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Abstract

Masonry has always been a very efficient building material because lofwitgost,
availability, versatility, and construction simplicityn terms oblast progction, masonrpresents
anenormous challenge: when subjected to blast loading, unreinforced masonry walls tend to break
up into fragments that are propelled into the building interior at hazardous velocities. For these
reasons, the response of unreinforced masonrys vgalbjected to impulse loads has been
extensively studied througiesting and advanced analyses aade studies of actual explosion
events. However, as demonstrated by numerous blast load testvestdjationsthe weakest
part of an unreinforced masry wall system is the interface between the masonry unit and mortar
However, as seen from observing previouslevant research, there is stlllarge amount of
variation in approaches used to simulate that critical bond interfaceh€kistherefoe presents
the results of an investigation intended to define the influence of masmntsr bond strength on
the response of unreinforced masonry walls tefitdd blast loads, and ultimately to provide
guidance on optimum techniques for use in advafiogd element simulationsAs a result of
this work, it was determined that properly modeling the mortar in finite element models is
important to obtain accurate results. It was also found that the shear and tensile strength of the
connection between antar andconcrete masonry uniteededto be increased with dynamic

loading. A testing setup for future testing was decided upon to validate such conclusions.
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Chapter 1: Introduction and Objective

1.1 Overview

Blast engineering and the research behind how a structure reacts to the dynamic effects of
explosions is a relatively new field within engineerinip the past, these types of loads were
typically only considered for facilities where explosions would dmppen from a chemical
reaction or by accident. Butid to events such as the Oklahoma City Bombing and the bombing

of the World Trade Center, the importance behind understanding how to design a building to
withstand such eventitside of accidental elgsionshas been recognized. The main goal is not
necessarily to keep the event from happening, because such events are not able to be eradicated,
but to design structures to kedpetdamage compartmentalized to ensure life safety during the
response ofhie structure Today, many hospitals, schools, military buildings, and otherfisgh
structures are required to be designed with blast loads in consideration. There is continuous
improvement within the design practices for all structures, and blastimadield where there is

still much to be determined. There @a@measpects of blast design that have still not been

researchd

The main focus of blast engineering is life safeieeping the occupants inside the structures as
safe as possible dugrsuch an event. Glass and masonry are two of the worst materials in terms
of life safety as they are easier to break and have a lot of debris velocity after a blast. A lot of
research has been done and is still ongoing to better understand the béstewagnce such

building components to decrease the likelihood of casualties due to such an event.



There are two main types of blast loadsccidental, such as from utility lines or chemical
facilities, and terrorist attacks from a wide assortment ofriadeexplosions. An example of an
accidental explosion is the explosion that occurred in Bozeman, Montana in 2009. A natural gas
explosion desoyed an entire downtown block in Bozeman. The damage included five historical
buildings that were destroyeds well as the businesses found inside, and, unfortunately, one life
was lost. An example of a terrorist attack is the Oklahoma City bombing that occurred in 1995.
This explosion occurred from explosives that were in a truck in front of the Alfred RaiMu
Federal Building. This explosion took many lives, the final count reaching 168. Due to the
destruction of such events, it has become apparent as to why such a field in engineering is
important. Better enhancing structures to be able to withstandrte of such awful events can

help save lives as it has, unfortunately, become apparent that these events will not stop on their

own.

Modeling has also been a key factor in understapblast loads and their effects on structures.
Being able to accurately model the response of a structure can open a whole new level of
understanding on how the specific structure at hand responds to a load and how to appropriately
transfer this knowledg structures that have not been physically tested before. This is important
as physical testing that involves explosives can be time consuming as well as quite expensive. But
this leads one to wondéhow detailed does a model need to get and on hadl sfra level must

one model a structure to produce the most accurate of reJuilesfdcus ofthis thesis is téarget

a part of blast engineering that although it may be small in size, can play a large part in
understanding theveralleffects of sucta load. The topic of this thesis istietter understand the
relationship athe interface of mortar and concret@asonryunitsin sheamwhen subjected to high

impulse loadsfrom blass. The objectives to obtain such information is twoféldirst, to



determine the implications on this interface due to increased strain rate effects and, second, to
decide on a testing configuration that could be performed to validate the found implicatens.
effects of blast load on the interface between mortar ansliti@ce of the concrete masonry unit

may be a small characteristic, but one that is important in understanding how the relationship
between the two materials works undemnigh shealoading of high impulsérom high pressure

It has been determined imgvious reportswhich will be discussed latén this thesisthat this
interface is the primary failure moderafisonrywalls, or where a larger scale of failure originates.
Thereforeunderstanding howuch dailure happens at this interface can befulsin determining

a more accurate way to model such a connection.

1.2 Defining the Problem

There is currentlyerylittle available literature discussing the specific relationship between mortar
and the concrete masonry unit surface at loading rates abasestpiic. There is information
available for the relationship under quasatic loading buhot much was found for tests a faster
loading rate, such as from a blast laada high pressure high impulse loadhere is alsan
adequate amount offormation about loading in the plane of the concrete masonry unit wall, such
as seismic loading, but not necessarily for out of plane loading, such as from a blast isad.
important to understand how the faster loading rate would affect the mel@poand at what
amount it would do soKnowing how this relationship works could lead to ways of enhancing the
strength and performance at the interface and lead to a greaterfabilig wall to resist loadings

at such a high impuldeom high pressre

Throughout the process of understanding where past research has been accomplished in regards to
the interface between mortar acdncrete masonry upnisomequestions have been brought to

light. Such questions include what happens at this interfateyms of shear only? Can these



testing methods be implemented at higher strain rates? Is there a type of dynamic increase factor
for this interface similar to that seen in concrete? Have modelers been improperly modeling such
a connection without reizing? It has become apparent that there is a lack of information on what
truly happens at the interface between mortarcamtrete masonry urgit dynamic loadings and

also the importance of understanding such a phenomenon, especially in terms ofkroowio

properly model such a scenario, has de@ught to light.

This project was funded by the Engineer Research and Development Center (ERDC) in Vicksburg,

Mississippi to help tackle a finding that has recently been brought to light. It has beénhatn

in order to accurately model blast loading on concrete masonry unit walls that the shear bond

strength found in the bed joints of the wall must be increased in order to get accurate results. This
location on the wall is subjected to more of a mhear loading that the rest of the wall was

then wondered if there is some sort of dynamic increase in shear bond strength that occurs when
certain parts of concrete masonry unit walls are under more of a pure shear loading. Therefore,
the idea to lok more into pure shear failure at the bond between concrete masonry units and mortar

came to be.

1.3 Proposed Solution

The proposed solution to the lack of information available is to develop a mopetttay as
accuratelyas possiblgéhe interface when sggxted to high impulse loadingsThis, of course,
cannot be validated until physical testing is accomplished. However, it is desired that this research
will pave the way to the most efficient way to acquire such physical testing™atamodel will
becreated using finite element modelswftwareusing typicaimodelingtechniques as instructed

by amodeler at ERDC Datawill be obtained to better understand the relationship at the joint as

well as the effects from this joint being subjected to such a [0had.particular values will not be



analyzed as these are irrelevant unless the appropriate material values and modelrpar@mete
used, but more so the behavior of the model and the implications it shows for what happens when

the strain rate is increased.

The purpose of this research is to determine an efficient and accurate testing setup to model with
a finite element approhcto understand this relationship and correctly portray how this failure
happens. With the use of {IYNA as the finite element modeling tool, a testing setup was
modeled and many scenarios were tested in hopes of proving the accuracy of such aisetup. It
desired that with this finite element modeling that physical testing may be accomplished to validate

the model.

1.4 Objective

The objeatve of this research is twofold:

1) to determinea realistic experimental testing method that can be utilized in fwtonewith the

available equipment &RDC, and

2) to determine what the effects of increasing strain rate on the bond at the interfac®ottbee

masonry uniand the mortar.

1.5 Scope of Work and Methodology

To reach this objective, first a literature review was perfornm€lde aim of this research is to
develop a simplistic and realistic finite element model to analyze the effects of high strain rates on
the bond at the interface of the mortar and concresonmg units. Finite element models were
created within LSPrePost andun through LSDYNA solver to obtain results. These results were

then used to determine the effects on the relationship between the mortar and concrete masonry

units A parametric stdy was performed usintpe methods within LYNA by changing the



specifics of howhe mortar and concrete masonry wmgreconneceédand determining what type

of relationship, if any, was found as the impulse load on the unit was incrdasethe overall

goal of this thesido produce dinite elementmodel to aid in the overall modeling of concrete
masonry unit walls subjected to blast loading to better understand what is actually happening at
the interface between mortar and concrete masonry uBigsed on results of these models,
modelers will have a better indication of the types of parametéinss interface to produce more

accurate results. Itis desired to one day validate this model wakafableequipment aERDC.

1.6 Organization of Thesis

Chapter 2 discusses the findings from current produced literature about the relationship at the
interface between the mortar and the concrete masonry unit. There is ctantigformation

on this specific aspect of concrete masonry unit wallshe articles that were discovered with
similar characteristics were used to further expanthenspecific topic at handMost articles
focused on testing at lower strain rates with shear, or higher strain rates but with flexure or tension.
Not many articles focused specifically on high strain rates with shear and focusing on the interface.
There were various testing setupat were discovered through this process, one of which was
chosen to be the setup used in the remainder of this reseBnehmain goal of this literature
review was to determine if such a topic of bond failure in shear had been observed before and if
there were signs for a need of such research to be performed. The findings from this literature

review are summarized in the following chapter.

Chapter 3 focuses on the testing setup that was desired and how it was modeled in the finite
element modeling psgram chosen, L®YNA. The various ways that modelers have been

modeling the connection between mortar and concrete masonry units was also explored here,



introducing new models to be run to observe the behavior changes within the model for these

changed prameters.

Chapters 4 presents the results that were discovered for various loadingasaged| as for the
different parameters analyzedny relationship found for each seftt mns is also observed and

discussed in this chapter

Chapter 5 summarizes tbse findings with recommendations for future work.



