits are described using
two criteria. The first is a ductility raticg, which is the ratio between the maximum
deflection and the deflection at first yield. The second is the rotatidimeodvall at the

support. Table 2 are the respoaslimits for masonry walls from PDTR 06-08

modified to only show unreinforced masonry.
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Table2.4: Response Limits for Unreinforced Masonry

Member Bl B2 B3 B4

€ d € d € d € d
Flexure 1 - - 1.5° - 4.0° - 8°
Combined
Flexure &|1 - - 1.5° - 1.5° - 1.5°
Compressior

The design of a retrofit should bring the masonry wall within acceptable standards
for a specific level of protection. As stated previously, due to the flexural response of
unreinforced masonry superficial damage may not be applicable regardless of tim amo
of retrofit applied. Chapter 8 presents a design example that illustrates how the entire
system masonry wall, membrane and membrane connection will work and how design of

a retrofit could be done.
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Chapter 3: Review of Design Resistance Functigrfor Unreinforced Masonry

3.1 Overview

The brittle nature of unreinforced ngmouted masonry walls makes a resistance
definition difficult to derive and test. The resistanceaahasonry wall depends heavily
on the support conditions. Two support comhi have been considered. The first is
when the supports provide no rotational resistaneich is represented as a simple
support. With simple supports the wall resist lateral loads using only its flexural strength
and any axial loads such as sgHight Sinceunreinforcedmasonry does not have a

large flexural resistance, it generallyconsidered negligiblPDC 2008.

The second support condition is a fuligid support.If the wall supports are
rigid, the support wilresist rotatioras the wallhttempts to rotateAs the wall attempts to
rotate into the support, the support reacts and pushes back at the corner of the wall. Since
the support is assumed to be at the longitudinal edge of theitwaill create a moment
arm. The moment arm and fercreate a restoring moment. This restoring moment

increases the resistance of the wall significantly (Drysdale et al. 1994).

3.2Non-Arching Masonry Resistance Functions

If the wall supports cannot resist the rotation of the ththe wall is assumed
to be simple supported. The wall must be d&gakto the supports in such a way that no
translation is permitted at the supports. If the wall is spsplpported it is considered to

be a beam with some flexural resistance up to crgcldfter the wall cracks at midspan,
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the resistance of the walkecreases significantly with very little additional displacement

if no axial load is applied

3.2.1 Wiehle Resistance Function

One of the first methods derived for the development of resistamctions for
simply supported masonry walhgainst lateral loads was presented by Wiehle et al
(1969). Wiehle et al. describe the resistanagction in two phases. First &n elastic
phase where the masonry wall is uncracked and resists the |l@adjtthits flexural
strength. The second phase is a decaying phase. The decaying phase depends heavily on

the axial loads applied to the wall as the source of resistance.

To developa resistance cury¢he elastic peakpressurep;, and deflection at the

maximum elastic prgsurem, isthe first point calculated

4t

=2 (1t P 3.1
pl 3},]2(r )
4
g =P 3.2
384E

Wheret is the thickness ofhe wall, h the height of the wall, an@ is the axial bad
applied through the centef the wall.f, corresponds to either the modulus of rupture or
the tensile bond strength depending on design assumptionslohnson (209) used
bond strength of 65 psThis value is widely variable80 psi to 250 psi (Drysdale et al.
1994).The elastic resistance tie wall inEquation3.1 uses a moment of inertia for a

solid rectangular blogkvhichdoes not incorporate thmllow sections of the CMU.
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Once the elastic portion of the curve is knowhe decay portion isletermined

using the formula fop, and increnenting the deflection.
4
P == (L ) B 2 33

Dependingon the axial load applied to the wall, three different decay phases are
possible Figure 3.1 The axial load can increase the resistance above the elastic phase.
The axial load magllow the decay phase to start where the elastic portion@nifishe

load is low enough the decay phase will start below the elastic portion.

o

Resislance, P

plpu —

Deflection, v

Figure3.1: Decaying Phases Assumed by Wiehle et al. (1969)

Thereis an assumed linear rétanship fromthe originto the elastic limit. If the
decay phase is below the elastic limit a vertical drop is assuwibdn the ultimate

pressure is above the elastic limit the transition has the same slope as the elastic portio

until it reaches the decay phase.
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3.22 Moradi Method

Moradiand Davidsor{2008) developed a resistance function that would allow for
different degrees of fixity of the supports. Using theories developed by Paulay and
Priestly (1992) andthose presented iDrysdale et al. (1994)Moradi and Davidson
(2008) develoged a resistance functiolhe major distinction of the Moradi method is
that the tensile strength of theamar is neglectedwhich reduces the resistance of the
URM wall and allavs for a very conservative desidgfigure 3.2 is a free body diagram of

the wall used by Moradi (2008).
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Figure3.2: Free Body Diagram of NeArching Wall (Moradi et al. 2010)

To start, the pressurat the elastic limit is determined. The elagiiessures

calculatedby setting Equation8.4 and 3.5 equal to one another.

t y (3-2a)ph

Ly >-4a)ph 3.4
P76 3 1w+ 2w
5- 4a) ph'
Phaxelastic = (—) 3.5
384E,1,
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WhereE. is the concrete masonry modulus of elasticity g the gross (uncracked)
moment of inertialJis the support fixitywith 0 being a pinned condition and 1 being a
fully fixed condition andy is the crack length of the URM wall. For the elastic phase
there is no crack in the wall, thered¢or=0. Oncethe pressure at cracking known, the

maximum elasticleflectioncan be calculatedsingEquation3.5.

For the decay phase of the resistance functiba crack length is increased
incrementally Moradi and Davidsor{2008) assumed that the displacement at midspan is
proportional to the curvature of the wallhe deflection after cracking is calculated as

follows:

Rs=0Q 3.6
2
Where:b :&—Gtz 3.7
Rr (t - y)

Wherecr denotes cracking amG denoes crack growth. Sinde does not change as the

crack growsR.r andRg cancel each other out leaving:

t2
b =— 3.8
(t-y)

Using the deflection aftasracking and plugging it intequation3.4, the pressure can be
determined.This process isontinued until failure The process for developing the

resistance faction is outlined in Figure 3.3
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Figure3.3: Moradi Method for a NoiArching Resistance Curve Flow Chart
3.2.3 SBEDS Methodology
SBEDS User ManualPDC 2008) considers two forms &fRM wall response.

The first is an elastiplastic flexural response. This response is not recommended since
static testing shows that masonry walls do not exhibit a plastic respgeD§22008)

SBEDS UseManual(PDC 2008)explains that the only reason it is included is due to the
limited plastic response that has been used in the past. The second response type

consideredandis recommended is brittle flexural response with axial load.
From the bending stss formula the maximum moment capacity can be

calculated.

e 3.9

>|T

Where A=t 3SFF 3.10

Wherel is the ultimate tensile stress of the masonry @RRis the solid fractional ratio

of the masonry. If the exactoss sectional area is known, tsabuld be used. Once the

42



maximum moment is known, beam mechanics are used to determine the lateral load that

causes that moment as well as the deflection dalastic bending.

r = 8—'\glwhere:M S&f K 311
h c t
0. _ 5rh* 3.12
ax elastic ™ )
384E, |

Wherer; is the resistance due flexure andSis the elastic section modulu& second

point is calculated to determine if the axial load will increase or decrease the resistance of
the wall and to what extenthe SBEDS User ManuaPDC 2008)suggests usg 10% of

the compressive strengthr 200 psi, whichever is greatefirst the resistance after

cracking is calculated.

8 3 Wh
rZ:F(t {pnaX% —+é— 3.13

Where gqnax refers to the maximum edic deflection found in EquatioB.12. The
deflection corresponding 1o, 0@, is then calculated assuming a linear relatignslfithe
resistance after the elastic region is greater than the elastic resistance then the sign of the

elastic stiffnessK, is positive otherwise the sign is negatiiéigure 3.4
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3.2.4 Unified Facilities Criteria (UFC)B-340-02 Methodology
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From this point the resistance curve is assumed linear until the wall has no resistance.
The defletion corresponding to failuris assumed to be the thickness of the {RIDC

2008) This methodvaspresented by Oswald and Zehrt (2010) for the update to UFC 3

TM 5-1300 is supereded by UFC-340-02 so it wasiot considered. UFC (2008)
does not derive or present any formulas for a resistance curve for a simply supported
wall. If a wall is simply supported the modulus of rupture will determine the maximum
resistance of the wall (UFC 2008). Additional axial loads/rbhe considered if they exist.

An example presented by UK2008)for a simply suppded wall is shown in Figure 3.
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Figure3.5: UFC Simply Supported Wall

The wall will have supports that resist lateral movements but cannot resist
rotation.An update to the masonry chapter of UFRG4®-02 was released by Oswald and
Zerht (2010) and for nearching walls the method presented is the same as the SBEDS

method.
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3.25 Comparison of NeArching Resistance Functions

A resistance function should be able to accurately predict the pressures required to
deflect any size wall. Three different criteria are compared using each of the three
methods. The three criteria emaed are the wall thickness, brick type, and axial load.
The baskne case will be a 8-in CMU brick wall with a height of 12 ft witmo axial
load. When exploringpow these models change with varying wall properoae/ one of

the properties of the belge case will be changed.

First how the models compare to one another is important to understgace
3.6 shows how the models compare to one ano#fiethe models have similar shape
and all follow the same linear elastic path. The main diffeenoe the peak pressure and
how much the wall decays after crackifidie modulus ofupture proposed by Johnson
(2008 was used for the Wiehle Method. SBEDS has a minimum of 200 psiddar

tensile bondand this number was used tbe SBEDS method.
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Figure 3.6: Comparison of NoiArching Methods
SBEDS gives the largest prediction for the peakquesfollowed by the Wiehle

method The Moradi method produsa resistance curve much lower than the other two.
This is due to the assumption that the wall cannot resist any tensile stresses. This
assumption allowfor the lowest peak resistancehe Moradi method determines a peak
pressure of 0.095 psi while the EBS and Wiehle methods predict 0.55 psi and 0.27 psi,
respectively. The second important consideration is that for the Moradi method the wall

deflection is less than half that of the other two modefailure
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To investigatehow the thickness of the ditk changes the resistance function,
three CMU blocksizes wereused, 6in, 8in, and 12in. All of the propertiesvere taken

from SBEDSmethodology(PDC2008)and shown in Table 3.1

Table3.1: Masonry Propeties of Three CMU Blocks

. Density | Weight FaF:e She Solid Mgmept of| Section
Brick (nch (psh Thickness| Thickness| inertia | Modulus
(in) (%) (inadin) (in3/in)
6-in 33.0 1.25 55 12.8 4.5
8-in 120 39.2 1.25 49 28.4 7.4
12-in 48.0 1.25 40 82.4 14.2

The other properties su@s modulus of ruptureas taken from Johnson (200@pb psi),
mortar tensile bonédfom SBEDS (PDC 200800 psi) and suport fixity from Moradi

(2007)(0%) all remain the same.