Chapter 2: Literature Review

2.1 Overview

In 2000, a test series was performed by the enginedtRRCHO $eotechnical and Structural
Laboratories These tests consisted of fothyree different quartesscale walls with varying
discharge weights and distances as well as varying wall types. All walls consisted of quarter scale
concrete masonry units, mortar, and different groups of walls included groutedexits| steel

reinforcement, and sometimestrofitting. Walls were split into different groups, including the

following types:

=

Simple Supports Unreinforcédngrouted SSUU)

Simple Supports Unreinforcdellly Grouted(SSUG)

Simple Supports Reinforcdehrtially Grouted SSRP)

Simple Supports Reinfoed Fully Grouted (SSRG)

Fixed-Simple Reinforced Partially Grouted (FSRP)

Simple Supports Unreinforced Ungrouted FRP Wrap

Simple Support&einforced Partially Grouted FRP Wrap

Simple Supports Unreinforced Ungrouted L-ie

Simple Supports Reinforced PaltyaGrouted LineX

Simple Supports Reinforced Partially Grouted Liavith Steel Plates
Simple Supports Reinforced Partially Grouted FRP Wrap with Steel Plates

Simple Supports Reinforced Partially Grouted with Sheet Metal



A significant amount of data was obtained through these tests including high speed video, before
and after picturesas well asdatafrom the accelerometers apdessure gagesMany various

reports were written on this work over the years, some of whitbe discussetbelow andhave
included finite element modeling. Tipsirticularmodeling typically consisted of the walls being
modeled as a single rwide column and loaded as such. It was not untib2bat a modeler at

ERDC started to model the walls as a full wall model. This process was started with the simplest
group of walls, the simple supports ungrouted unreinforced group, and the model was arranged till
results were appropriate before moving on to the next groupltsf. vBelow inFigure2-1 by Don

Nelson at ERDC shows the effective strain fringe plot for such a model.

Fringe Levels
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3.267e400 _
2.800e400 |
2.333e400

1.867€+00
1.400e+00
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Figure 2-1: Example of Full Wall Model from ERDC

It was observed during this process that the values for the tensile and shear strength daite inte

connection between the mortar anddbacrete masonmynits at the bed joirttad to be artificially



increased in order to obtain accurate resultsis particular location in the wall is the area where

the most pure form of shear failure occurs.hiM/ the overall failure behavior of the wall is
typically flexural failure, the locations of most pure shear failure happen on the uppermost and
lowest locations on the wall. It was found that without an increased bond shear strength value that
the wallwas not failing with the correct shape, the boundary blocks were failing too soon to
produce more accurate results for the rest of the model, and the velocity of the wall was not
matching with the velocity obtained from the physical testiflgis is wherehe idea was formed

to take a closer look at this interface anthore pure shear failure mode, whicthisoveralltopic

of this thesis.

The literature review process began by first looking into the work performed by Eamon, Baylot,
and Oo6Danaeti chetmamed fAModeli ng Concrete Mas
L o a @2604) This was based off of tests done in 200ERDC. Many articles were written

on this specific test data, most of which will be dssad below, but the need to understand how

the bond between the mortar and concrete masonry unit acted under such a high impulse load

became apparent.

In order to understand more on this topic, a thorough literature review was performed. This review
covered a wide array of testing setupsading rates, material types, as well as countries that
performed such work. As the literature review process came to a close, a specific testing

configuration was decided upon and used for the basis of this thesis.

It was determined by the end of this process littid data or testdo better understand this
connection at dynamic loads and in she@re been conducted as of this tinfdere was darge
amountof data found for compressive and tensile strength, as these avéttveanost important

components of most materials. Shear was also a large topic between articles, but the problem arose
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with the strain ratestilizedi most of the strain rates forstieng in shear were either static or quasi

static, but not past that strain rate to reachctual dynamic loading.

It was also observed that shear is not alpm@nant reason for failure in the overatincrete
masonry unit wallrather flexural failue of the wall tends to be the driving factor in wall failure.
However, as the wall starts to fail in flexure, the connection between the mortar @od¢hete
masonry ung start to fail in tension or shear until these connections fail. So whileishezrra
common failure mode of the overall wall, shear of the connection between the compdtieats
wall occur due to the overall wall reaching a flexdeslure mode which is the type of shearing

that is the focus of this research.

Of the articleghat did discuss shear in concrete masonry unit Wwaksmain focus was on the
planedirection rather than the owdf-plane direction Examples of irplane dynamic loading
includes earthquake loading while an example ofodytlane loading is loadg from blast.There

were many articles that discussed some of the parameters that were being searched for, but did not
include enough of what exactly was being searched for to make use of the data and methods that
were utilized. To use this data forghopic would have largely extrapolated the data that had
already been obtained, but this is also in a region that extrapolation would not be appropriate for
since materials act differently in different phases and under dynamic loadings than if it were to

stay in the elastic region of loading and with a more static lodadarghatof a blast load.

It was, however, determined that a similar test setup that was used in these articles could be used
to obtain the desired data. After careful consideratitestang setup was decided upon and finite

element modeling was able to be performed to obtain theoretical data for future use.
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2.2 Results from Original Test Series from 2000

To begin this literature review process, it was desired to take a closer look at the articles published
from the test data from the 2000 test series discussed ahsdescussed, this test series consisted

of forty-three different tests all falling intine of many wall types. These wall types attuded

some work on retrofitting, but these tests were not further looked into as retrofitting changes the
behavior of the wall and this work focuses on such a small aspect of the wall itself. Blasepressur
were induced by various charge weights at various standoff distances. Walls were also reinforced
with steel dowels at every third cell. Explosives were detonated and results were obtained by five
pressure gages around the frame tsaralaccelerometer®cated on various locations on the wall.
High-speed photography was also used for a better visual of the deformations that occurred during
testing. Average pressure histories were obtained from testing and applied to the model for
comparison.Walls wee made from 1/4cale concrete masonry units and placed in a rigid frame

to hold the wall into place at the top and the bottom while the sides were free to move in and out

of the plane.

The first of these articles wasedMobdeEXpYHoE€om
by Eamon, Bayl(2004) Foatmsokspelli Bricle,ifoarleen of the above tests were

used and categorized into three different ranges of blast pressures as well as threetyifésrent

of failure modes. The tests were divided into three different pressure dagbspressure cases,

where failure resulted in the wall breaking into three large pieces; moderate pressureleases, w

failure resulted in the wall breaking into twoda pieces; and low pressure cases, where failure

was not necessarily a result as the walls did not collapse, but there were large permanent
deformations as a result of the testirigxamples of these failure modes are showRigure2-1

below.
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Figure 2-2: Failure Modes Found by (2Bmon, Bayl o

The analytical mod e | was obtained through wo
displacement Lagrangian nonlinear finite element code withan explieitf t r al di f f er enc
(Eamon, Baylot and O'Daniel 2004)YNA3D is agovernmenversion of LSDYNA, which was

used for thenodelingdone for this researctElements for this analysis weren8de hexahedrals

with trilinear shape functions. The walls were modeled as a single width concrete masonry unit
column because the walls responded as anaesystem, signifying that width did not have a
significant I mpact on the behavi azeretbidknesshe wall
cont act (Eanomn Baglat @d O'Daniel 2004)th the actual mortar thickness included in

the dimensions of the concrete masonry units. Adjustments in the mesh density did not affect the
results, andi t was determined that this fisuggests
parameters along joint lines, rather than individual block deformations, govern global wall

b e h a {(Harmon,@aylot and O'Daniel 2004)
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The modéwas validated by the results of the physical testing by correctly indicating whether or
not the wall would fail and, if so, which failure mode was predominant. In the end, it was
determined that because of variations in both material properties antidicbos that an accurate

model for all cases is not likely. Further testing and analysis was suggested.

The second articl e fr om-StaliCencreteoMasonrywmis (CMURe s por
Wall s to Blasto by DEG002)iTkis arti@esstarts avith statia testing ivat o d s o |
was also performeduring the 2000 test seriemnsuring that the model corresponded tadkalts

of the physical testingefore increasing the loading rate to a dynamic loadimhdetermining if

the model was still appropriate. In the model, the concrete masonry unit was composed of eight
node solid elements and each unit was connected by slide surfaces to represent the mortar. Similar

to before, the wall in the model consitaf a single concrete masonry unit wide column. It was
determined that the model was accurate to the point of maximum capacity of the wall, but not past

this point. The stiffness of the wall in the model was determined to be accurate presswae

load of approximately 30 kPa but resulted in a wall stiffer than experimental results past this point.

This model was used to analyze the wall when subjected to a triangular pressure pulse representing
the effects of blast load. Pressures were variedhangoint at which failure begins was obtained

for each case to determine a pressompulse diagram. Failure was designated as the point at

which the wall does notreturni.t was det er mined that fthe anal)
the data history, initially indicating that the mass, initial loading, and initial stiffness are modeled
accur éemis, Baylot and Woodson 2002)The reationship of the stiffness between
experimental and analytical results for the static testing were also apparent for the dynamic testing.

It was determined that the model was appropriate for both static loading and dynamic loading and

provided conservatie results.
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Thenextar ti cl e that was observed from the 2000
Attached Concrete Masonry Unit Wal |(200b) They Bay|l q
main objective of this study was to better improve the code used in predicting the response of
elements exposed to blast loads, the Wall Analysis Code (WAC). Theawoobjectives of this

work wereto obtain more information in terms of wall dagesand the degree of hazard from the

debris. The tests that were used categorized the walls into degrees of damage, from little damage,

or low hazard, to failure of the wall, or high hazard. It was determined that the velocity of the
particles from the @il were related to the impulse of the load. However, a relationship between

the velocity and the degree of hazard was determined to have no correlation. It was also observed
that the Apredominant failure merctham(Bayoi off 0t he

et al. 2005)but there was no additional investigations into such a failure within this article.

The | ast article found and used in this |iter:
WallsSubjected to Expl o(2007) én this articte, sitavaskhg attEnaptod the

author to determine the probability of a wall being subjected to a blast load and develop models to
determine the extent of damatgethe structure in question as well as the probability of occupants

being struck by debris from the blast. The main objective of this article was to develop a procedure

to determine the reliability of masonry walls after being exposed to such a loadh ish
determined based on wall failure and injury to its occupants. Both fully grouted and ungrouted
walls were utilized, as well as three different blast pressure categdaespressure, moderate
pressur e, and hi gh pr ethesmost mfluentiallrandom aasiabldsehtate r mi n
affect wall resi stance ar e mor t{EamonR007)Ihwas st r en
determined that in terms of wall failure, fully grouted walls were safer thgrouted walls. In

terms of debris velocity, it is less sensitive than wall failure and does not depend on the type of
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wall failure. It was determined that for moderate and high pressure cases that wall failure and
debris velocity were both likely to ocguvhereas for low pressure cases, wall failure was more

likely to occur without the presence of debris velocity.

These four articles were ones found that specifically worked off of the original data obtained from
the 2000 test series. Of all of thesades, the finite element modedj consisted of a single
concrete masonry unitide column with zerghickness morta where the mortar is not mded

at all and theoncrete masonry usitare connected with a contact parameter to indicatmbrtar

joint. Once the modieg was started in 2016 using a full wall model, whicbdeledthe mortar

joints as separate entities and multiple contact parameters between mortar joictseete
masonry ung, it was determined that such a model was nmmlesive andaccuratan terms of

overall wall failure and debris velocitigan what was seen in previous work. However, it was also
noted that a better understanding of the mortar to concrete masonry unit connection was necessary
as the strength values oktkonnection had to be increased to achieve the desired response of the
model Therefore, the literature review process began in an attempt to better understand if such a
relationship had previously been discovered or if there was still much work tambedsuch a

topic.

2.3 Shear Bond Strength

Articles that discussed the effects of shear bond strength of masonry units andvererfaund
butmosttesting was done with static or quasatic loading rather than dynamic loading @dimg

with a high stran rate. Some of these articles focused on the smaller scale of looking at the joint
itself, where some of the research found included the effects of the overall wall. Work done on

concrete specifically rather than concrete masonry units and mortaralgerexplored in an
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attempt to correlate such work to the topic at hartie articles discusse@low include ones that

were reviewd and fall into these categories

ATests on the Shear -JBomd sBelawWaswmriynlo@blye SB &
focused on the joints between the mortar and the masonry units to better understand the effects of
shear stressed masonfihe test specimen consisted of five different types of bricks, all a type of

clay brick or andlime brick, and three different types of mortaClass I, lla, and Ill. Both wet

and dry specimen of each type of brick and mortar group was also prepared andTiesttskt

met hod selected fiensured a constant, wunifor ml
mortar jointof atweu ni t s pStackl aneé Hofmann 1986)Figure 2-1 displays the test

setup utilized.

Figure 2-3: Two Brick Test Specimen(Stockl and Hofmann 1986)

The results were analyzed and the influence of the normal stress, type of brick, mortar strength,
andstateof the bricksupon being placedere all observed. It was foutitht an increase in normal
stress resulted in a stiffer system and a corresponding deformation. However, it was also observed
that an increase in the normal stress had little effect on the sthess. When compared to the

clay bricks, the santime bricks resulted in stiffer behavior of the bed joints. It was noted that the
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bearing surface of the satithe bricks should be taken into consideration because of how smooth
they ar e, s t alime bricks sedmad havie h differdnd tgpe df bomdich may be
better characterized with the term Agluingo i
(Stockl and Hofmann 1986)Increasing the mortar strength resulted in an increased stiffness of

the bed joint foboth types of bricks. It was observed that the increase in mortar strength had an
effect on both the contact surface and the deformation. The clay bricks that were wet upon being
laid resulted in a greater suction capacity which led to a higher \alteef ultimate shear stress.

An influence on the deformation of the bed joints was also observed but mostly for low strength
bricks whereas there was little effect on high strength bricks in terms of the deformation. The

placement of wet or dry bricksad little effect on the results of the sdaimde specimens.

Lourenco, Barros, and Oliver{2004)testedst ack bonded masonry in AS
Bonded Masonryo. St ac k b o n dizdotherss tgpical pnnings a  t )
bond placement, but is not as common of a placemen{ltgoeenco, Barros and Oliveria 2004)

This type of placement allows for a continuous vertical joint which is typical when used to build
masonry shells.The test specimenas a triplet whichncludedthree courses with vertical pre
compression load, the top and bottom course held under a constant pressure, and a load applied to
the middle course until it startéol dide. The result ofttis test wa the shear strength found in the
jointsdue to inplane loading The cohesion and friction angle of the joints were observed at three
different precompression stresses. The main failure mode observed throughout these tests was
failure of thebond at the bottom of the units. For some of the tests, a diagonal crack through the
brick orfissuresoccurredas well. A relationship was plotted between the normal stress and the

shear stress following the trend as expected by the Coulomb friction law. A value for the cohesion
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and the tangent of the friction angle were determined and deemed appropriate by falling into th

range of acceptable values.

Ductility of reinforced masonry walls was observed by Mayrh(#602)i n fi Rei nf or ced M
Wall s under Bl ast Loadingo. I't was obslerved
t hat t he wall wi || Afichange brittleness and g
(Mayrhofer 2002) Ductile behavior is desirable from walls subjected to such a load and was the

focus of this article. Supparbnditions varied throughout the tests and the dynamic response was
evaluated by using a singteegreeof-freedom (SDOF) system. Tests were performed with both

a static loading and a dynamic loading. The walls were tested using the shock tube totbbserve

effects of reinforcement in the bed joint as well as observing the difference in using various types

of bricks. The schematic of the shock tube is showsgare2-2.

(b) L. pressure chamber expansion chamber -
1-17m T lpax = 36 M

test object
"-—ﬁ
\ |

®24m
Baumines

. J Ll'/ / blast load \\‘\
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s !
\ baffel \ \\gaphram ‘ '\l r 1 r -
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Figure 2-4: Schematic of Shock Tub&Mayrhofer 2002)

Results of the static loading condition showed that the type of brick used determined the amount
of bond strength of the wall. Both clay bricks and skmeé bricks produced walls with a higher
bond strength. Various failure modes were observedinthesest s, such as fNnexcee

material strength, the bond between the brick and the bed joint or by exceeding the tensile strength
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of t he r e{Mayhofer 2002) & was also observed that a higher ductility of the wall
itself was a result of using a lower amount of reinforcement. For the dynamic results, a dynamic
load factor was used to convert staticproblem to adynamicproblem. It was determined that

for reinforced walls, failure by deflection was 10 to 13 times the elastic deflection while for
unreinforced walls, failure by deflection was 30 times the elastic deflection. It was stressed that
this increase was not necessarily because of the ducfilibeowall, but because of the limited
flexibility when reinforcement was present. Although the failure mode of the bond was mentioned,

further information about the bond failure was not provided.

Moisture and strain rateffects on concreteere both obsrved by Ross, Jerome, Tedesco, and
Hughes(1996)i n fAMoi sture and Strain Rate Effects o
concretes were tested at various strain rates in both tension and compression to determine the
effects of moisture and strain rate on the behavior of concrete. Transition regions were noticed for
both tension and compression tests and increases in strengths for both wet and dry specimens were
also observed. It was determined that for dry concsétength increase was only observed above

this transition region. However, for wet concrete, strength increase was observed both above and
below the transition region. Therefore, the moisture content plays an important role on how

sensitive the specdispecimen is to the strain rate.

Three types of specimens were testackt, half dry, and completely dry. Both static and dynamic
tests were completed on all specimen types using atambkinson pressure bar system. A
dynamic increase factor wasaasto compare the dynamic strength to the static strength to create
a more uniform way of observing the data. It was observed that the wet and half dry specimens
had a greater increase in strength at higher strain rates than those that were obsereestsdilo

rates. The wet specimens also had an increase in strength but not near as large of an increase as
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what was seen in thdry and half dry specimens. From static testing, the wet and half dry
specimens exhibited less strength than the dry téistgas concluded that at higher strain rates,

the excess water in the wet and half dry specimens actually improved the strength of the concrete.

AResponse Evaluation of Reinforced Concrete BI
by ElSayed, EDakhakhni, and Taif2015)makes the point that structural walls tend to deal with
larger loads under the same type of blast load than a single column because of the large increase
in surface area of a wall when compate column. It is also noted that there is a possibility of

a brittle failurewhenthe wall is bent about its weak axis, attributing to the necessity of looking at

the entire wall rather than simply a column. Wall specimens include fully grouted¢alé3
reinforced masonry structural walls. Physical testingwelve specimewas performed to obtain

rotation in the support, damage to the walls, and the failure mode. These were then compared to
a singledegreeof-f r eedom model fi d3d002 and thendcorrelated tdFcé@le 3
specified damage threshold levels, and corresponding system e | p e (EfSayedmE n c e 0
Dakhakhni and Tait 2015)r'he scaled distance approach was used to correlate the resufeseof
different charge weights. Boundary conditions included both simply supported andixXectd
Forthesimply supportedetup the top and bottom of the wallas capped with steel€hannels.

For the fixedfixed setup, walls were welded to the top and bottoch&nnels by their vertical
reinforcement and additional steel members were used to prevent rotation. Three walls with same
steelreinforcementratiosand boundary conditions were tested with a gs&gic loading rate.

These reinforcement ratios are low (0.33%), moderate (0.62%), and high (1.07%). Three different
charge masses were also usedoderate, heavy, and hazardous failufée different araunts
corresponded to different groups of walls, with Group | subjected to 5 kg of explosive charge,

Group Il with 10 kg of explosive charge, and Group Il with 25 kg of explosive charge. To measure
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the response of these wallsisplacement transducers m@eused to monitor owdf-plane
displacements, strain gauges were used on the vertical reinforcement, and three piezoelectric

pressure transducers were used around the wall to measure reflected pressure.

Group | wall s fAdevel ojpietgdoftheemdseigit nonecof tlreavllls oni n t
t he r e(Bl®ayed,&Pakitakhni and Tait 2015)Spalling did not occur in a majority of the

walls tested and tension cracks propagdietb the grout cells for more than Hathe wall

t hi c k(BSaged, &Dakhakhni and Tait 2015)The damage for Group | walls walassified

as superficial, or damage that is unlikely to be permanent. Boundary conditions and reinforcement
ratio dd not impact tle results of Group | walls because all walls showed this superficial, or not

permanent, damage.

Group Il walls resulted in cracks horizontally in the joints with minor cracks in the blocks. The
cracks observed were indicative of a loss in bond betwesehlock and the mortaThe damage
for Group Il wallswas classified as heavy damage, or damage that is most likely irreparable but

component failure is not necessarily problematic.