How the thickness of the wadffects the models is examined by looking at how
each model changes with respect to varying thicknesses rather than comparing every

curve. The first method examined is the Wiehle metiredented ifrigure 3.7
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Figure3.7: Wiehle NorArching Variable Wall Thickness

When the thickness of the wall is increased by 30% the resistance for the wall

increases by a factor of approximately 1.75 and when the wall thickness is doubled the

resistance is increased by a factor of four. Because of the way the formula is set up the

thickness of the wall has a squared effect on the resistance of the wall. The deflection of

the wall at the maximum pressure does not change significantly; however, it is important

to note that the thinner walls have a larger midspan defleatithre ultmate pressure
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Figure3.8: SBEDS NorArching Variable Wall Thickness
Figure 3.8 shows how the SBEDS method varies with block thickii&sse

again the larger bricks produce ager resistanceThis metha produce much larger
deflection compared to the Wiehle method. Tkie &all produced a pressure of 0.33 psi,
the 8in wall produced a pressure of 0.55 psi, and théni®all generated a pressure of

1.1 psi at the peak pressure.
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Figure3.9: Moradi NorrArching Variable Wall Thickness
The effect of block thickness on the Moradi method is shown in Figurd Be9.

Moradi method again produces larger pressures for thicker walls. Forithevall, the
peak pressure is 0.032 psi, thén8wall pressure is 0.094 psi, and theid2vall peak
pressure is 0.41 psi. As the thickness of the wall increases the deflection aakhe pe

pressure also increas@gich is contrary to the other two methods.

The second characteristio examine is the type of brick used. Three styles of
bricks are used to examine how the models react to varying brick materials. The three
type of bricks slected are: an adobe brick, CMU, andeamopearblock. All bricks will

have a thickness of 8 inchéhe other parameters are shown in Table 3.2.
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Table3.2: Material Properties of Varying Blocks

. Density | Weight | Compresive Tensie $ohd Moment of Secton Young's

Brick (vch (s | strength (ps)| Strength (psi) Thickness| nertia (¥in) Modulus Modulus
(%) (in/in) (psi)

Adobe 115 76.7 435.1 156 100 42.7 10.7 435100

CMU 120 39.2 1350 200 49 28.4 7.4 2000000

Europear] 90 30.0 1350 200 50 12.8 3.2 2000000

The tensilestrength of the adobe is calculated using the equation presented by ACI 318.

The modulus of rupturdor adobe is 50 psi (IBC 2006). Since the Wiailethod use the
modulus of rupture as the primary means to determine the peak pressure, the resistance

can change significantly depending on the testing of the adbleeeffect that block type

f=75/f

has on the Wiehle method is shown in Figure 3.10.
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Figure3.10: Wiehle NorArching Variable Brick Type

The Wiehle method uses the modulus of rupture as the main criteria to determine
when the wall cracks and loses its flexural rigidity. Since the modulus of rupture for
concretes the same for the CMU blocks and the European blocks the peak pressures are

the same. Table 3.3 summarizesrsstanceind deflections at the peadsistance
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Table 3.3: Wiehle Method Smmary of Deflections at Peak Réance for NorArching
Masonry with Varying Brick Types

Deflection (in)  [Pressure (pS
CMU 0.026 0.267
Adobe Brick 0.062 0.206
European Brick 0.059 0.267

Since the moment of inertia is lower for the European brick the deflection at the peak
resistances greaterThedifference betweemodulus of rupturef concrete and adelis
only 10 psi.This causes thpeak resistance® be very closeThe effect of brick type on

the SBEDS method is shown in Figure 3.11.
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Figure3.11: SBEDS NorArching Variable Brick Type
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The SBEDS methodoes not follow the same patteas the Wiehle method. The
adobe again produces a large deflection at pesistancavhile the European brick has
the lowestresistancat the sameleflectionas the CMU brick. Table 3.4 summarizes the

deflections at the @ resistance

Table3.4: SBEDS Method Summary of Deflections at P&adsistance foNon-Arching
Masonry with Varying Brick Types

Deflection (in)  [Pressure (pS
CMU 0.054 0.548
Adobe Brick 0.194 0.644
European Brick 0.054 0.247

The moment of inertia of the bricks is important in determining the maximum
pressurghowever it appears that the moment of inertia does not have a significant effect
on deflection. The moment of inertia of the CMU block is twice that of the European
block yet they have the same deflection at peakstanceFor this reason, theeflection
of the European block and the CMU are the sarhe.effect of brick type on the Moradi

method is shown in Figure 3.12.
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Figure3.12: Moradi NorrArching Variable Brick Type

The modulus of elasticity of the adobe is much less than that of the concrete
blocks and the Moradi method uses this characteristic to determine theepeaince
For this reason the peaksistancef the adobe is less than that of the other two blocks
In this graph it is easy to see how the cracking of the masonry affects the Moradi method.
At the onset of the crack, there is not a significant amount of stresses developed to resist
the lateral pressures. The craokistpropagate to approximately 83% the thickness
until the second peakesistanceas observed.The second peak is caused by the-self

weight of the walmoving and helpingto restore the system
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The last important factor thakefines theshapeof the resistance curve for non
arching masory walls is the axial load. An axial load may be present if the roof or upper
floor is supported by the wall. If the presence of an axial load is unknown or the designer
is unsure as to what amoustitould beassumd, thenthe axial load igaken azero wten
determining the resistance curvée axial load acts as a regtgrforce andncreases the
lateral loadresisance Three axial loads will be examined to determine how they affect
the resistance curve8 Ib/in, 220 Ib/in, and 500 Im. How axial load effects the Wiehle

method is shown in Figure 3.13.

Resistance (psi)

Deflection (in)

Figure3.13: Wiehle NonrArching Variable Axial Loads

The large axial load generates the latgesistancafterthe flexural resistarecof
the wall vanishesllowing the larger axial load tproduce a larger pealesistanceand
deflection The two walls with axial loads do not have a drop in resistance after the

flexurd resistance is gone. This is becatlsmiddle axial load was seted specifically
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so the decay function would start approximately at the same poistevihe elastic

function ended. How axial load effects the SBEDS method is shown in Figure 3.14.
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Figure3.14: SBEDSNon-Arching Variable Axial Loads

The SBEDS method producessistancecurvesthat are similar tahe Wiehle
method. There is a similar pattern where the larger axial load generates the largest peak
pressure followed by the middle axial load. One notald@ndition between SBEDS and
the Wiehle method ithatthe SBEDS pressures and deflection are about double that of

the Wiehle methodAxial load effects on the Moradi method are shown in Figure 3.15.
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Figure3.15. Moradi NonArching Variable Axial Loads

The Moradi method produces satleer curves due to the incremental changes
made at every step. Thesistance generated for the walls with an axial load are
comparable to those generated by the Wiehle methweselpressures are still the lowest

of the three methods but still follow the general order of which wall produces the largest
pressures.

A comparison of the peak pressures for each variable atidochis depicted in
Figure 3.16 Three of the variables shown come from the same wall. One standard

example was chosen to compare how changing variables affects the resistance curves.

This is why the 8n, CMU and P=0 bars all have the same pressure for a specific method.
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For all three characteristics, the Moradethod produces the lowest pressures.
For most of the cases the differences between the Moradi method and the other two are
significant. However, when an axial load is applied to the wall there is a substantial
decrease in the difference between the ndgth®he SBEDS method produced the largest

pressures for all but the European brick.

The deflections at the peak pressure do not follow a unique trend. For most of the
cases the SBEDS method tends to generate the largest deflections. HdveeMaradi
and Wiehle methods botienerate largdeflectiors for different characteristics. Most of
the deflectbns are approximately 0.06. with the maximum beingpproximately0.25
in. for walls with largeaxial loads applied. Figure 3.1gdbmpares the deflectisnat

midspan.

The amount oénergydissipation proportional to the area under the cuwvevall
will absorb before failure is a key characterigtic comparisonThe comparison of how
each wdldid in terms of energy dissipatios shown in Figure 3.18 he ideal wall can
dissipatemore energyhanthe load can impariVhen an axial load is applied tioe wall
the amount of energy dissipatédfore failure is drastically increased. The SBEDS
methodproduces a largamergydissimtionfor every caseThe Wiehle methodused a
moment of inertia for a solid rectangle. This assumption is inaccurate for ungrouted
CMU. Due to the wide range of bond strengths of mortar to masonry, the Moradi method

does not consider tensile stress.
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3.3 Arching Masonry Resistance Functions

Depending on the support conditiprithe wall may be modeled as a beam
between two fixed supports. These supports must be able to resist the rotation of the wall.
If the supports are stiff engh the wall can be modeled as an arching, wddich will
give significant resistance to lateral loads (PauleyPRweistey 1992). When the wall is
bent due to the lateral loads the tension face Jwolgate. If the supports aragid this
elongationis met with a compression force at the supports. This casipeeforce will
act as a restorg force and help increase the resistance of the wall by almost 2.5 times

(Drysdale et al. 1994).

There are four methods considered when developing the archsigtance
function. The first one developed was by Wiehle et al. (1968) followed by Moradi and

Davidson (2008), SBEDS Methodology¥C 2008), and lastly UFCOOD 2008).

3.3.1 Wiehle Arching Resistance Curve

The Wiehle method is used by Johnson (20@#avson (1995), and Jones
(1989). Several assumptions were needed to generate the resistance curve. The first is
that the lateral loads are registered entirely by the compressive forces generated and any
flexural strength from tension is neglected. The sdderthat the wall acts as tw@id

halves rotating about the supports. Any additional axial éggudied is neglected.

The resistance function starts by calculating the deflection at tihé \wben the
wall starts to crackOnce the deflection is knowthe pressure at yielding can be

calculated.
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= = 3.17
C |_d -
2
ah %
Where: L, = = 42 3.18
d 5 9
2f
P, :h—;ﬂ(t @) 3.19

Thesevaluesidentify the yield load for the masonry wall. This is the only point
that will describe the elastic region of the wall. When the wall deflection is greater than
the yield deflection, the midspan deflection is incremented and the resulting load is

calculaed.

p, ="t ) > 3.20

Once the deflection at midspan is the same as the thickness of the wall, the resistance is

assumed to go to zero.

The UFCpresentsa set of equations for arching walls with a gap. This method
works if the wall is breed at the top to resist translation but allows rotation of the wall
until the wall is in contact withihe rigid support. Figure 3.18lescribes how the wall

deflects during the loading.
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Figure3.19: UFC (DoD 2008) Gapped Wall Schematic
In the aboveillustration, the distance the midspan, point m, travels before

touching t he s up pvbilethe walkis rotairsgconly ineriaffecs are

resisting the movement and are consideregligible
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R=t -y g oU 3.21
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3.22

Shortening of the diagonal at failure along with the elastic modulus will be used to

determine the stress in the concrete.