Group Il wals resulted in much more damage, as wethaswvalls with a low reinforcement ratio

splitting in half. Wall splitting, tensile cracks, compressive spalling, cracks propagating to blocks,
and necking in reinforcement were all observed throughout the various walls in this gioaip.
damage for Grap 11l walls was classified as hazardous, or damage that results in an expected
component failurel t was recommended thahadalande betweed dustility | | |
and strength should be carefully considered in blesstant RMreinforcedmasonry)walls, as

increased ductility with reduced strength might result in a wall displacement demand, under a
specific range of DBTdesign basis threadgvels, that might exceed the displacement capacity of

the wall or result in permanent deformatidhat might be detrimental to the wall. Conversely,
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having a less ductile but a stronger wall would result in reduced permanent deformations and
increased blast resistance; all the while introducing the risk of a brittle failure mode should the
strengthe@ mand e x c e ed (EtSayed, EDakhaklini ahdyTaitc?015)In other words,

the higher the load from blast pressure, the more brittle the failure mode becomes. Flexural

response was the most demanding response iasdbc

The response of these walls was compared to the results of a nonlineadsgrgkeof-freedom
model as specified in UFG340-02 (U.S. Army Corps of Engineers 2008)d the results were
fairly consistent across the &ra. It was also noted that when observing the damage on these
walls, the quantitative and qualitative descriptors may not necessarily match up for alltcases.
also important to note that while structural walls are designed doidtile from typical inplane

loads, this is not necessarily the case foratjilane loads, where failure can be more brittle.

2.4 Testing Methods

Testing methodthat were found and utilizeétiroughout thearious reports in thiderature review
processinclude a vacuum chambesplit Hokinson pressure baservecontrdled direct shear
apparatusand biaxial test Testing specimen included couplet testing configurations, triplet
testing configurations, and full wall testing configuratio&ach of tlese types of tests and the

results that were obtained from them are discussed below.

The static vacuum chamber was capable of testingdalle infill wall systemas tested by Brown

(2004)i nEvatuation of Wall Systemm Subj ected to Lateral Pressur
allowing there to be no concerns with scaling of the res@ilt$ h e -v&aduwant testing chamber

is essentially a reinforced steel cube with the test wall, covered by a flexible membranag creati

t he final s(Brave2004) Bourtday conditioesof thalf-scale infill wall systems

were simulated by concrete. This setup was designed to contain the entire specimen, allowing
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those performing the tests be present without the possibility mjury. However these results
were from more of a static type of testing, which cannot necessarily be utilized for dynamic

loading.

The split Hopkinson pressure bar was utilized by various reports that were revieweetirst of

t hese w-#gpkingos PrlesswBar Tests on Concrete and Mortar in Tension and
Compressiono by Ros s(1989) irrmmihis report, it veas dibtermiaed that ¢ o
an increase in strain raeads to an increase in strength in both tension and in compression. The
increase was much greater for tensiwhich found an increase in strength from 1.5 to 3 times as
much at strain rates of 10 to 100/sec than the tensile strength ast@sstran ratesthan fo
compression. Figure 2-3 shows the testing setup that was utilized by Ross, Thompson, and

Tedescq1989)

HIGH
PRESEURE
CYLINDER

LOW PRESSURE CYLINDER
STRAIN GAGE SG 2

STRAIN GAGE SG1

STRAIN GAGE
BAR NO.1 CONDITIONER

]

OSCILLOSCOPE

BAR NO. 2

Figure 2-5: Split-Hopkinson Pressure Bar SetugRoss, Thompson and’ edesco 1989)

AExperi ment al and Numeri cal Anal ysis of High
Ross, and Kuenndgi993)used a 50.&m diameter SphHopkinson pressure bar and was loaded

at strain rags of 10/ /sec to 18/sec. These tests were performed to observe the deformations and

24



cracking that occurred within the specimen, as well as to compare the tensile strength versus strain
rate to that of a compressive strength versus strain rate. fibmvabthat there was not a significant
effect of strain rates above that of 1.0/sec, which was found to be about one hundred times less

than that for compressive strength.

AEffects of Strain Rate on Concr(l®pvasvittere ngt ho
based on results from three different types of testimrect compression, direct tension, and

splitting tensile. The specimen that were tested were 51 mm in diameter and at strain rates of
1.0/sec to 300/sec, as wellqsasistaticratesfrom 107/sec to 1§ /sec. It was shown that tension

and compressive strengths both showed an increase as the strain rate was increasing. A critical
strain rate, or the final value of strain for which concrete showed an increase in strength, was
determned to be 5/sec for tension and 60/sec for compresst@sults showed that the tensile

strength data was much more sensitive and that larger increases happened at lower strain rates than
that for compressive str en gitrate sensitivity, soppasedlzs | s 0 ¢
attributed to excess water content after the normal curing time, appears to be a function of the
inherent | ower wet concr et e (Rdss, Eedegchbéndleusnneme | | &

1995).

The servecontrolled direct shear apparatwas used by Atkinson, Amadei, Saeb, and Siture
AResponse of Masonr y (B89%thatiesteda total ofifortjouDdifferent t S h e |
tests on old clay units and nine tests on new clay units. The resnitidedthat the masonry

bed joints showed a peak strength during the first ¢iielghen had a residual shear strength. The

results had friton coefficients between 0.64 and 0.75 and were conclusive with the Mohr
Coulumb criterion. There were various-s@s that wereliscussedn this report, each with their

own list of advantages and disadvantagdsese are briefly discussed in the fallog paragraphs.
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The first of these setups wased byNuss(1978)and Hamidand Drysdal€1980) The specimen
would collapse in an unstable manner once a peak strength was reaakied, amy pospeak,

load reversal, or deformation valy@sipossible to retrieve. Advantageous results from such a
setup includd factors thataffectthe peak shear resistano®.schematic of this setup can be seen

in Figure2-4.

Figure 2-6: Compressive Loading of Masonry with Bed Joint at an Angl€Atkinson, et al.

1989)

The next setup was on used by varimsearcherdut the work ofy okel and Fatta(1975) Calvi,

Macchi, and Zanon(1985) and Meli(1973)were all referenced within this reporThis setup

was done to test the tension and shear strength of the masonry iagbead directionwhich

createda complex state of stress. One of the disadvantages of this setup and test was that the
stresses along the bed joint was nonuniform, resulting in an averaged value for failures. This
resulted in valugthat were different than the actuaaterial property.Figure2-5 displays such a

testing setup.
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Figure 2-7: Testing Configuration with Concentrated Diagonal Load for Complex Stress

State (Atkinson, et al. 1989)

Thesubsequergetup discussed waslized by Meli(1973) Sinha and Hendr{1969) Dawe and
McBride (1985) and Mayes and Clougli975) This ®tup was accomplishday testing a wall

with both a vertical and horizontal load at the top of the wall. Thisusad to look at loads
applied in the plane of a shear wallhe results obtained from this setup were from the complex
stresses and the gradts found in the testingl t was determined though
suited to providing information on the response of structural subassemblages or structural
components (macromodels) due to specific loading conditions than for revealingndeital

properti es (Atkinsonredah @983 This getdp can be seenkigure2-6.
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Figure 2-8: Racking Test Setup(Atkinson, et al. 1989)

The following setup was one tested by M@®73)and Hamid(1978)which targeted the bond

and friction in bed joints with varying types of concrete masonry units. It was determined that
bond strength varied depending on the mortar and type of concrete masonry unit us€b gl

also observed that normal joint precompression was present but that the shear strength also varied
linearly. He also determined that an increase in precompression stress would lead to a decreased
value for the coefficient of friction. Other findings indkd that grouted concrete masonry had a
lower initial shear stiffness than ungrouted concrete masonry and that an increase in normal stress
led to an increase in shear strength and shear stiffiégste2-7 shows the setup that was used

to obtain sucheasults.
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Figure 2-9: Masonry Prism Configuration for Testing of Bond and Bed Joints(Atkinson, et

al. 1989)

The final setup discussed in this report was used by Hegetrae(1978) This setup utilized a

triplet configuration with the specimen. His results showed that there was no dependence on the
shear resistance on velocity when determining the shear displacement velocity. Furthermore, after
the first cycle of stress reverstile shear resistance found in the bed joint became a constant value
which was determined by the remaining shear resistanus.triplet specimen setup can be seen

in Figure2-8.

Figure 2-10: Triplet Test Specimen(Atkinson, et a. 1989)

The resultdrom thisrepors howed t hat Athe coefficient of fr
precompression stress and that grouted specimens yielded friction coefficients that were

considerably higher (Atkmson et@lnl§d9o ut ed speci menso
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The biaxial test was the method used in two separate reports. The first of theSeSweae a r
Behavior of Bed Jointso by (2008)dThedoeusof this wojki m, Ru
was on the failure envelope, mode Il fracture energy, cohesion softening, and dilatancy. The
testing specimen used for this testing were wired cut clay bricks with general purpose mortar and
masonry containing calcium silicabtocks with a prefabricated thin layer of mortaNormal

stresses were held constant at different levels for different sets of tests while the shear deformation
was increased. The objective for the failure envelope portion of this report and test rastdts w

be able to plot points on the failure enveldpepoints within the high tensile stress range.

Failure mechanisms observed were bond failure, failure in mortar and bond failure, bond failure
and tensile fracture of the units near their heads, and diapnsle failure of the unitsSuch
failure mechanisms are shownFigure2-9, and the testing setup utilized is showifrigure2-10.

la HERE: | [ /A d 7|

e |

| / | V4

| - — ) L j —

bond failure failure in mortar and bond failure and diagonal tensile
bond failure tensile failure of units failure of units

near their heads

Figure 2-11: Failure Mechanisms observed by Van der Plujim, Rutten, and Ceelef2000)
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Figure 2-12: Bi-axial Test Setup(Van der Pluijm, Rutten and Ceelen 2000)

Another report utilizing the biaxial test waS Ex per i ment al Study of She
Traditional Ma s o nr y (2004) yThe Bpecimera useld foP thip tasying avasn i
compressed earth bricks with mud mortars and fired bricks with lime mortars. The configuration

of these specimen for testing purposes was in the form of a wipiéar to the last test setup

shown above by Atkinson et 41L989) The configurations were placed in the testing apparatus

so that the applied shear force was parallel to the mortar joints. A hydraulic jack evaseaido

keep the prisms steady, applying a normal force just enough to keep the configuration from
shifting. Transducers were used to obtain displacements, both vertically and horizontally. Shear
loads were applied at a rate of 0.4 N/ffmin while thenormal force variedResults showed that

an increase in the applied normal stress results in an increase in the shear strength of the bed joint.

A comparison between the two types was conducted to detetimainearth brick masonries had a

lower shear stengt h and higher values of slip. It
detachment pattern of the |joint (Brang Pdpayiamiel at e

2004) Figure2-11shows theschematic othetesting setupised by Bei and Papayiar(@004)
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Figure 2-13: Testing Setup Used (a) and Arrangement in Laboratory (bjBei and

Papayianni 2004)

2.5 Dynamic Testing

The triplet specimen setup was also utilized Bgattie, Molyneaux, Gilbert, and Burnett in the

work titled fiMasonry She a(2001p Thisarticte wis wiittandagea | mp
summary of work performed byeBat ti e i n his thesis titled nlJ
Unreinforced Masonry under QueSit at i ¢ and D yla98)atiLiverpdobUaidersity.g O

This work consisted of two phases where work from Liverpoolffftefee and Teesidé&niversities

all contributed to the overall goal ahderstanding the fundamental characteristics of masonry

walls subjected to impact loads from vehicles. The objective of this work for Liverpool was the
Nfdevel opment iofércedsamd unieinfescedatésemethaels in order to provide the
dynamic and quasstatic material data required for the finite elemmanteling (G. Beattie 1996)

This led to physical testing of a triplet brick specimen dr@ hammer rig apparatwsich was

then accompanied with finite elemanbdeling The triplet test consisted of six$yx different

tests whose purpose was odeoll fricture\eregy, ang arigle of s h e a |
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dilitancy with wvarying an(G.Beattiesl9396fOthpritestcveerapr e s s
performed on couplets, columns, and beams exbuitadequate information for Liverpool to

complete the specific tasks for the overall project.

Beattie used a drop hammer rig to test the triplet specimen as an impact loading. An electro
magnetic release mechanism was constructed by Liverpool University to conduct consistent
loadings on the spanen. Reaction forces of the outer bricks were obtained using load cells and
strain gages were also utilized for the drop bar itsaffer the testing rig was validatetesting

was then completed at higher strain rates to explore the effects oadtierréorces. Thegesults
werethen plotted to createshear strest static shear stress ratiersus stress rate ploEigure

2-12 shows such results from this testing.
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Figure 2-14: Shear Stresgo Static Shear Stress Rativersus Stress Rate folmpact

Loaded Triplets (Beattie, Molyneaux, et al. 2001)
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This plot shows a similar phenomenon that is seen in a typical dynamic increase fastiar plot
concrete matgals. An exponential curve was also fit to the data eratk speed was also
implemented to obtain the curves found on the graph. This work and this particular figure gave
hope into the possibility of somehow proving the necessity for increased shear and tensile strength

values in the connection.

Thissamepheo mena was al so discovered by Mol yneaux
Masonry @%5)a pedocus of this particular work was investigating the impact loading

felt by masonry parapet walls after being struck by vehid&ging the material testing portion

of thiswork, itwastated hat fAt he most stri ki ntheshdamrstdengthg was
of the mortar | oi nt(Molyseaus 853 This savne belhavior was Blsoi N r &
noticed in thanodelingportion of this work as the shear and tensile strengths of the connection

had to be ineased for the model to exhibit an adequate response of the panels.olitsensgd

that the Adynamic strength ofertmoan atrhg ositnatsi d r

(Molyneaux 1995)

Another interestindgind from the work done by Beattie was the cracking pattern found in the
mortar joint. This was observed to be dependent upon the type of support conditions and loading
condition utilized in the testing method. When a uniform pressure was appliedtop thiethe

center brick and therefore resulted in a uniform reaction on the bottoms of the outer bricks, the
failure was more of a tensile failure between the mortar and the brick. When the applied force was
more of a point load directed exactly at tidge of the mortar and brick interface, the failure was
more of a shear failure within the joint. Due to this finding, it was stated that it was not a pure

shear strength increase that could be attributed to the previous strength increase findurgs.
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2-13displays the two types dilure that were indicated above, the first being tensile failure and

the second being the shear failure.

Figure 2-15: Tensile and Shear Bond Failure in Triplet SpecimengBeattie, Molyneaux, et

al. 2001)

There were three main conclusions observed from the work by Beattie, Molyneaux, Gilbert, and
Burnett. The first was that there was, in fact, an increase in the bond strength from an increased
impact loading on the specimens. Second, thastipport and loading conditions should be
carefully considered as the results of the overall testing are very sensitive to such conditions. The
last observation was that the crack propagation velocity of the mortar joint may be of importance

when attemptig to produce an accurate finite element model.

Many otherarticles were found to have used the triplet testing specamevell Suchwork was
performed by Hegemier, Arya, Krisnamoorthy, Nachbar, and Furgét8@8) Singh and Munjal
(2017) Beattie, Molyneaux, Gilbert, and Burné#001) Sarangapani, Venkatarama Reddy, and
Jagadish(2005) Thamboo, Dhanasekaand Yan(2013) Thamboo and Dhanaseké2015)

Ghazali and Riddingto(i1988) Riddington and Ghaza{il990) Mendoza Puchades, Judge, and
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Beattie(2016) and Beatti€1996) This work varied between static loading or dynamic loading,
as well as betweethe ways that these loadings were ampteethe specimenSome of this work

also included modeling the testing in atinelement modeling software.

The most recent and prominent, especially in terms of dynamic loading, is the work accomplished
by Beattie(199%) and the work referencing the physical testing done by Beatfieded loading

rates above the quastatic region. The findings from this work providehope that this triplet
specimen and loadinit at higher strain rates woukésult in very useful results. From these
results, it is desired to have a better understanding of why a higher tensile and shear strength value

of the connection is needed and how to appropriately implement them.

2.6 Summary of Literature Review

In summary, there is littlprevious workhat was found discussing the relationship at the interface
between the mortar and the concrete masonry unit for shear loddiasg.information found was

for loading in tension or compression, or analyzing aimeemasonry wall rather than looking at

the smaller scale of the interface. It was determined that for both tension and compression that an
increase inoadingrate led to an increase in concrete strength. It is desired to find a similar
relationship whe observing the bond strength of mortar and concrete masonsyatititgher

strain rates.

However, many articles discussed the importance of bond strength and bond failure as a
predominant failure mode, but did not discuss the bond in further ddiad work by Beattie
(1996)gave hope into finding an interesting relationship between the bond strength and strain rate.
After finding thiswork implementing impact testing on triplet specimens, itdesired to perform

similar testing to obtaimore information in regards to the possibility of an increased bond strength

under pure shear loading.he triplet specimen similar to that shownFigure2-11 above was
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then implemented into the finite element parametric study for this research. Such a testing setup
can easily be implemented to work with the machines availal#&BIC when physical testing
becomes a reality. It is the hope that the findings shown dlyopeevious research and that with

the implications of the parametric study below that the most efficient course of action as possible

can be implemented when physical testing is started
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Chapter 3: Finite Element Modeling

3.1 Introduction to LS-DYNA

LS-DYNA is a finite element modeling software that is typically usedtioyctural engineers to
accurately model situations where blast loads may be involved. There are, however, many other
applications for LDYNA that can be useful in the analysis worl@ihe governmentwersion of
LS-DYNA is called DYNA3D andmentioned previously in various articles discussed in the
literature review. LDYNA was describetty Hallquista s fA an e xdiménsianal finitet hr e e
element code for analyzing the large deformmatignamic response ofelasticsolids A contact

impact algorithm permits gaps and sliding along material interfaces. By a specialization of this
algorithm, such interfaces can be rigidly ties to admit variable zoning without the need of transition
region® (Hallquist 1979) To run these analyses, intense calculations are performed on
supercomputers to quickly produce results that can accurately describe what happens with a
dynamic event. With the speeds of computers nowgdhgse calculations can be completed in

a much more efficient manner than when DYNAS3D was first introdub@dnse calculations that

would take days to perform can now be completed in a matter of minutes or @Geardhe years,

many modifications hge been implemented and new capabilitieseincluded to continue to

increase the efficiency, dependency, and accuracy of the models run on the application.

Contact parameters can be specified to link penr¢to another and appropriate material models
can be assigned to eaphrt There are many various applications for usingD¥NA or the

finite element method as an object can be broken down to a desired number of elements to
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mathematically simulate what pygens to the overall object by looking at each individual element
and how it behaves itself as well as with the elements surrounding it. A finer mesh with more
elements included leads to a more accurate solution, but can also iese®with computatn

time as more elements resultainecessity for much more computing power and time. Therefore,

it is important to have a good balance between having enough elements to run an accurate

simulation but not too many to be inefficient.

A geometryis creatd in LS-PrePost with the prprocessing side of the application. Once a design

is finalized, the input file, or Akeywo+rdo f il
DYNA program loaded into it and ran in this system. There are supercenspoth aERDCas

well as at Auburn University and both were used for this thesis. The modeling process started
with ERDC supercomputer, called Topaand thenmoved to the supercomputer at Auburn
University, called Hopper. Most of the preliminary dgsiwas completed on Topaz but a majority

of the modeling done for this thesis, including all tesultsand images found within, was
completed on Hopper. Once the mhs completed on theupercomputer, the output files mee

then opened in LPrePost andnalyzed using the peptocessing side of the application. It is

here that the behavior of the model, as well as graphs, tables, and a variety of other output
platforms,wereobserved. This chapter will discuss the parameters, values, and methoas chose

to be implemented with this design.

3.2 Initial Design

Once the tripletoncrete masonry urspecimen was decided upon, the next step was to create the
model in LSPrePost. This was done using the student version that was available online from
Livermore Sdtware Technology CorporatiorlJsing the preprocessing side of the application, a

model was made to include a desired meshing and element size, boundary corudititats,
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interface,appropriate material models, and loading of the specimen. The bettians will go

into detail about the specifics of the model.

3.2.1 Element Sizing and Meshing

Although the test series that this thesis was derived from used quarter scale concrete masonry units,
when physical testing of this work is performed, it is desired to use full scale concrete masonry
units. Therefore, the nominal size of 8 inches by Besdy 16 inches was used. This corresponds

to an actuatoncrete masonry ursize of 75/8 inches by -5/8 inches by 1%/8 incheswith a 3/8

inch mortar joint between atoncrete masonry usit

The three commete masonry units were modelidt using the actuatoncrete masonry unsize

and leaving 3/8 of an inch in between for the two mortar lines. pals the threeconcrete
masonry ung and the two mortanterfaces were modeled ama noded hexahedron solid box
elements.Theconcrete mamry unis were split into elements with an approximate square size of
0.381 inches on each side, leading to an object with 20 elements by 20 elements by 41 elements.
The mortar line haithe smallest meshing size to allow for three elements thrihagthckness of

the mortar. From work previously accomplished with modeleERai2C, a minimum of three
elements through the thickness is typical for most modeling technidinsis typically done to
account for a coarse model undergoing flexure, allomreggedement to carry tension, one to carry
compression, and the other to represent a neutral axis between tl@thsowvise, the neutral axis

may fall right in the center of the element and since single point integration of the elements is
accomplished byooking in the center of the element, it will not accurately portray what is
happening within the object as it will continue to see a value of zero while it is still at the neutral
axis. The mortar elements had an approximate square size of 0.125 amckesh side, which

resulted in mortar objects with 3 elements by 61 elements by 125 elenksutls.element, for
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both theconcrete masonry usitaind the mortar line, were made to belase to square as possible.