LoD
e =—2 3.23
Ld
The deflection correspondinig the ultmateresistances shown in Equatio8.24.
(t-R)
Q=—"+¢ 3.24
E.é,
The peakresistance is equal to:
p1:h—22 f[t -] 3.25

After the peakresistance, the deflection is incremented until the deflection equals the

thicknessof the wall.
2 .. 2
pfpfm[t o o>m 3.26

When there is no gap present, these equations produce the same curve as the Wiehle
method. Many URM walls have a small gap, making the use of the UFC formulas more
viable and representative of hatlve wall will react. Gaps are present to allow for
shrinkageand creep. They may also be the result of construction &iereffects of a

gap are shown in Figure 3.20.
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Figure3.20: UFC Gapped WalComparison
The stiffness of the wall is not affected by the addition of the gap. The

displacement at thpeak resistances shifted to the right. This is because of the initial
deflection required before arching can start. The pealstancds adverselyaffected

with the addition of a gap. For this reason it is important to incorporate a gap if
applicable. The UFC method also does not incorporate an axial load that will produce a

conservative curve.

3.3.2 MoradiArching Resistance Curve
The resistanceuhction created by Moradi et al. (2010) uses mechanics to derive a

process to generate a resistance curve. One main difference between the Moradi method
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and the Wiehlenethod is that Moradi included an additional axial load for load bearing

walls. The FBDused by Moradi et a(2010) is Bown in Figure 3.21.
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Figure3.21: FBD of Moradi Arching Wall (Moradi et al. 2010)
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An equation was developed for the pressure as a function of displacement, the

arching fore, and the crack length.

&

y t+a 68P tda 48 t Ao
3 2 TOp R 282

3.27

Q:On

_8
h?

e

W
__'LI
p N 2

VO?BUQJO

WhereV+ represents the arching foré&hen the wall is not cracked, the arching force is

assumed to be zero along with the crack length. dbdhvalues are substituted into

Equation3.27 andsolving for displacement results in:

&, W &t oph’
P m Og
qq:C €2 - 3.28
W
P+—
4

Before cracking, the wall resists the lateral load due to pure flexural resistance assuming
no mortar tensile bondJsing the assumption that the wall ends are fixed, the deflection
dueto flexure comes fronkuleii Bernoulli beam theory

A
Q= 38TEI 3.29
g

SettingEquations3.28 and 3.29 equal, the pressure that will result in maximum flexural

resistance can be determined.

-3

a, W @t o
T & ©
P=3 e 3.30
h %+i O‘-L
¢ 84E.1, ¢ 4 8

Once theresistancas known the displacement can be calculafte arching force on

top of the wall is derived using theory developed by McDowell et al. (1956). The strain
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created in the wall due to the shortening of the corner and the support is shown

Equaton 3.31

_2d
E_F 3.31
2
Where 0 is the shortening of the wal/l The
3.22 and usinghe geometryof deformationthe definition was developed by Moradi and
Davidson (2008).
o
\ LA’ II‘ f
I"ﬂl‘/Delbrmed shape
h/2 ‘II"‘.
e
Figure3.22: Shortening of URM Wall
_m d 21
tan(/ )=—- = \d =— 3.32
2
Hookeds Law is applice

Assuming the masonry is elastic umtilishing

2
. a5 gEm 2 a3
arching h h hz '
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_BEq
=2 3.34

To determine the dédction after cracking, Equatiords6 and 3.7 should be used
while incrementing the crack lengty, The resultant force is the summation of the axial

load, the selveight, and the arching force.
R=P 4/ VAZ\i 3.35

Since the stress relies on the arching fowdgch is a function of displacement,
small incremental steps allow for the use of the stress from the previous iteration to
calculate the curvature ratio. Once the deflection is known, the peessur be
detemined using EquatioB.27.This process is continued until the resistance of the wall

goes to zero which constitutes failure

The process to develop a resistance curve using the Moradi method is detailed in

the flow chart in Figure 3.2Below.
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Figure3.23. Flow Chart of Moradi Arching Resistance Curve Development




3.3.3 SBED®rching Resistance Curve

The SBEDS method is similar in the Wiehle method in that it assumes the flexural
resistance is significantly less than the arching action. For this reason the flexural
resistance is neglected. The methodology used to generate the resistance curve comes
fom Par ks and Gamble (2000) ARei nforced Co

neglect the presence of steel, allows for ungrouted voids, and a support movement for

gapped walls.

The SBEDS arching resistance curve is constructed using only three poiats.
first is the displacement of the wall needed to close the gap between the wall and the

supports. At this point there is no resistance from the wall and only deflection.

sh % h+d, ¢
D, = Jah 8h4 232— ; 3.36
(; =

This is the starting point of the resistanceveurThe second point needed is the

maximum resistance of the wall and its corresponding deflection.

8e at t_ & ta. 0.8m ;
=2 2C ms »AC — . -7 ms =~ - C) - 3.37
pmax hzgz 1§ 2 9 2 zéetns 2 (Ql 2) 1
2 d
a=L B prde 3.38
2 2 ¢ h
e at 0@
0.85f ' b % -
. é.l 2 & go de 15 %
“THE s O f' b b3 2 3.38(2)
¢t= T1+0.2125- %1 = +=
D, E. hS
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C,=0.85f t 3.39

C,=0.85f k(0.8 -t 3.40
. ah t o
D, =min —= ot 3.41
P02 2
Where: qa 7 Midspan deflection at maximum resistance

U+ Compression strain due to arching forces and support movement strain
Uy - Gap between edge of wall and rigid supports
tms- Masonry shell thickness

k - Solid ratio of masonry through webs (k = 0 assumed for horizontal span
arching if not fully grouted)

C; - Compression force per unit width in shell

C, - Compression force per unit width in web

b - Distance from supporotyield location divided by span length = 0.5
Si Lateral stiffness of the supports =B2

fac i Dynamic ultimate compressive strength of concrete

b; i Ratio of concrete compression block depth to the distance from the
compression face to the neutral axis =0.85f@ 4000 psi and
by 0.05 for everyLl000 psi increase in strength but not less than 0.65

E. T Modulus of elasticity of the conceet

The deflection at ultimate resistance is assumed to be approximate to half the wall
thickness based on experimental data presented in Parks and Gamble §2864d)on
the results of the experiments it was observed that the deflectiaifiecsed by tle
stiffness of the supports For stiffer supports At WO |
conservative estimate of the ultimate loaould be obtainedt a central deflection of 0.5

the sl ab thickness 0O0OnceRte mixsnuma poidt has deardedfe 2 000
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the last point needed is the point of failure. When the wall exhibits sraymththe wall
will not be able to resist any loading. The deflection at the point of smapgth is

defined as:
D, =min(0.08n,0.8) +, Dt 3.42

These three points are the only points used to define a resistance curve in SBEDS. Since

there are only three points, a triangular resistance curve will aleayk

3.3.4 Comparison of Arching Resistance Functions

Three characteristics will be exarathto see how these resistance functions will
be affected. The first is the thickness of the wall. Three different sized bricks will be
selected, 6n, 8in and 12in. The second characteristic of the wall to be examined is the
type of brick. The bricks $ected are an-81 CMU, European brick, and a solid adobe
brick. The last characteristic is the gap between the walls. A zero gap, @apjrand a
0.25 in gap will be used. Only two of the resistance functions are designed to incorporate
a gap so onlyhese two will be used for this portion. The axial load can influence the
resistancehowever, since only the Moradi method is capable of incorporating axial loads

this characteristic will be neglected.

The first characteristic that was examined waghiekness of the wall. The three
wall thicknesses selected werén6 8in and 12in CMU. When the thickness of the wall
increases the moment of inertia as well as theveeifht of the wall increase. These two
values were updated as well. All values espond to SBEDS Methodology (2008)

recommended properties for medium weight CMU. An increase in the wall thickness
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should increase the ultimate pressure of the syst&.input parameters are shown in

Table 3.5 and Figure 3.Zhows the effect of wall tbkness on the Wiehle method.

Table3.5: Input Parameters for Wall Thickness Comparison of Arching Methods

Wall Thickness (in) 6| 8| 12
Wall Height (in) 144
Axial Load (Ib/in) 0
Modulus of Elasticity of Mortar (psi) 1350000
Gross Moment of Inertia (iin) 12.8 28.4 82.4
Weight of Wall (Ib/in) 22.9 27.2 33.3
Solid Fractional Ratio (%) 55 49 40
Compression Block (in) 1.25
fm (psi) 1350
18
16 J'\
w N
S
12 i: \'-
Z I \
‘é’ 10 i N
“i 8 I h \

Deflection (in)

Figure3.24: Wiehle Arching Variable Wall Thicknes
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As expected, the larger the wall the greaterpgbak resistancelhe 12in wall
predicts aresistancealmost eight times greater than what would be expected fena 6
thick wall. Because the wall weight increas@th increase in thickness, this helps resist
the pressures as well as increasing the moment arm of the arching forces. The thicker
walls produce a smaller deflection at the ultimate pres3ure.effect of wall thickness

on the SBEDS method is shown iig&re 3.25.
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Figure3.25: SBEDS Arching Variable Wall Thickness

Similar to the Wiehle curves, the peak pressure increases with an increase in the
wall thickness. These ultimate pressures are significaothkerd than those from the

Wiehle model. The deflections are also much greater for the SBEDS method. The snap
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through deflection predicts a collapse of the wall at much lower deflections than the
Wiehle method. The weight of the wall is not considered fer SIBEDS method and
could account for the lower pressurelaw the Moradi method is effected by the block

thickness is shown in Figure 3.26.

Resistance (psi)
I

Deflection (in)

Figure3.26: Moradi Arching Variable Wall Thickness

The Moradi métod produces resistance curibat fall between the other two
methods. The stiffness of the walls is not greatly affebtethe wall thickness compared
to the other two method3he other two methods show a significant increase in stiffness
with a larger wall thickness. This is partly due to the increased moment of inertia of the

thicker walls.
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The second factor that was looked at is the type of brick. Three common bricks
were selected CMU, European brick, and solid adobe bricks. The CMU block is a
common building mateai in the U.S. and the Europelnck is used widely overseas. In
the Middle East, adobe bricks ardl svidely used due to the ease of constructsord

availability. The input parameters for variable brick type are shown in Table 3.6.

Table3.6: Input Parameters for Brick Comparison for Arching Methods

CMU |Europea|iﬂdobe

Wall Thickness (in) 8

Wall Height (in) 144

Axial Load (Ib/in) 0

Modulus of Elasticity of Mortar (psi) | 13500001800000 46510(
Gross Moment of Inertia (#in) 28.4 12.8 82.4
Weight of Wall (Ib/in) 27.2 27.8 55.6
Solid Fractional Ratio (%) 49 50 100
Compression Block (in) 1.25

m (psi) 1350 1804  465.1

The compression block of the adobe was not changed to réfl@csuggested by
Drysdale et al. (1994)a=0.1t This was donen orderto compare how the different
bricks compare as a materidhe effect of brick type on the Wiehle method is shown in

Figure 3.27.
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Figure3.27. Wiehle Arching Variable Brick'ype

The European brick produces the largest ultimate pressure according to the
Wiehle method. The European brick has a large amount of material in the core of the
brick compared to the CMU brick as well as a larger compressive stress. The
compressive stress of the adobe greatly affects the peak pressure of the adobe wall. The
deflections & the ultimate resistance are directly related to the pealstance The
European brick produced both the largest ultimate pressure and the largest deflection at
peak resistanceThe ultimate pressure produced by the European kwiggproximately

8 ps. How the brick type effects the SBEDS method is shown in figure 3.28.
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Figure3.28. SBEDS Arching Variable Brick Type

The SBEDS curves follow the same trend as the Wiehle method, with the
European brick ppducing the largegieakresistance. The deflection corresponding to the
ultimate strength is independent of the brick properties. The geometry of the wall dictates
this deflection point. The deflection corresponding topak resistancs half the widh
of the wall. Theseesistanceare substantially lower than those produced by the Wiehle
method. The maximunesistancgroduced by the European brick is 2.03 péie effect

of brick type on the Moradnethod is shown in Figure 3.29
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Figure3.29: Moradi Arching Variable Brick Type

The resistance curves produced by Moradi closely resembles the Wiehle curves.
The peakresistancesare below the Wiehlegesistancebut not as significantly as the
SBEDSnumbers. Theesistancef the European brick at the ultimate strength is 5.30 psi
and has a deflection of 0.70 in. at the ultimate strength. All of the walls collapse at the

same deflectionf approximately7.30 inch.

The final feature to be examined tise gap spacing. The gap will lower the
resistance of the walby approximately 5% (Drysdaleet al. 1994) and increase the
deflections at the ultimate strength and collapse. Only UFC and SBEDS consider a gap in

the development of the resistance curvethedVioradi method will not be considered in
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this section. The three gap sizes to consider are zerm @rid 0.25n. gaps. The wall
will be a standard-&h. CMU wall with a height of 144 in. between suppofish e gap 0 s

effect on the UFC method is shownFigure 3.30.
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Figure3.30: UFC Arching Variable Gap Width

The deflection at the start of the resistance curve is heavily influenced by the gap
width. The wall must rotate in order to close the gap between the supports and the wall.
The deflection at the onset of the resistance curves for thi@ @dp and the @5 inch
gap are 0.43:. and 1.05m. respectively. The stiffness of the wall is not affected by the
presence of a gap. The peak pressures however are adversely affected as well as the

deflection corresponding to the peak pressure. The deflection of theatweollapse
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remains the same for all cases since the method assumes when the wall deflection at
collapse equals the wall thickne3$e effect of the gap length on the SBEDS method is

shown in Figure 3.31.
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Figure3.31: SBEDS Arching Variable Gap Width

The deflection at the beginning of the resistance curve is similar to the deflections
of the UFC method. The collapse deflection is shifted over by the same amount as the
initial deflection. The stiffnessfdhe wall is adversely affected by the presence of a gap
unlike the UFC model. The larger gaps have a greater effect on thergmstance

compared to the UFC method.
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How the models araffectedby anindividual characteristic is important. Another
critical comparison is how th@odels compare to one anothiéigure 3.2 compares the
peak resistancef each of the models. In almost every instance the Wiehle method
produced the largesesistanceTheseresistancesvere significantly larger in some cases
such as the i CMU wall. The Moradi method fell between the other two models in
most cases. The SBEDS method always produced the sme#ietsanceThis is due to
the over simplification of the SBEDS method. The Ipaak resistancean be seen as
conservative for design. The European bricks produced a larger ultimate pressure for all
methods. As the thickness of the wall increasedp#akresistances increased as well for
all methods. The gap width does affect fheak resistancef the wall adversely as

expected.

The energy dissipation is an approximate method to determine the effectiveness
of a wall dés resistance to bl ast |l oadi ng.
different methods is shown in Figure 3.33. For tleigson it is used to compare various
resistance functions for the same whlhch class of wall has the same properties the only
difference is the method used to calculateghessure and deflection. The ideal system is
one that dissipatesiore energy. Hoewver, the method used to callate it should not

overestimate the resistance of the wall.
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Figure3.33: Energy Dissipatioffior Arching Methods
3.4 SDOF Implications

The static resistandenctionis an integral part of the SDOF model. The concern
is not bw much energy a wall can dissipstgt how much it will deflect under a certain
load. The amount a wall deflects must be controlled for blast applicafidresresponse

limits proposed by Oswalchd Zehrt (2010) are shown Table 3.7.
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Table3.7: Response Criteria for Masonry Blast Design (Oswald and Zehrt 2010)

Support Rotation Deflection to Thickness
(Degrees) Ratio
Wall Type Category 1 Category 2 Category 1 Category 2
Steel Reinforced Masonry 2.0 8.0 N/A N/A
Unreinforced Masonry* 1.5 4.0 0.5 0.8

arching

*Only applicable for brittle flexural response followed by compression membrane or axial load

Based on this response criteaidoad was selectatiat would push the limits of a

simply supported wallThe loading used is shown in Figure 3.33.
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Figure3.34: Loading used in SDOF

An SDOF model was used tealculatethe midspan deflectionDue to the

fracturing of CMU during a dynamic load, the properties of the CMU change from the

first cycle to the second. The resistance fioms do not account for property changes.

For this reason the SDOF model is only accurate in determining the firstfpdatailed

look at the SDOF process is outlined in Chaptewith all of the wall properties
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remaining the same as thar8BCMU wall detailed in Table 3.5 the resistance for each
method was plugged into the SDOF modéle results of the dynamic analysis for aon

arching walls is shown in Figure 3.35.
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Figure3.35. Non-Arching DynamicResponse

The Moradi method produces the largest deflection of 5.23 in corresponding to a
rotation of4.2° at the support. The second largest rotation was the Wiehle method with a
rotation of4.0° and lastly was the SBEDS method with a rotation of.3/l three
deflections were under the deflection to thickness ratio of 0.8. The percent difference is
only 10 percent from the maximurotation to the minimum. A 20 difference is a
reasonable difference given the wide range of assongtithat went into the

developmenbf each method.

For arching wall the same loading and wall was used to generate the resistance of
the three arching methods. It is expected that the rotation of the arching walls will be less
than the norarching walls since the loading wilemain the samelhe results of the

dynamic analysis for arching walls are shown in Figure 3.36.
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Figure3.36Arching Dynamic Response

As expected the deflection of all threearching methods is lower than ¢h
deflections observednithe norarching analysis. There is a large difference in the
response of these metlts. The method with the lowest deflectisrthe SBEDS method
with a deflection of 3.21 in. and a rotation of 2.68he Wiehlemethod produced the
second largest deflection of 1.18 in. and a rotation of’0’Bde Moradi method prodas
a deflection of 0.73 in. and a rotation 0/58°. The difference between the SBEDS
method and the Moradi method is 126% #mel difference betweethe Wiehle method
and the SBEDS method is 92%. The difference between the Moradi method and the
Wiehle method isA47%. These differences are very different and greatly influence the
response category the wall will fall into. The Moradi and Wiehle methaltisnto

Category 1 where the SBEDS method falls into Category 2.
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3.5Dynamic Testing

3.5.1 Testing Overview

A test seriesvas performed by AFRL tanvestigate the effects that boundary
conditions have on plane masonry subjected to blast loadintpisirseries dur walls
were constructed all with the same height and wall thickn@§sthe four walls
constructed, two had nearching supports and the oth®ro had arching supports. For
each support conditiomll walls were constructed with 32 lightweightblocks Walls 1
and 3 were constructed as arching walls. Wasd 4 were constructed to simulate -hon
arching walls. For these narching walls, different methods were used to connect the
wall to the support that would allow for a horizontal teatto develop butvould not
have a moment when the wall rotatétiree support configurations were used. The first
used adowelthat would prevent the wall form translating inward but allow rotation at the
supports. The second placed the CMU blocks against the support and grouted the gap to
prevent any rotation of the wall. The last configuration placed an angle behind the wall.
The angle catches the wall and acts similarly to the first configurdtioamannet al.

(2010)detailed the suggested support conditisimewn in Figure 3.37
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Figure3.37: Schematic of Boundari@onditions

The height of all the walls is 120 in. with a wall thickness of 10 in. All the walls
were and tested at the same tirfibe compressive strength of the CMU blocks was
reported as 2890 psi and a mortar tensile borD6fpsi. The support configuration for
each wall is shown in Figure 3.3Pressure gages recordbéeé pressure for each wall. All

four wallshad approximately the same pressure.

The loading was the same for each wall. The weight stadd off (distance
between explosive charge and walBs selected tensure that collapse would notcur.
Figure 3.38presentdhe normalizedmeasured pressure on Wall 2. Tgressureapplied

to each wall was used in the SDOF mduivever they are all veisimilar.
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Figure3.38: Pressure on Wall 2

3.5.2 Dynamic Test Results

Wall 1 exhibited a unexpectedesponseDuring the post test inspection it was
noticed thatthe corners of the support framing arouhe twall were cracked which
likely decrease the stiffness of the wall and all@d for larger deflectionsCracking of

the frame is shown in Figure 3.3
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Figure3.39: Support Cracking of Wall 1

The wall response compaired to the analytical methods is presented in Figure
3.40. Because the support crack#ue largest deflesins happened after tliest cycle.
During the loading signifiant damageccuredin the wall rendering thstaticresistance
function inaccurate after the first peakhis is true for all the resiance curves since

cracking of the wall is assumed for all the walls.
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Figure3.40: Wall 1 Dynamic Response
The SBEDSmethod produces a mudhigher deflectionwhile the other two

methods generatewer deflectiors. The maximum defleabn of the fist phase was 0.54
in. and 1.63n. for the second phase. The second phasetlwastimes greater than the
first phase. The deflection of the negative phase-W&4 in., 2.24 times larger than the
first phase defléoon. The maximum deflections for this wall and the other three are

reported in Table 3.8.

Wall 2 was constructed withteel dovels grouted into the top and bottom of the
wall. It is assumed that the grout in the top and bottow of the CMU will not add
significant resitanceThedeflectiors from the test and the SDOF analysis are shown in

Figure 341
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Figure3.41: Wall 2 DynamicResponse

The deflections generated from the SDOF anallisige a smaller spread and
more closely resemble the test resuibs Wall 2. The methods do not generate
significantly different static resistance curves allowing for all three curves to closely
resemble one anothefhe equipment used to measure the deflection stopped at 11.2
msec and continued again at 96.6 msec.aBse of this when plotted the response
appears to be shifted when it is not. A similar problem occurred with WaHe4.
response of Wall 3 is shown is Figurd3.Wall 3 was another arching wallith only

the weight of the block and compressive strengtinging from Wall 1.

97



1.5

Test Data

—— Wiehle Method
- --- SBEDS Method
— - Moradi Method

Displacement (in)

90 100 110 120 130 140
Time (msec)

Figure3.42: Wall 3 Dynamic Response
Wall 3 falls between the SBEDS method and the other two in the same way Wall

1 does. The peak deflection occurs within the first cycle unlike Wall 1 since the support
frame did not crackThis could be influenced by the wall being in the center of the

support frame where Wall 1 is located at the edge.

Wall 4 was the last wall in this test series and was constructed to represent a non
arching wall. Figure 3.43 shows the boundary conditions of Wallhé. dynamic

respmse is shown in Figure 314
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Figure3.43 Boundry Condition of Test Wall 4
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Figure3.44: Wall 4 Dynamic Response

Wall 4 had a similar response at Wall 2. One important factor is/étis ability

to moveout of the frame since it is only restrained from moving inwBigting the post
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test inspection Figure 3.45 was takenshow how Wall 4 pulled out fro the support

frame.