The model with this meshing and geometry can be seigume3-1.

Figure 3-1: Meshing and Geometry of Initial Model Setup

It was decided to model tlmncrete masonry usitas solicconcrete masonry unitbjects rather

than the typical concrete masonry units with holes in the middle. It is also to be noted that the
setup used is more of ask bonded masonry configuration rather than the typical running bond
masonry configuration that is used in most construction. bBtr of these observations, it was
determined to be adequate asd¢becrete masonry usitvere not the main focus of the thesis, but

the contact interface and the mortar itself.
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3.2.2 Boundary Conditions

To create an appropriate model, boundary conditiong beigmplemented with no boundary
conditions, there would be nothing to stop the model from floating continuously in free space after
thedriving force is applied. The only force being applied to this specimen was downward on the
centerconcrete masonmynit, so only a vertical restraining boundary condition would be necessary

to oppose this driving force.

The way the model was preferred to be set up, only the neddierete masonry unitould feel

the force of the impact being applied and it wasirge to continue pushing thiencrete masonry
unitwhile holding the outetoncrete masonry usistill and potentially failing in either the contact
between mortar ancbncrete masonry unar within the mortar itself.Therefore only the bottom
nodes bthe outerconcrete masonry usitwere restrained by vertical movement only. This was
done to allow theoncrete masonry usitto still flatten and potentially expand in the horizontal
direction while also leaving room for the edges to rotate ittrerete masonry ungo desired.

With this simple boundary condition, the behavior of the model would more closely resemble how

the real world experiment woultehave

3.2.3 Contact Interfaces between Parts

Since the individual components were modeledhdidual objects within the model, a contact

card was used to characterize the relationship between the various parts. Thisemaghdthe

tiebreak surfaceéo-surface option, which allowed the user to input values to describe this
relationship suchsdriction values and both tensile and shear failure stress of the connection. It
Sshould also be noted that once t he-tosurfacd r e a k

cont act wi t h n o (Livermore ISoft@ased echnofodys Gotpaation 2015)
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Therefore, once the limiting values for the shear or tensile failure stezexceeded, the model

would continuetorunandls | i po al ong the surface according

For the tiebreak surfaeo-surface contact, segment sets were created to includeittaeeof

the elements that were desired to be implemented in the cofitaete segment sets include not
only the nodes but also the sides of the elements and is more of an area Qjritedesegment

sets, one was assignedtls mastesegment set and the other as the slave segmeridseng a
simulation, LSDYNA checks to see if penetration occurs from one side to the other in terms of
slave side nodes versus master side nodes. tyfie of contact used will determine if only one
side, the slave side, is observed or if both sides are observed. Using the tiebreakaatidaee
contact, LSDYNA usedthe nodes or segments specified in the master and slave sides for
penetration ito the other.lt is standargracticeto use the segment set with the finer mesh as the
slave segment set, therefore the mortar side was assigriie slave for each tiebreakhis is
because there are fewer calculations required for the coarsendidesmaller chance that any
type of penetration was missed-or this model, there were four tiebreak surfaesurface

contacts used, all with the same values for friction.

3.2.4 Material Model

There is a wide array of material models available withirDDYSNA that can be implemented for

work to involve liquids, concrete, elastic materials, thermal materials, and even a random material
with whatever assigned properties the user desires. For this model, the 072R3 Concrete Damage
Release 3 concrete constitutivedel was used. This tke third release of the®C Concrete

Model, a concrete model that is within {BYNA and commonly used as it is very user friendly,

needing only themass densityj)j v al u e, Poissonds ratio, and th
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conaete. The material model can then use the compressive strength provided to calculate any

other material values ihay need to run the analyses.

The KCC model is commonly used for structural response of concrete models wWHBIYINUS.

Work by Wu, CrawforgdLan, and Magallang2014)indicate that the parameters within this model

greatly affect the results. One of these parameters is the strain rate enhancement. There is a built
in strain rate enhancement function witlthe model that is utilized to effectively include the
effects of strain rate. I't was stated, howev:«
to dynamic increase factor (DIF) in current-D&NA code. To activate the strain rate effecg th

user needs to input a nonzero number wunder i
L CR a (Wa, @t al. 2014) There is a default strain rate enhancement that is based off of the work
done by Wu, Crawford, Lan, and Malgades which is calculated based off of the current strain

rate, the reference strain rate, and unconfined compressive strength of the concrete, and the
confined compressive strength of the concrete. Overall, Wu, Crawford, Lan, and Magallanes
found that tke KCC model worked well in accurately portraying the effects of blast load on
concrete structures boéeded warning when considering the appropriate use for strain rate effects.
Work accomplished by Schwer and Mal¥a605)al so provi ded results to
provides an excellent material model for modeling the complex behavior of concrete when only

the most minimal information about the concrete, i.e. its unconfined compression strength, is

known. O

Since themodelcreated in LDYNA for this particular researcts not based on any physical
testing and mainly to look at the relative behavior of such a situation, these values, as well as all
the values in this model, were chosen arbitrarllige initial valuesvere actually those taken from

doing previous work with the modelers at BRDC and Table 3-1 displaysthe values used for
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both the concrete masonry units and the mottais to be noted that for the units to be properly
implemented into the model dleffects of gravity were included to convert to the necessary values

and numbers.

Table 3-1: Material Properties for Concrete Materials Used

Material Concrete Masonry Units Mortar
Mass Density} (Ibs-ms¥/in%) 224 162
Poi ssonds 0.22 0.22
Compressive Strength (psi 3000 2300

3.2.5 Loading of the Model

There were a two different loading cases that were desired to include in theinfodglthe

applied precompresion on the outer faces of the matecrete masonry usitand, second, the

driving force for hitting the middleoncrete masonry uréind creating the movement desirdd.

is to be noted that both pressure loadings were applied to the model through segment sets so that
the pressure would be applied to the entire face ofdherete msonry unitsections as desired

rather than only being applied to the nodes or the entire elements.

For the precompression loading, this was chosen to be implemented as this is more realistic with
a real world situation of a structure built with concretsonry unitdecause of the seleight

of the wall as well as other confining factors as the wall is loading from high pressure loading
The actual value of this can vary depending on how high the wall is or where on this wall a specific
concrete masonmynitis located.A value of 500 psivas arbitrarily chosen toe sufficientfor the
purposes of this modellhe specific value of precompression was also used as a parametric value
to be changed and behaviors observed later in the médtplre 3-2 displays what the loading

curve for the precompression looked like in the[8NA modelfor the initial model
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Figure 3-2: Precompression Curve for Initial Model Setup

The second loading curve to be used was for the applied pressure to the center block, which was
the driving force behind this model. Since this work was first started by looking at walls subjected
to blast loads, it was decided to use a similar type tggftir this model. Therefore, a pressure

time curve similar to what can be seen from a blast load was #sgdre 3-3 shows a typical

pressure time curve for a blast load, including both the positive phase and the negative phase.
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Figure 3-3: Typical PressureTime Curve for Blast Load (U.S. Army Corps of Engineers

2008)

The positive phase indicated in the figure above shows when the blast hits the structure,
instantaneously increasing to the peak pressure point, then dgdiihit hits the negative phase,

where the pressure is actually below the ambient pressure and a suction force is felt by the pressure
wave. This figure is a generalization of a typical blast pressure curve as the actual pressure wave

will not be as pdect of a curve because of the imperfect nature of the wave itself.

For the purposes of defining the pressure curve in the model, an even more simplified pressure
time curve was adopted. This curve was just simply a triangular pressure loading wigiatnene
phase. There are options in-D&NA to include an actual blast wave by indicating the weight of

the explosive as well as the location in respect to the structure desired to be analyzed. However,

since this model is desired to be validated ater e with physical testing which would not
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include actual explosives, a simple pressure curve was utilized to be more realistic in what the

experimental approach would bEigure3-4 shows the pressure curve that was used in the model

in LS-DYNA.

Pressure (psi)

0 10 20 30 40 50 60
Time (ms)

Figure 3-4: PressureTime Curve for Loading of Model

As stated, this is a very simplified form of a typical blast pressure curve. wHsithe main
parameter thavaschanged with each test to see how the model clolamigle increased pressure.

The duration,50 milliseconds,stayedconstant with each test while the pressure vavas
increased. The impulse of each test was able to easily be determined by calculating the area under
this pressurdime curve. To start, the pressure was increased in interival® psi until either

movement in the model parts or failure of the elements was noticed.

3.2.6 Additional Modeling Parameters Needed

After the model was created using all of the steps discussed above, the finer tunings of the model
was completed by implementing other cards in the control and database sectior®YONAS

These cards include adjusting settingstemssuch as the engy through the system, the timestep
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desiredfor output files the output file types, and so much more. The following discusses the

various cards used and how they were implemented.

Hourglass energyas included to be computed by IO&NA during the analys process.
Hourglassing is a common issue seen in finite element modeling where the elements tend to distort
into hourglass shapes during the anal ysi s, h e
instability of the model and is a geometrical aatynwhere nodal displacements can results in

zero internal energy. If this happens, the program will not update the stress and strain states of the
model or the internal energy. Sometimes, the distortions from hourglass effects can lead to
degradation othe mesh and can even affect the overall results of the model if not handled
adequately. Within L®YNA, there are various ways to counteract the effect of hourglassing,
done through the hourglass cards with various algorithms availd&kde this partialar model,
hourglass energy was accomplished by Belytschko and Bindgr@8)method which assumes

a corotational stiffness. Essentialljpeenergyof hourglassing associated with the model to keep

the elements frorbeing improperly distorted needs to be minimizédway to check the model

is to verify that the hourglass energy is low compared to the internal energy of the model.

There were a few cards used for inputting ¥heoustimesteg used in LDYNA. Thereis a
timestep within LEDYNA that is used in the analysis process and can either be input by the user
or can be determined as best seen BWDIYSIA. The default options within this card were used.
There are also timesteps that can be specified forriestep betweethe desired output files.