Figure3.45: Wall 4 Pullout of the Frame

This skews the later cycles but does not affect the peak defleafienthe test the wall

was pulled 2 in. out of the support framddl. three methods producetkeflections greater

than the test results

Table3.8: Wall Response Comparisons

wall/ Wiehle | SBEDS | Moradi Test
Method
in. in. in. in.
1 0.190 1.23 0.096| 0.578*
2 1.446 1.558 1.599 1.636
3 0.161 1.083| 0.111 0.782
4 1.746 1.954 1.803 1.478
* Maximum deflection for first cycle only
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Walls 1 and 3arching walls, have a significant spresith the test data falling in
the middle. The first wall has a strange anomaly where the peak deflection occurs on the
second cycleTable 3.8only lists the deflection of the first cyclehe true maximum
deflection is 1.8 in. The SBEDS method waslevelopedwith assumptions that
overestimating the deflection of the wallhe other two methods produce similar results
however these resultsder predict ta maximum deflection making the design unsafe.
The nonarching walls, Wall 2 and 4 llehad very similar results. This is because the
methods used tgeneratethe resistance curves usery similar assumptions and only

have slight differences.

3.6 Conclumn

Based on the results presentednclusions can be made as to which method
should be used for desigithe nonrarching resistance functions produced reasonably
close results to the tesatdh whereas the arching methods that over predateshder
predicted the deflectiorFor design purposethe method that over predicts deflection

will generate a safer design

The Wiehle method accurately predicted the response of the wall during the
dynamic testFor this reason the Wiehle method was chosemeasniethod to generate

the nonarching resistance function @hapter 7

None of thearchingmethods did an accurate job of predicting the response of the
wall for the dynamic test. For this reastire method used should generate the safest
design withoutover designing the retrofit. The SBEDS method is the only method that
over predicted the deflection. Over predicting the deflection will cause the retrofit to be

overdesigned in order to be able to meet the response criteria.
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Chapter 4: Comparison of Unbonded Memlrane System Analytical Models

4.1 Overview

As previously stated in Chapter 2, three different approaches to the resistance
function for the unbonded systefmave been used and presented in the literature
However, o current usednethod incorporates thmnnectionducility in the resistance
definition. The development of an analyticakthodthat includes the connections will be

discussed ilChapters.

The major challenges of developing a resistance function for the membrane are
the large displacements@the nonlinear material behar. The pressure will always act
perpendicular to the surface of the membrane. At large displacements, the shape of the
surface needs to be known in order to know the force within the membrane that has
developed to resist ¢hloading. Since most of the material will exhibit softening the

material definition is ndonger a linear definition complicating the problem.

It will be shown that these three methods do not coincide with one arihier
will be shown that thearabolic method should be used since it coincides with the FE
model the mostBecause of the large displacements and nonlinear behavior of the
material aprogram should be used to develop a resistance curve since they all require

incrementinghe defletion or pressure in small steps.
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4.2 CableAnalogyMethod

The first method developetas the easiest computationche function was
developed fora cablewith no flexural resistance subjected to simultaneous lateral and
axial loads. This method was peesed by Younget al.(2012. The method only uses the
crosssectional aread), length of the membrané&)( andthe modulus of elasticityH) as
a function of stressThe axial tension is assumed to be the doige contributing to the
stress. The streda the membrane is calculated usigguation 4.1, the deflection in
terms of pressure can be derived, Equation 4.2. To be able to calculate the stress, the axial

force will be needed, Equation 4.3.

S :_Ar\ 4.1
D = & 3pL o 4.2
TOAEA 2 '
2
P =% 4.3

Wherel is the stress in the extreme fib&, is the axial load in the retrofitpis the
deflection at miespan,E; is the tangent modulus of elasticity from the previous step, and
p is the uniform lateral load applied. If a unit width is considered, the area of the retrofit

reduces to the thickness of the materadts.

This method was originally developed for a linear elastic material. Beocatise
nonlinear aspect of the matdr definition an incremental approach was takédine
pressure is incrementethd the deflection of that change in pressure is tteoulated.

To incorporate this additional deflection Equation 4.4 is used.
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D = 3':-)1 -%p il 4.4

Where is the total deflection for that ste@.; is the total deflection from the previous

step, andp,inc is the deflection due to the change in pressure.

The process of developing the resistance curve is deiaited fow chart in
Figure 4.1 and a sample of the calculai®shown in Figure 4.2The process is
continued until the membrane fails. The membrane can fail in one of two ways. The first
is if the stress developed within the membrane exceeds the tensilefithiésmaterial.
The second failure method is when the membrane exegeasietermined displacement.
A recommended value for the maximum deflection is between 15 and 20 in. At this
displacement the FE model shows that the membrane starts to traneitioa rarabolic
shape to a circular shape. The seca@ason this deflection is chosen is because the

response limits set by UFC310-02 are exceeded at these deflections.
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Figure4.1: Cable Resistance Function Development
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90T

L 120 in
Area 0.079 in’/in
Thickness 0.079 in
Lateral Et (psi) Ap (psi) 6 from De:-IZ::on Axial Load | Stress
Load Ap (in) _ (Ib) (psi)
(in)
0 0 0 0.000 0.000 0.0 0
0.01 1269080 0.01 0.991 0.991 18.2 231
0.02 1269080 0.01 0.991 1.248 28.8 366
0.03 1269080 0.01 0.991 1.429 37.8 480
0.04 1269080 0.01 0.991 1.573 45.8 581
0.05 1269080 0.01 0.991 1.694 53.1 675
0.06 1269080 0.01 0.991 1.800 60.0 762

Figure4.2: Sample Calculation for Cable Method




4.3 SeideResistance Function

Paul Seide (1977) generated a formula for ladgdlectiors of rectagular
membraneThe membranesre assumed to have edges that are fixed against rotation but
with no in-plane shear stress and fixed from translatidih.edgeshave these support
conditions, which is not how the membrane is attached in reality. The formula developed
works reasonably well for walls with larger width to length ratios (Seide 1977). For this
reason, Sudame (2004) chose to use this formula to comapfamée element models of a
retrofit system. The formula created by Seide (1977) is the simplest method for
generating a resistance curve. The two formulas used to getierasistance curve are
Equation 4.5 and Equation 4.6 Equation 4.5 is a constant used to simplify the

calculations.

=33 ) 4.5

The formula for center deflection of the plate in terms of pressure is:

pb*

:ltss " 4.6
4" {EC

(09}

In these equations,i s P o i s sqosih& senter défdion, tsis the thickness of the
membranep is the lateral pressur&; is thetangentmodulus of elasticity and is the
unsupported length of the membrane (Sud20@4). The strain should be calculated to
determine if the membrane has exceeded its ultimate stramgthto determine the
tangent modulus of elasticityA formula proposed by Sudame (2004) for the strain at

mid-span is presented as Equatbn.
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This stran definition does not reasonably represent the strain compared to the
other methodsFor this reason the strain @alculatedthe same way as the parabolic
method presented in section 4T8ie research done [Budame (2004) concluded that the
formula closely resembled the resistance of the finite element model. The analytical
function overestimated the pressure by about 5% to 10% around 15 in of deflection
(Sudame 2004). The process for developing a resistamee s simple withhe process

shown in Figure 4.3The failure limits are the same as those specified in Section 4.2.

Collect Apply
material and Calculate j incremental Calculate A
geometric Eq. 45 pressure Eq. 4.6
properties P
Determi Yes
Calculate € © e;mme Failure END
t
No

Figure4.3: Flowchart for Seide Resistance Curve

4.4 Parabolic Deflection Method
The method developed by Lane (2003) assumes that the menmthre unit

width deflects in a parabolic shape. This method starts by using geometric properties to
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assess how the membrane reacts and then correlates the change in length to strain and
stresse to determine the pressures in the membrane. This method is one of the most
widely used methods by researchers to compare experimental works to an analytical
model. This model is used by Lane (2003), Fitzmaurice et al. (2006), Salim et al. (2007),
Johnsoret al. (2009) and Hoemann et al. (20I0)e development of this method uses

the midspan of the membrane as the origingrréd Figure 4.4Assuming a parabolic

shape, the general form of the equation is:
y(x)= AX +Bx € 4.8

Using the boundry conations belowA, B, andC can be determined.

X

X)=p =t 4.9

The slope of the membrane is need and found by taking the first derivative of the general
form giving:

y'(x)=2Ax +B 4.10

Using Equations 4.8 and14) and substituting the boundary conditions into them, the

coefficients can be determined.

4
AT
B=0 4.11
C=

Substituting the coefficients back into Equations 4.8 and 4.9 results in:
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8 sy %
y(x)zq@l- % 8 4.12
= 8—q)X 4.13

The next step in deriving the resistance function is to solve for the arc length as a

function ofmid-span deflection. The equatiéor arc length is:

L/2

L'=2 /1 49 ()Y 4.14

0

Substituting 4.11 in fog 0 (the)arc length of the membrnan be solved.

|_'—4Cpé’ 12 L4 E 5% £ L4 g E n q_z
Lg\4 64 §32q§(; \l 42 @482 82

4.15

«THO QYo

The arc length is used to determine the strain in the membtagach iteration using

Equatior4.16.

e=—— 4.16

Using a true stresstrain curve the stress can be determingsing the FBD in Figure
4.4, the next step is to sum the forces in thdirgction in order to relate pressure to a

known variable.
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Figure4.4: FreeBody Diagram of DeformetMembrane
aF, =0 pL 2Tsing) 4.17
Substituting equation 4.11 in to 4.&nd solvingor d results in:
a 8m, &=pL 4.18

2T singe F

It can be shown thaf = GwhereA is the area of the membraneolfly a unit width is
consideredhe area of the memdime can be reduced A&ts wherets is the thickness of
the membrane. Since the angle of interest is at the efftisan be substituted in fot

Implementing these substitutions and solving for pressure gives:

t, . 44
= > SiNgs— 4.19
P L c L

This process ixomplexand requires a true stress trsieain curve. The process for

creating a resistance curve is detailed in the flow chart in Figure 4.5.
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material and incremental ,
geometric displacement L e
properties A) Eq. 4.15 Eq. 4.16
A~
Determine Calculate Yes
stress from P > Failure END
stress-strain Eq.4.19
definition
No
Figured5: Fl ow Chart ofrveaneos

4 5 Stress Strain Conversion

Resi

Johnson et al. (2009) discuss thgortanceof using the true stressonversion

from the coupn test. The engineering strededin relationship does not consider the

change in crossectioral area as the specimen elongafdse true stress of a material

st al

will be larger because of the decrease in area. This larger stress will generate a greater

pressure for the same deflection according to Johnson et al. (2009). However, the strain

conversionwas not considered. Engineering stras calculated from the arc length and

used to find the true stress in the matefiiile proper way to use the stress strain curve is

to use the engineering stresses if the area is assumed constant or to updageotiibeare

membrane and convert the strain values as well.

The engineering strain is only valid for small displacements. Assthen

increases the crosectional area decreas&me of the materials considered can have

rupture strains of several hundngercent. Thee is one method to achieve trsteainand

is derived in Equation 4.20.
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-t dL Lf é‘_Lf
& i T AL AL,) L) Ingg 4.20
Two methods have been developed to convert engineering stress into true stress.
The difference between these methods depemds h e u s es r&tio. iTlsesfistn 6
met hod does not Gossentvélune $ssassantednd thexe dareono

localized deformations for the first method. This method is derived in Equations 4.21

through Equation 4.24.

AL=AL, 4.21
i:LwhereL ot D D, lze 4.22
AL L L Lo

\ A= A 4.23

1l+e
s,== =0 4 424
A A

WhereL, andAg are the initial length and crosgctional area? is the axial loadt} is the
true stressll is the engineering straihe secondnethod looks at the change in cross
sectional area and incorporates Poissonos

is derived below.

s =+ 4.25
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ST 4.26
ifn=1pny=, 4.27
-n Lz 4.28

G x
a'=anga al ) 4.29
b'=b b bl v-.8 4.30
A'=a'b =l ) 4.31
P=s.A 4.32
s, =5h o sab 4 4.33

A al-e,f @L-vey

The effects of Poi s s on dsbstandallyi Eigure 46 c h at
shows how these two methods vary. The first method is referred to as the logarithmic

stress/ strain method and the second is the
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Figure4.6: StresConversion Comparison

While the selection of the proper conversion method is important for high strains
there is a limit to the amount of deflection that the wall can exhibit. At a rotation of 16°,
double the allowable rotation, for a 10 foot wall the eeibn is17.2 in. and corresponds
to a strain of 0.051 in/in. This strain is low enough thatvarious methods do not have a

significant impact.

4.6 Comparison of Resistance Functions
These three methods produce veimilarresistance curvegigure 4.7 is the true
stress truestrain definition used to compare these methédyure 48 shows how these

methods compare to one another. Using a retrofit system that has the properties:
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L=120in

Thicknes=0.079nches

Modulus of Elasticity %610,000 psi

Yield stress = 2500 psi

Poisons Ratio (3) = 0.2

And the stressstrain curve irFigure4.7
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Figure4.7: True StressStrain Curve for Polypropylene
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Figure4.8: Comparison of Membrane Resistance Curves

These methods all produce similaesistance curves despite the different

assumptions

The material used chamgéow the resistance curves functioHow these
methods are effectdal the use of a different material is shown in Figure 4€ing A36

steelgreatly increases the elastic phase ofattea under the curve.

117



55
——— Parabola
— = Cable

50 (.- -- seide /]

45 7

40 2
35

30 /
25 i

Pressure (psi)

20 P
15 et AL

10 ~

0 5 10 15 20 25
Displacement (in)

Figure4.9: Steel Membrane Resistance Curve Comparison

The steelhas a higher modulus of elasticignd will allow for much larger
pressures to be developfxt the same thicknesat 15 in. of deflection all the methods

produce a pressure of ab@spsicompared to 5 psi for the polypropylene

A second impo#nt comparison between the models is the height of the vinl. T
example wall was a 10 ft membrarfe smaller wall will allow for a larger development
of pressures and can affect the way the resistance functions develoft. walb was
chosen to compareolv these curves react. This dimension was not selected as a real
world example but merelp demonstrate the differencenhe effect of wall height on the

resistance methods is shown in Figure 4.10.
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Figure4.10: Membrane Resistance Curve foeft@Vall
The shorter membranancreass the pressures allowed on the wall. The general

shape and slopes do not appear to have changed.

The ability to tange variables and have a complete resistance curve is
imperative. Each system is unique and should be designed as such. For design purposes
using the model that produces the strongest wall may reduce the cost of the retrofit but
may overestimate the shgth of the material whilainderestimating the deflection
Figure 4.11lillustrates how changing a variable affects the resistance curve for all three

methods.
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Figure4.11: Complete Comparison &esistance Functions with Changing Variables



It is shown that using shorter membrane with a higher modulus of elasticity and
yield pointwill decrease the deflection of the membrafieese methods tertd follow
one another closely. Any could be used for design purposes if only the membrane is
considered. However, for the purpose of incorporating the connections a more rigorous
method is needed.

The method proposed by Lane (2003) has been studiedsextly. Kennedy
(2005), Salim et al. (2006 and 2007) Fitzmaurice et al. (2006) and Johnson et al. (2009)
have all performed test to evaluate this analytical model. Many of the tests concluded that
the analytical model represents the membrane suffigiehitiere are some deviations due
to the connection ductility and testing errors. At large deflections the 16 point loading

frame slips and skews the results (Fitzmaurice 2006).

4.7 Finite Element Validation of Membrane Methods

Abaqus/Standard was used tmduct all finite element modeling. Finite element
modeling was done in three stages. The first stage was to compare all the methods
described in Chapter 4 assuming a linear stress strain relationship. The second stage
compared all the membrane resistafwgctions for nonlinear stress strain relationships.

The final stage was to validate the algorithm detailed in Chapter 5.

4.7.1 Linear Material Definition Validation
For the linear material definition, the membrane was defined stielelements.
A 120 in x 120 in membrane was created. The top and bottom edges were confined using

pinned boundary conditions. All nodes were constrained to prevent transverse movement.
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This boundary condition was used to simulate an infinite wall. & inin. elements were
created generating 900 elements and 961 nodes, shown in Figure 4.12. Geometric

nonlinear effects were taken into account in the FE model.
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Figure4.12: Membrane Mesh

The membrane thickness was defined as 0.039 in. and the modulus of elasticity used was
1270000 psi. A lateral pressure was applied and the pressure vs. displacement of the

midspan node was plotted againstdiféerent resistance definitiongigure 4.13
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Figure4.13: Linear Material Resistance Curves

The FE model corresponds well with all the methods. The parabolic method
however was closer to the FE results. At larger deflections, the parabolic metratdslev
slightly due primarily to the change in shape of the membrane. At large deflections and
pressures the membrane assumes a cylindrical shape rather than a parabolic shape that is

assumegdFigure 4.14
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Figure4.14: In-Plane Stresses of Membrane at 60 psi

The strain is assumed to be constant throughoutdlmt d the membrane in all
the algorithms. The FE results show this may not be true; however the percent difference

is only 0.004%.

4.7.2NonlinearMaterial Definition Validation
For the nonlinear material modeling, the elastic model was used where only the
material properties were changed to allow for a plastic definition to be defined. The stress

strain points used for both the FE model and tgersthms is presented in Figurel.
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Figure4.15: Stress Strain for Nonlinear Material Comparison
A more robust definition of the material could be used in the algorithms however
the FE modelhas difficulty with a large amount of data points in the stress strain
definition. For comparison purposes however a simple definition will suffice. The results
were plotted against the same methdegure 4.16,and the same stresgain points

were used irthe numerical method.
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Figure4.16. Nonlinear Material Comparison

Similar to the linear analysis, the parabolic method better correlates to the FE
model. The cable method as well as the Seide method bawe difficulties when the
stress strain diagram is not perfectly linear. These methods were adapted dnom th
specified use to be able to use a tangent modulus instead of a constant modulus of
elasticity.It is assumed that the stress in the membranenistant throughout the length.

Figure 4.17 shows the FEM results of the principal stress throughout the membrane.
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Figure4.17: Principalin-Plane Stresses for Nonlinear Model

The stresses in the membrane are completely uniform for the nonlinear material
definition. The deflected shape at 20 psi shows thepamabolic shape that result in very

large pressures.
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Chapter 5: Resistance Function Incorporating Connections

5.1 Overview

Many laboratory testhave beemperformed to understand how the connection will
affect the ductility of the retrofit systerfiritzmaurice et al. 2006, Salim et al. 2007,
Johnson et al. 2009, and Hoemann et al. 2Qld)nson et al. (2009) conducted a loading
tree test on several samples of a polypropylene composite with several connection
configurations. It was observed that the test produced a much more ductile system than

the analytical models when the connections are not considered.

Considering an unbondexystem with a simpglplate that does not allow for local
stresses concentrations at the corner of the plates, an analytical model was developed to
incorporate the membrane and the connections as one system. The analyticalithodel

be compared to a finitelement analysis

5.2 Unbonded Retrofit Connection Resistance Function Development
To develop a resistance curve for an unteahcetrofit system, the first stapas
to determine what method should be used for the resistance of the membrane. The
parabolicmethod was chosen because of its accuracy. It is asdinaittie membrane
will react the same with and without the connections #rat the plats will add

flexibility to the system as it is bent upwards.

Two significant assmptions were needed to dedihow the plates will react to

the loading. The first is that the plate will beade ofa maerial that behaveslastic
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perfectly plastiand forms a plastic hing&hesecond assumption is that thiate can be
modeled as aantileverbeam with thdixed support being at the location of the center of
the bolt. This assumption is illustratad Figure 5.1 along with the anticipated curvature

of the plate.

Static Loading
Theoretical Behavior Blast Testindoy AFRL
(Johnson 2009)

Figure5.1: Plate Response

Depending on the state of the plate, elastic or plastic, one of two methods is used.
If the plate is elastic a small displacement is added tongr@braneand the rotation of
the plate is calculategind the additional displacement from the plate is added to the total
displacement. If the plate has reached its plastic moment capacity, a small rotation of the
plate isadded. With this new rotation, the tensiarthe membrane is solvedhich will
generate the plastic moment in the platew the plate moves with respect to the étast

and plastic phase is illustratedFigure 5.2.
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Figure5.2: Rotation of the Rte for Elastic and Plastic Phases

To start the development of the resistance curve of the retrofit system is similar to
the membrane resistance curve. A small displaceroent,the membrane is placed on
the system and the arc length,0of the menbraneis calculated using the distance
between the tips of the plateslaslf there is no slack in the system, the initial length and

the distance between the supports are the same. At the first iteragon

@g\/ﬁ é 3 C~)°L' 2 Li'4 (j léls qz’cff
N L§4+@Q q?%g_ 42(§4‘$ﬁzmﬂ_§ >4

Using the arc length and the original length of the membrandrtieestrain in the

membranean be calculated.

ezln% Lot 52
¢
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With this new strain the thickness of the membrane can be updated to account for

Poi ssonbdés effect.

t=Ae t 5.3

Using a true stresstrain curve the stress in tteembranecan be determinedrhis
process can be adaptedeiigineering stress strain definition is used. The re#seris
allowable isfor a 12 ftmembrane with 12 in. of deflection tle@gineeringstrain is only
2.6%. Once the stresis known the pressure requirédl cause that stress can be

calculated.

p:ﬂsin;@ 5.3
L cL

In order to determine the force on the plate, the axial fartein the membrane is

required.

T=— P 5.4
_&4D
2Sings—
¢h

The forces applied to the plate are shown in Figure 5.3.
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Figure5.3: Angle Detail of Plate and Membrane

The angle of the retrofit is:

g="= 5.5
|_i

The verticaland horizontacomponers of the tensile force in the membraatthe plate

are

T,=Tcos@) 5.6

T, =Tsin@) 5.7

Using beammechanicghe rotation at the tip of the plate and thertical displacement

can be calculated.

a=—r2=>" 5.8
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3
g =nbo 5.9
» T 3E|

The geometric effects from the bending of the plate are taken into account and used to
find the moment at the bolEor the elastic phase the shortening of the plate is assumed

negligible.
My =T, L, 1,0, 5.10

The moment at the bolt location &hecked againsthe plastic bending momernb

determine if the plate is still elastic.