The d3plot output file was desired, as this outputs the database for the entire Tinedebntent
included in these files can be adjusted with the extent binary card and was adjusted to include
plastic and thermastrain within the model as well as the stress values at all integration points

within the model. The timestep first chosen for these output files was first chosen as 1 millisecond
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but could easily be adjusted later on if it was seen that a smalletdpneas necessary card
was also used to include the material energies and global data of the model. These timesteps were

also set at 1 millisecond for the initial model setup.

3.3 Final Design

After running many jobs using the initial model setup desdrdd®ve, adjustments were made to

the model to make a more efficient and realistic modgpendix A shows an example of the
specific parameters and cards that were used, not including the node positions and numbering that
was included in the input fileThe following sections include specifics about what was changed

in the model to get to the final desired result.

3.3.1 Adding Steel Bases

Once the first sets of analyses were completed for the model, it was determined that the best way
to get results from thisiodel was to obtain the reaction forces at the bottom of the carterete
masonry ung and compare these values to what was obtained as higher pressure forces were
applied. To first accomplish this, stéelsesvere added under the outer teoncrete rasonry

units as supports. These parts were given typical steel properties and the boundary conditions
were adjusted to not allow the nodes of the blocks to movecorueete masonry usithemselves

were still allowed to move and to flatten against ¢h&teebases

A new interface was needed for the connection between the concrete masonry units and the steel
bases For this, a general automatic surfacesurface interface was implemented. Similar
characteristics for the interface connection betvikenoncrete masonry usieind the mortar was

used here but shear and tensile strengths of the connection were not déafinee3-5 shows the

new geometry of the model that was used for the final design.
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Figure 3-5: Meshing and Geometry of FinalModel Setup

3.3.2 New Output Files

To obtain the reaction forces, another output file was needed to look at the interfaces and therefore
obtain the information happening at these locations. The intfor file wgseused and when
displayed, this file typeshow only the interfaces that were created in the input file and post
processing can be accomplished on these interfaces. It was here that interface normal forces could

be acquired which resulted in the maximum reaction &ircéhe model.

3.3.3 Erosion

Basedon some of the results from previous runs, erosion was decided to be implemented. Erosion
can be beneficial to include in models, as it can make the results seem more realistic, but it can
also construe the results if not implemented in a proper wagly2ng the initial runs led to some
unusual behavior of the elements themselwbghseemed to be deforming too much in a manner

that would not be possible of concrete masonry units. Concrete masonry units are brittle materials
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and are not expected &xpand or stretch as much as what was being seen in the model, and so
erosion was decided to be used. Once erosion was implemented, the model seemed to behave
more like what wuld be expected when concrete matergastestedthe elements would crumble

and disconnect as would be expected of a brittle material like concrete.

3.3.4 Precompression Curve

It was noticed that the precompression curve was acting more dynamically than statically as
desired. Some changes in the precompression curve in the initidl moslerastically changed

the results that were seen. It was desirechave a more graduahcrease to the desired
precompression level rather than hitting it with the full pressure at one instant, hoping to take out
the dynamic factor of such a loadfter some adjustments in the precompression clfiggire

3-6 showsthe curve was deemed most appropriate to use without having too much of an influence

on the results themselves.

120
__100
‘©
£
c 80
il
0
3 /
= 60
e
3
o 40
D- /
20
0

0 10 20 30 40 50 60
Time (ms)

Figure 3-6: Final Precompression Curve

52



3.3.5 Timestep Adjustment

Each analysisesulted in a large number of very large files, which resulted in a very tedious post
processing routine. The files needed to be transferred from Hopper to a local hard drive in order
to properly be analyzed in the pgmbcessing portion of LBYNA. With the number of jobs that

were desired to be processed though, this took a very long time andownasftizient with the
timestep for the output files that wasginally chosen. When the timestep was increased to a
larger interval, it was observed thihe maximum values were being skipped over due to the large
timestep size. But with too little of a timestep, the number of files greatly increased and, therefore,

so did the transfer time.

There is a curve option in EBYNA to adjust the timestep vaduas a function of time. It was
observed in all of the previous runs that the maximum value always occurred within 10
milliseconds to 15 milliseconds, right after the peak pressure of the pressure curve was applied.
Therefore, a timestep curve was in@ddto decrease to a smaller timestep size between 9
milliseconds, right before the peak pressure hit the middiecrete masonry unitto 20
milliseconds to ensure that the peak reaction had time to be recorded. A timestep of 0.1
milliseconds was chosemudng this interval with a value of 0.5 for the remainder of the analysis.
This change drastically decreased the number of files needing to be transferred and greatly helped
with the transfer times to make for a more efficient gustessing process:igure3-7 displays

the timestep curve used in the model.
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Figure 3-7: Timestep Curve for Output Files

3.4 Model Verification

Since theravasno physical testing data to use to validate this model, certain aspects within the
model were checked to verify thattmechanics of the mod&ere happening appropriately. One

of these checks was ensuring that the kinetic energy of the model was being dissipated
appropriately. If the energy was dissipated too quickly or not at all, it indicated that the model was
not handling the energy transfer through the system as one would see of actual fEgting3-8

shows the plot of kinetic energy that was produced for the first test run.
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Figure 3-8: Kinetic Energy of First Base Run 1.1(Ibf-in, ms)

From Figure 3-8, the knetic energy follows along with a typical pressure curve for the type of
loading being applied to the model. It does not dissipate too quickly and eventually flattens out to
right at the zero mark. The total energy of the system, along with the lenetigy figure above,

was also looked at in terms of checking the damping of the system. If damping was required, the
input card for damping could be implemented. Damping may not be necessary though as
dissipation of energy could be addressed throughdheglass energy or even the friction forces
within the tiebreak cards. If damping was deemed necessary to add to the model, it could be done

so with the dampening cardrigure3-9 shows the total energy of the first run.
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Figure 3-9: Total Energy of First Base Run 1.1(Ibf-in, ms)

From both the kinetic energy and the total energy, damping does not seem to be a problem and the

system also does not look overdamped. Therefore, it was decided to not include additional

damping effects on the model.

It was also desired to look at the hourglass energy plot associated with the run and ensure that the
energy produced from hourglassing did not drive the model. It is a typical rule of thumb for the
hourglass energy to ken percent or less of the overafiergy in the system. To check if the

hourglass energy was appropriate for this mdeiglire3-10 was analyzed.
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Figure 3-10: Hourglass Energy of First Base Run 1.1lbf-in, ms)

When comparing the hourglass energy plot to the total energy plot aboag,be seen that the
maximum hourglass energy was less than ten percent of the total energy plots. Based on this
comparison, it was determined that the hourglass energy parameters used did not drive the results

of the model. Therefore, the model wasmed appropriate continue to be used for this research.

3.5 Parameters Desired to be Included

Once the final model was ready to be used, various tests were run to include the parametric changes
desired to look at the behavioral differences. The material nigddlwas not chosen to be one

of the changed parameters as the material model chosen is one typically used by modelers to
includeall concrete materials. However, there is a parameter within the model to either include or
not include strain rate effexct The user can define the desired strain rate curve or a default curve,
as discussed above abdsed on equations by Wu, Crawford, Lan, and Maganelles 2014, can be
implemented. Since one of the main goals of this work is to determine the effectsabstran

the bond between the concrete masonry unit and mortar, this was desired to be one of the

parameters to be changed.
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Another parameter that was decided to be adjusted throughout this research was the shear and
tensile strength limits of the tielade surfaceto-surface connection between the concrete masonry
units and the mortar. The initial values for both strengths were taken from the work previously
done with the modelers at tBRDCbut these values were based off of material property tests tha
were done statically, not dynamically. So it was desired to increase these values and see how this
increase would affect the overall results. It was believed that there would be an expected increase
in these values once testing dynamically, followitang with the typical behavior of concrete

tested dynamically with a dynamic increase fact@ince physical testing has not yet been

completed for such a test, this theory cannot yet be proved.

Thenextparameter desired to be adjusted was the numlsemients though the thickness of the
mortar. As discussed earlier, a minimum of three elements has been recommended to properly
portray what happens within the object at haitdwas desired to see what would happen with
increasing the element size ahdrefore decreasing the number of elements through the thickness

of the object.

The precompression value and time increment to reach the maximum precompression value were
also desired to be further analyzed. This came about because of the results &oquitests in
the initial phase of testing that were applying the precompression at too quick of a time increment

versus ones that were lengthened.

With the desired number of parametric changes, a totakigfendifferent series were desired to

be run. The fALCRAT E eitNeairicludeng or nooihcludimg the stradniratea t e s
effects in the material model, with a O indicating no effects included ahthdicating the effects

are included with the dault implemented in L Y N A . The AShear/ Tensil e

shows the values used for each of these strengths included in the interface parameters. These
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numbers can be input in separately and can therefore be different, and they most likedyirwill b

physical testing, but both were changed and increased in this sthdynext column represents

the slope of the incline for the precompression curve. The first number indicates the change in
precompression and the second indicates how long thigyeltaok before hitting the maximum

value, which was then held constant for the remainder of the Tés.last column is labeled
ANumber of EIl ementso and indicate which seri e
as well as number of elentsrthrough the thickness. The various runs chosen for this study and

the values used cam ldescribed iTable3-2.

Table 3-2: Parametric Values Used in Analysis

Series LCRATE Shear/Tensile Precompression Number of
Name Value Strength (psi) | Pressure (psi per ms  Elements
Basel 0 400 100/10 3
Base2 -1 400 100/10 3
Base3 0 1000 100/10 3
Base4 -1 1000 100/10 3
Baseb 0 1500 100/10 3
Base6 -1 1500 100/10 3
Base7 0 400 100/10 1
Base8 -1 400 100/10 1
Base9 0 1000 250/10 3
Basel0 0 1000 500/10 3
Basell 0 1500 500/10 3
Basel2 0 100000 500/10 3
Basel3 -1 100000 500/10 3
Modell 0 400 500/2 3
Model7 0 400 500/10 3
Model8 0 400 0/0 3
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Chapter 4: Results and Discussion

4.1 Results from Individual Tests

For each series listed above, tests were run and analyzed until failure, or breakage, was first
indicated in the model itselfFailure was indicated by one of tveecurrence$ the first being

failure of the bond, in which the model would slip along thterface connections between the
mortar and the concrete masonry units, and the second being failure of the elements themselves,
in which the elements would become so stressed that they would fail. In the cases where the failure
was driven by the bond, é¢hseries was continued till there was obvious movement and therefore
failure of the bond. Thereaking pressure values varied depending on the parameters that were
changed and will be seen in the below results. For each individual test, there weresa @fumb
results that were gathered to be used in the overall comparison. The first of these results was
obtaining the reaction force found at the base of each of the anrterete masonry usit This

was accomplished using the intfor output files andgisite analysis tools available within LS

DYNA to plot the yinterface force for the desired paRigure4-1 shows such a plot for the right

support from the first test that was run.
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Figure 4-1: Y -Interface Force (Ibs) versus Time (ms) Plot from LEDYNA for Right

Support for First Base Run 1.1i 50 psi

From the above figure, the data points were able to be exported into excel and maximum force

values were found for each case. These maximum values were then used in the overall comparison
from one run tdhe other. For each run, two plots like the one shown above were olitained

for the right support and one for the left support. The values were kept separated throughout the
postprocessing process to also observe whether or not the analysis wastsgaifnom the

applied load.