M =Zf 5.11

p y

If the plate is still elastic the rotatiaf the plate tip increases the angle of rotation of the
membrane and increases the deflection. This additional displacement is calculated by

taking thechange in the plate rotation and calculating how efffacts the displacement.

p.Hal 5.12

late
P 4

WhereO Us the change in rotation of the plaféhe total displacement of theembrane
is the summation of the displacement of the membrane plus the deflection added by the

plate.

Do = D #al 5.13

total

The total displacement of the membrane is used in the following step with an additional

displacement increment.
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If the moment of the plate at the bolt reaches glastic momentcapacity a
separate process must be usétstead of incrementing the displacement of the

membrane, the plate is rotated about the base.

ai = ‘?"-1 +ir€rement 5.14

For the first step of the plastic phasg is equal to zeroWith this new rotation the
displacement at the tip of the platan be calculated. The shortening of the plate is

significant from this point forward and usedtie calculatiors.
I_'p =L,1 -sin@)) 5.15
0y = Geasic BIN( X 5.16

With the upwards deflection of the plate, additional membrane material will be added to
the initial length of the membrane. A routinedietermine what displacement corresponds
to this additional material is needed. This routine finds what deflectiorovikspondo

the zero straistatein the materialFigure 54 is the routine created to determine how the

slack will affect the deflection.
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Figure5.4: Routine to Determine Deflectiomith Slack in Membrane

With the aboveroutine the deflection of thslack alone can be foundhe rotation at
ends of the membrane is needed to determine thieatension in the membrane will

maintain a plastic hinge in the plate.

g= g LDE'ack 5.17

With this as an initial trial valuéor the rotation, the tension in the membrane can be
calculated.

Mp

= : 5.18
L' cos@ )+ ¢'sin( ]

Using numericiteration the deflection thatorresponds to this tsion can be
found Once the deflection that causes the tension in the memisakeown the
deflection associated with the slaskadded to this deflection. The actual rotation of the
membrane at the support is calculated using Equation 5.5 and the pressure is calculated

usingEquation 5.3. The complete routine can be found in Appendix A.
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The addition of the plate into the routine will increase the deflection of the
membranefor a given pressure. A sample resistance cis\&own in Figure B.with

retrofit properties Bted belowand the truestress truestrain definition shown in Figure

5.5
Length of Membrane 120 in
Thickness of Membrane 0.079in
Thickness of Plate 0.125inand 0.25 in

Length of Plate (tip to bolt centerline 3 in.

Yield Stress of Plate 36 ksi

17500

15000

12500

10000

7500

Stress (psi)

5000

2500

OJ
0 002 004 006 008 01 012 014 016 018 0.2
Strain (in/in)

Figure5.5: True Stress True Strain of Membrane
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Figureb.6: Effect of Plate on membrane Resistance

The thickness ofhe platecontributes greatly tthe resistance of the membrane.
When a plastic hinge forms in the plate, the resistance of the system is controlled by the
yield stress in th@late since the plate is assumed to exhibit elgdéistic behavior. The

ideal system will have a plate that will not yield and allow the membrane to soften.

5.3 Finite Element Validation dfie Plate Algorithm

The FE model for membrane with platenoections required a momplex
model. Due to its size, only a quarter of the retrofit was modeled and symmetric
boundary conditions were used. The bolt spacing and size waxplatitly modeled
The algorithm assumes the bolt spacing is small endwagHdcal effects on the plate are

not present.
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The reaction block was modeled wBhhode 3D stress reduced integratisolid
elementsand very stiff material propertiehe size of the solid elements are 1 x 1 x %
and the elements are fully elastigttwa modulus of 29 x fOpsi. The membrane was
modeledusing 4 nodefull integrationshell elements. Unlike with the membrane only
models, the membrane not only spanned vertically but also was bent over to be
sandwiched between the steel plate and thetiomablock. The vertical portion of the
membrane used 1x1 elements and the horizontal portion used 1x1/4 elements. The steel
plate was modeled using shell elements as well with a mesh size of 1x1/4. The steel plate
had to have a small mesh in order tdyfl@dncapsulate the stress profile from the lifie

bolts the tip of the plate. The mesh and geometry of the model is shown in Figure 5.7.
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Figure5.7: Mesh and Geometry of FE Model for Full Retrofit System

The vertical span of the membrane was 60 in. and with a symmetric boundary
condition this corresponds to a 120 in. clear span. The depth of the plate and support
block were 6 in. and the nodes at the halfway point, 3 in., were tied together to simulate
bolt connections. The entire model width is 18 in. with symmetric boundary conditions.

In all there are 3040 node and 2376 elements 1944 of which are shell elements.

The purpose of the FE analysis was to determine the validity oflgloethm
presented eber in this chapterMany different material and crosgction variations
were studied. Only a few will be discussed in this chapter the rest can be found in

Appendix B.
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Two main factors control the strength of a retrofit for a given wall, the membrane
material and the membrane/plate thickness ratio. Two types of material were considered
for the membrane material, A36 steel and a woven polymer. Three plate thicknesses were
considered: 1/8 and 1/4 in. plates. All plates are A36 steel. The membrane teskaes
1 and 3 mm for the polymeand 20 ga for the steel. TablelSists all the different

configurationsThe results of the analysis for configuration 1 is shown in Figure 5.8.

Table5.1: Retrofit Configuration

Configuration Plate Thickness (in] Membrane Material Membrane
Thickness (in)
1 1/8 Polymer 0.039
2 1/8 Polymer 0.118
3 1/8 Steel 0.0359
4 1/4 Polymer 0.039
5 1/4 Polymer 0.118
6 1/4 Steel 0.0359
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Figure5.8: Retrofit Configuration 1 for FEM

Configuration 1 produces relatively accurate resulith a maximum error of
30% at 6 in. of deflectianThe point with the most discrepancy is the point where the
plate transitions from aktic to plastic The cause of the difference is the algorithms
ahlity to make the transition fronelastic plate to plastic plate gradlyaand with small
steps. Asa result, there is a large jump in deflection when the plate transitions to its
plastic state. The last cause for the discrepancy is the membrane will push along the
pl atebdés | engt h r e #he cesultsgfor Cdanfeguratiom @ @re showan inm .

Figure 5.9.
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Figure5.9: Retrofit Configuration 2 for FEM

The same problem with the transition to the plastic plate state persists in

configuration 2. However, a more important observation is the increase nibnarge

thickness does not increase the resistance of the retrofit. As the thickness of the plate

decreases, the system starts to be controlled by the strength of the plate. For an

economical system, there must be a balance between the thickness of éhangdlat

membraneThe results for Configuration 3 are shown in Figure 5.10.
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Figure5.10: Retrofit Configuration 3 for FEM

Configuration 3 uses a steel membrane. One important consideration to notice
about tle difference between these results is what happens after 13 in. of deflection. The
algorithm assumes that the membrane will always bear on the plate and bend it. The FE
model shows that after a certain amount of rotation of the plate, the membranertvill sta
to transmit the load directly to the bol¥&hen the membrane begins to bear directly on
the bolts large stresses are developed and cause the membrane to tear along the line of
bolts In laboratory test, when the membrane starts to bear on the gaificant bearing
stresses rapidly evelop and the membrane fails along the bolt [id@hnson 2009).
Figure 5.11 illustrates th&ension failure observed in testing performed by Johnson

(2009).Figure 5.12 is the results of the analyses for configurdtion
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Figure5.11Bearing Failure of Membrane
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Figure5.12: Retrofit Configuration 4 for FEM

Configuration 4 is similar to 1 except the plate thickness increases. This increase
in plate thickness allowed for the membrane to develop larger tensile forces and greater
pressures. From this observation it can be noted that the ability of the platemtit
the overall resistance of the system as long as the membrane is strong €heugkults

of the analysis for Configuration 5 is shown in Figure 5.13.
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Figure5.13: Retrofit Configuration 5 for FEM

The FE model for configuration 5 would not run after 1.12 psi of pressure was
applied. This is the range in which the plate has reached the plastic moment capacity. The
plate has completely yielded at this pressure. AlBmodelbecomes unstable amdll no
longer run beyond this point unlepsstyield hardeningslopeis defined for the plate

Figure 5.14 show the results of the analyses for Configuration 6.
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Figure5.14: Retrofit Configuration 6 for FEM

With a larger plate the membrane does not begin to bear on the bolts as they did
in Configuration 3. Even though the steel membrane has a higher modulus of elasticity
and significantly higher yield point it did not produce substantially larger pres3iniss.
again is contributed to the plate controlling the system. The tension in the membrane that
causes a plastic hinge to form is approximately the same for both materials. Therefore,

even though the steel is stronger it will not produce a higher ressstane.

Overall the resuls produced by the algorithenat most underestimate the
resistance by 30% which is reasonaldensidering the assumptions made. One
consideration that was not made in the algorithm is the idea that the membrane is bearing
along he length of the plate. The algorithm assumes the force of the membrane is
transmitted to the plate only at the tip. The load is actually distributed along the plate

which reduces the moment arm that will generate a moment at the hinge. This will
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account &r the FE model being larger since the plate will remain elastic longer. For
design purposes, the deflection is what will control the design in the SDOF model. For a

given deflection the resistance is typically smaller resulting in a conservative design.
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Chapter 6: Dynamic Modeling and Comparison

6.1 Overview

SDOF is the most commonly used method for design of wall components. The
static resistance is a critical aspect of the SDOF methodoldgySDOF methodologg
largely compiled by Biggs (1964andis general for any linear or nonlinear resistance

definition. This methodology does not depend on knowing the elastic and plastic modes.

This chapter will detail the SDOF methodology and the response criteria set by
PDC 008).SDOFwill be used tacompae the algorithm presented in Chapter 5 against
two tess. The first test uses golypropylenemembrane and the second uses a PVC

membrane.

6.2 SingleDegreeof-FreedomDevelopment
The system igdealizedas a mass suspended from a spring, Figuréb). In this
systemthe mass is assumed to remain constant throughout the loading while the

resistance and force are time dependent.
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Figure6.1: SDOF Theory (a) Real System (b) Simplified Model

The equation oéquilibrium for dynamic systems is:

FO-Cy -Kyy ™y 6.1

Wherek(y) is the resistance as a function of the displacemdnis the mass of the
structure,C is the damping coefficient; @& the velocity,andyo is the acceleratiorf-or
dynamic analysis of masonry walls the damping force igypatally consideredThree

main reasons are stated by UFC:

1) The first cycle and peak response #re only responses of interest which
damping has little effect on.
2) Plastic deformations dissifgasignificantly more energy the normal structural
damping.
3) Ignoringdampingwill generate larger deflections
A fourth reason is given biiger and Salim(1998) is that damping of masonry walls
slbjected to explosive loading cannot be experimentally evatlto determine the

validity of a damping coefficient. For these reason, damping will not be considered in the

following SDOFformulation
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As a simplified approachequivalent mass and load factors will be used. These
factors are generated based ondbatormed shape of the structure during the elastic an

plastic phasedVith these equivalent factors Equatioi reduces to:

M, y"(0) +k, () =F(1) 6.2
The deflected shapes of the wall are given by Biggs (1963) and the deflected shape of the
membrane is assumed to be parabolic as discussed in Chatitesel deformed shapes
are shown in Figure 6.2

AP P LV

Masonry Elastic Masonry Plastic Parabolic

Figure6.2: Deflected Shapes

The deflected shape for the masonry wall is described by fouréh potiynomial
for the elastic phase and a triangle for the plastic ptieseribed in Biggs (1963The
parabolic shape for the membrane is defined in Chaptdn 4rder to achieve an
equivalent factor the deflected shape must be divided by the maxinfieutida. This
results in the deflection being 1 at midspan for all mode shapes. The elastic phase of the

masonry as defined by Biggs (1963) is:
_ 16
(%) _W(Bx 2L¢  ¥) 6.3

The equivalenimasss found by evaluating:

M, = fj mF?(x) dx 6.4
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The equivalent mass factdty, is the ratio of equivaid mass to actual load mass.

A mF2( %) dx
K, =Me g, A 77 6.5
M, mL

Wherethe actual mass Bli=mL, wherem is the mass per unit lengtfihe equivalent

load,F, is found by evaluating:
F.= 1 P(X) 7 (X dx 6.6
The equivalent loathctor is the ratio of equivalent load to actual applied I1&ad,

i p(IF(X dx
pL

6.7

K, -F orK,
Ft

In order for there to be deformation compatibiliiys t i fshumerigaky equal
to the total load othe same distribution which would cause a unit deflectiotihepoint
where the deflection is equal that oft he equi val ent sFyosmthsmo ( Bi

statement it can be said that:

K,=-2 =K, 6.8

x|~

Usingthese equivalent factors &ation6.1 can be rewritten as:

Kn M y"(t)+K_Ky(t) =K_F(t) 6.9
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The resistance of the wall is equal to the stiffness of the wall timedighacement,

R(2 = K z. Dividing both sides by thequivalentload factorand definingE—L as the
M

load-mass factarK y, the final equation of motion can be written as:

K My () +ROYD) =K 6.10

For a given deflected shape dmalindaryconditiors the loadmassis constant. A
wall can have different deflectedagles depending on what stape wall is in: elastic,
plastic, or transition. Biggs (1963) ksthese factors for various deflected shapes and
loadings. The onethat are most relevant to this type of system and loading are the
simply-supported beam anché fixedfixed beam both with distributed loads. The
parabolic loaemass factor was derived using the methods and equations listed above.

Table 6.1 list all the factors for both the elastic and plastic phase.

Table6.1: Equivalent Transformation Factors for QWWay Beams and Slabs

Equivalent Load Facto| Equivalent Mass Factg Equivalent LoaeMass
KL Kwm Factor Ky
Elastic Plastic Elastic Plastic Elastic Plastic

Simple 0.64 0.50 0.50 0.33 0.78 0.66
Supports
Fixed- 0.64 0.50 0.41 0.33 0.77 0.66
Fixed
Parabolic 0.66 0.53 0.80
Shape

For masonry walls retrofit with ananbondedmembrane, the initial resistance is
dictated by the masonry wall. Once the wall cradkere is a moment when the
membrane may not have the ability to assume the parabolic shape. The resistance of the

membrane is much greater than the plastic masonry wall at large deflections. The
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membrane will then force theasonry wall to assume the paoéc shape. This transition
is very small in terms of both displacement and time. For these reasons the plastic load
mass factor of the masomwll be neglected and only the parabolic leadss factor will

be used after the masonry wall goes plastic.

Many different approximate methods have been developed tothelpeoblem.
Biggs details how to use the constant velocity procedure, linear acceleration method, the
Newmar k 0 b e and severalefihite difference methods. The Newnfatk e t a 0
method is one of the most versatile methods. When beta =0 ant the Newmark
Abetado method is equi val entThetcantraltdifferenceent r a
method is a direcapproach for solving for the displacement. At any given tinge th

acceleration of the system is:

z" = Vi -(;yi)z Y. 6.11

This formula is presented yhopra(2007)is an explicitsolution and does not require
iteration This formula allows for the deflection at tirg#., to be calculated. Substituting
Equaton 6.11 into Equation6.10 and solving foyi.1 resulsin Formula 6.12.

Va=Z'"IF y, 2#
6.12

F(t)- R(Y(1))
I<LMI\/It

Where:z '=

This formula only works if the time steps, is constant and small enough.thie time
step istoo large the results will be meaningless (Chopra 20Cfho pr ads t i me

requirement is:
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D <— 6.13
WhereT,, the natural period of the wall systearesented by Biggs as:

akK, M
Tn:ZIOz v Vit

6.14

LA

K is defined by SBED3Methodology(PDC 2008 as the initial elastic stiffness of the

384EI 384El

system. For simply supported walls this—lgLs— and E for fixed walls.If the time

step over the naturgleriod isless than0.1 the response is dequate. For this reason

Chopra (2007) suggest using a time step of 0.01 to 0.02.

Knox et al. (2000) describes the method used to combine the different resistance
functions. At a given displacement, the resistance is the sum of all the parts of the wall

and the retrofit at that displacement.

6.3 Blast Loading

For design purposes, the airblast loading to the exterior of a building due to an
external explosions typically idealizedas a uniform pressure over the surface. The
loading is represented athe pressure at a point vs. timead consistsof two phases:
positive phase and negative phas®gown in Figure 6.3The positive phase tsangulaty
shaped andwill start at the peak pressure and decay. The negative phase results as
negative pressureofms. The negative phase is less important for design of buildings
since the peak negative pressure is much less than that of the positiveSataselly,

ignoring the negative phagenerates higher deflections
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/Peak Pressure

Pressure

Positive Negative
Phase Phase

Time
Figure6.3: Loading Diagram for Free Air Blast
Loading effects from explosives are typically reported as the weight of TNT at a
standoff distanceUsing these two values the presstinee data was extracted from

SBEDS for use ithedesign exampgpresented in Chapter 8

6.5 Dynamic Testg
The Wiehlemethod is used to generate the resistance of thambmg walls.
The SBEDS method is used to generate a resistance definition for arching walls. The

membrane and plate resistance function used is the one described in Chapter 5.

6.5.1 Test 1 Using Polyppylene

Experimental validation was performed using the test data presented in Johnson
(2009). The test was performed by AFRAhd involves a full scale explosive field test.
The heightof the wall was 110.2 irand simulated poor construction betmortar joints

The CMU block used is shown in Figus& along with dimension
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15.76"

—~ =—0.79" — =—0.98"

7.87"

—m = () 98"

Figure6.4: (a) CMU Test Block (Johnson 2009) (b) CMU Dimensions

The tensile bond between the mortar and blocks was estimated to be 50 psi. The wall was
retrofit with a 0.039 inthick membraneof polypropylene, whose stress strain curve is
shown in Figure 4.6. A steel plate with thickness 0.25 in. and a width of 6 in. was used to
connect the membrane to the supports. The plate edge was placed 1.5 in. from the wall.
Bolts were placed along theertterline of the plate spaced at 8 in. on center. Washers
were used to help connect the bolts to the plate. The washers had a 1.5 in diameter and a

thickness of 0.25 ir-igure6.6 shows both the interior and exterior face of the wall.

Figure6.5: (a) Interior of Test Wall (b) Exterior of Test Wall (Johnson 2009)

A detailed pressure history was taken for this experiment. The wall was open in
the back allowing pressures to develop. This was considekgrassure gages were
placed both inside the structure and outside. The net pressure on the wallowksgezhl

and shown in Figur6.7 below.
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Figure6.6: Wall Pressure from Test

The algorithm does not ingporate holes in the plate and the additional thickness
the washers add. Lastly the algorithm assumes that the plate and membrane are flush
against the wallAfter the test only the bottom course ®MU remained. Figur®.8 is
the exterior of the wall adr the testThe results of the test and the analysis are shown in

Figure 6.9.
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Figure6.7: Post Test Wall (Johnson 2009)

—— Test Results
16| - - --- Algorithm with Plate
— = Membrane only

Displacement (in.)

Test Results
Maximum = 15.18 in.
Algorithm with Plate
Maximum = 14.85 in.
Membrane only
Maximum = 14.91 in

25 40 55 70 85 100
Time (msec)

Figure6.8: Dynamic Responséomparison

The dynamic analysis resulted in a very close approximation to the actual test.
The algorithm undeprediced the deflection by 2.3%ompared to the measured results.
This is reasonable considering the factors that did not go into the anailydisas holes
in the plate, washer stiffness, gaps between the retrofit and the wall, and effects of high

strain rate.
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6.5.2 Test 2 usin@vVC Membrane

Test two was conducted by AFRL at Tyndall Air Force Bdderida, using a
PVC liner. The wall was coftrsicted to be 120 in. tall usir®in. CMU blockswith 49%
of the crosssectionalarea being dad and a moment ohertiaof 28.4 inPDC 2008) A
1.25 in. gap was present at the top of the wall and steel dewetsgrouted into the top
cells; refer to Figure 3.35 (a) for support schematiat0 mil PVC liner was used as the
membrane materiathe stressstrain relationship isshown in Figure6.10. A 0.25 in.
aluminum plateE=10,000 ksi and,=37 ksiwas used for the connectios 5 in. plae
was fixed to the floor usingoncrete nails 1 in. from both edgasshown in Figure 3.11.

Figure 3.2 shows the exterior and interior view before testing.

1600
1400
1200
1000
800
600
400
200
0

Stress (psi)

0 015 03 045 06 0.75
Strain(in/in)

Figure6.9: True StressStrain Plot for PVQ.iner
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(a) Interior (b) Exterior
Figure6.11: Pretest Constructed Wall (a) Interior (b) Exterior

i

The loading was selected to generate significant damage to the CMU wall without
causing a blowout of the entire wall/retrofit system. Figut& is a normalized pressure

time plot of the measured pressure.
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Figure6.12: Normalized Loading for Test 2

The wall was damaged and exhibited significant deflections during the test. The

algorithm over predicted the peak deflection by 8.3%e peak deflection recorded was

8.03 in. while the algathm predicted a deflection of 10i8. The assumptions that went

into the development of the algorithm play a major role in this increased deflection.

Figure6.14 compares the measured deflection and the predicted deflection.
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Figure6.13: Test 2 Deflection Comparison
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For this test assumiphs that played a role that weret relevant for Test 1 is that
the connection plate is assumed to be elastic perfectly plaktidke steel, &iminum
does not have a wedefined yield pointA second factor is thexact dimensions and
moment of inertia of the CMU blocks were estimated using the SBEDS Methodology
(PDC 2008). With deflection being a controlling criteria, the algorithrar predicted
peak deflectiorby 28% making the algorithm conservative. Figud5 is an exterior

view of the wall after the test.

Figure6.14: Post Test Exterior View

The topcourseof blockswas damaged during the testing. The wall was left with a
permanent deflection of 3.6 in. The membraeenained intact and was capable of
preventingfragmens from entering the building. Figui®16 shows a fragment pressing

on the membrane after the tdgl not penetrate the envelope of the building.
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