Another figure that was obtained from the results of each run was observing how the model
behaved throughout the time that the load was applied. This was done using the figure from the
d3plot files, which showed the overaibdel itself through this process and shows how the model
behaved as a whole as well as at the elemental level. Figures were obtained at the end of each run
time, 60 milliseconds for each run, to see if there was any physical damage or breaking. This was

done with two separate figuréshe first which was the model itself and the second was a fringe
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plot with the effective plastic strain contours presdfigure4-2 shows the first of these figures

for the first run of the first series.

Triple Block Model Base1.1
Time = 0

Figure 4-2: L ast State at 60 Milliseconds for First Base Run 1150 psi

The effecive plastic strain fringe plot ranges from a blue color, where there is no damage, to a red
color, which corresponds to a value of 2.0 or failure of the element. With this figufajltine

pattern of the model was able to be seen as the pressure propagated through the model itself as
well as how the increase in applied pressure changed from the previous-rgun® 4-3 shows

the effective plastic strain fringe plot for a run later on in the first series which first started to show

failure propagating through the model.
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Figure 4-3: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Fifth

Base Rwn 1.57 250 psi

Using both of these figures, the behavior of the model was visualized and it was simpler to
determine how high the pressure should be increased till breakage occurred within the specimen.
For later cases where failure was observed, moveamehdistortion of the elements was observed
from the first figure while the second figure showed which elements had either failed or were very
close to failure, helping to indicate what the failure pattern would be for the model. While the
above figuresvere just those frortwo separateuns, AppendixB shows the figures from all runs

that were analyzefibr this work.

For each test serigbe overall behavior of the model was the same for each series. As the pressure
wave propagated through the modle¢ effective plastic strain would first show no signs of failure
anywhere within the model. As the applied pressure increased, element failure would slowly start
to occur at the bottom of the mortar joints. The failure would slowly start to increasedupw

the joint as the applied pressure continued to increase till failure of the tiebreak occurred. It was
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when this failure happened that the test series was completed and results were able to be compared

between series.

4.2 Comparison of Results

Once theesults of each of the runs was analyzed, comparisons between the various base run series
were able to be made. Using these comparisons, it would become apparent whetter or
changing the various parameters withirR$NA would produce differing resultsPlots were

made using the maximum load values that were obtained in the above section and plotting these
loads versus the applied pressure for each specific Fegiire4-4 shows how such a plot looks

for the first series in this work.
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Figure 4-4: Maximum Loads (Ibs) versus Applied Pressure (psi) for the First Base Series
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Once the above plot was acquired for all test series desired, comparisons were able to be made.
There were numerous comparison plots created in an attempt to not only understatitesd
parameter changes do within the program, but to also provide an indication to future modelers to
betterunderstand how certain parametianges can affect the results of the modak different

types of parametric changes that were analyzeldde strain rate effects, precompression values,
tiebreak values, element size, and precompression timing. Each of these will be displayed in the

sections below.

4.2.1 Parametric Change — Strain Rate Effects

For this section, all comparisons were made between test series that had the same tiebreak values,
precompression values, and element siZzHse first plotbelow shows the comparison between

Base Series 1 and Base Series 2. For this plot, the onlyediehbetween the two is that one

series is run without the strain rate effects included in the material model (Base Series 1) while the
other included the default strain rate effects iRLBNA (Base Series 2)Figure4-5 can be seen

below.
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Figure 4-5: Maximum Load (lbs) versus Pressure (psi) Comparison for Base Series 1 and

Base Series 2

From the above plot, there was no difference in the results between Base Series 1 and Base Series
2. Both test seriaadicated some initial slippage around the pSGest, buincremental increase

in pressure wasontinued until obvious failure was noted. It was also at this point that the elements
themselves were first initially very stressed from the applied pressure. Around thei 88},

the model showed dstc failure where a complete failure of the bond was observed as well as

failure and breakage of some of the mortar elements.

Figure4-6, Figure4-7, Figure4-8, and Figured-9 show the other comparisons that were made

only difference betweenrges was including the strain rate effects or not including these

The comparison is made between Base Series 3 and Base Series 4, Base Series 5 and Base

Series 6, Base Series 7 and Base Series 8, then Base Series 12 and Base Series 13.
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Figure 4-6: Maximum Load (Ibs) versus Pressure (psi) Comparison for Base Series 3 and

Base Series 4
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Figure 4-9: Maximum Load (Ibs) versus Pressure (psi) Comparison for Base Series 12 and

Base Series 13

Each of the above comparisons show the same behavior as the comparison between Base Series 1

and Base Ses 2 in regards to the fact that there is no difference between results when strain rate

effects are included and when they are not includatko, each test series showed the same

behavior of the overall model in regards to when slipping was firsteabiad at what pressure

value initiated failure of the model.

4.2.2 Parametric Change — Precompression Values

For this section, strain rate effects, element size, and tiebreak values were all held constant between

comparisons. The only change was in the findl@nstant precompression value that was applied

to the sides of the outeoncrete masonry usit There were two comparisons that were made for

this parametric changeone for Base Series 5 and Base Series 11 and the other for a comparison
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between Bas&eries 3, Base Series 9, and Base SerieFidgure4-10 and Figured4-11 can be

seen below.
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Figure 4-10: Maximum Load (lbs) versus Pressure (psi) Comparison for Base Series 5 and

Base Series 11
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Figure 4-11: Maximum Load (lbs) versus Pressure (psiComparison for Base Series 3, Base

Series 9, and Base Series 13

For both comparisons, the maximum loads were the same for all series being analyzed and started
on the same initial slope. Eventually, as the elements began to become more stressed with the
increased applied pressure, test series with the larger final precompression values showed

larger reaction forces than the test series with the lower precompression values.

During the initialmodelingportion of this research, it was also desired to display what would
happen to the results of the model if no precompression was implemented at the sides of the outer
concrete masonry usit Since this was done in the earlier stagemadeling this comprison

will be shown using Model Series 7 and Model Serigsvi8ich were intermediate test series
between initiaimodelingand the final model For both of these test seriélsg strain rate effects,

tiebreak values, and element size was held constdn@.ofly different between the two was that
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Model Series 7 had precompression applied whereas Model Series 8 had no precompression.

Figure4-12 can be seen below.
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Figure 4-12: Maximum Load (lbs) versus Pressure (psi) Comparison for Model Series 7

and Model Series 8

Although not at the same values, both series started off at the same slope. As failure started to
initiate in the elements and the overall model, the model with no precompression quickly started
to show failure and trail off from the nearlydiar increase in the curve. It should be noted that
this case is not likely to ever occur due to the fact that there will always be some precompression
on the outer edges of tlwencrete masonry usitfrom selfweight of the wall or structure alone.

This comparison was performei validate that the precompression being applied was not

construing and controlling the results of the models too much.
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4.2.3 Parametric Change — Tiebreak Values

For this section, strain rate effects, element size, and precompressiewere all held constant
between comparisons. Two different comparisons were made between three test seridgeeach

first between Base Series 1, Base Series 3, and Base Series 5 while the second was between Base

Series 2, Base Series 4, and Bas&Sd&. Figure4-13 and Figuret-14 show these comparisons.
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Figure 4-13: Maximum Load (Ibs) versus Pressure (psi) Comparison for Base Series 1, Base

Series 3, and Base Series 5
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Figure 4-14: Maximum Load (Ibs) versus Pressure (psi) Comparison for BasBeries 2, Base

Series 4, and Base Series 6

In both comparisons, all tests follow along the same slope and show the same behavior in each of
the first few tests. It is not until the pressure is increased that changes are seen between tests with
the same gpied pressure. For the lower tiebreak values, failure of the model is observed at a
pressure value of 350 psi. As the tiebreak values increase, failure is not seen until higher values
of pressure are applied. For the highest tiebreak value, it isitilcd pressure of 1400 that failure

is seen in the model.

4.2.4 Parametric Change — Element Size
For this section, the precompression value, tiebreak value, and strain rate were all held constant.
It is known fromtypical rule of thumb in finite element modadjthat it is good practice to include

at least three elements through the thickness of any object being modeled wHBYINAS
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However, it is also known that there have been numerous ways that mortar hasodetadin

the past, once of which is a siaglement thickness for the mortar. Therefore, it was desired to
include a comparison between a single element mortar thickness and a three element mortar
thickness. This is done so between Base Series 1 and Base Series 7, as well as between Base Series

2 and Base Series 8, both of which are showkigare4-15and Figured-16.
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Figure 4-15: Maximum Load (lbs) versus Pressure (psi) Comparison for Base Series 1 and

Base Series 7
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Figure 4-16: Maximum Load (lbs) versus Pressure (psi) Comparison foBase Series 2 and

Base Series 8

For both of these comparisons, the results from the single element mortar thickness shows a greater
strength of the model than the model with the three element mortar thickness. The model with the
three elements shows faiuand even the next increment in applied pressure shows approximately
the same reaction force, whereas in the single element, after failure is first seen the reaction force

recorded continues to increase.

4.2.5 Parametric Change — Precompression Timing

This setion refers to the amount of time that the precompression curve takes to reach the final
constant precompression value. This became a parameter of curiosity through tmeadiialg

phase of this research. It was noticed that when the precompressgamped up at a smaller

time interval, that the results of the maximum reaction forces versus pressures showed dips in the
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plot. As the model was adjusted to what is now the final version, it showed that as the
precompression was ramped up over a lorigee interval that these dips did not apped@he

figure below shows the results betwddadel Series 1 and Model Series 7. For both of these test
series, strain rate, tiebreak values, and element size were held constant. The only difference
between he two was the Model Series 1 had the precompression op&Qfpplied over 2
milliseconds while Model Series 7 had the precompression gi&i@@plied over 10 milliseconds.

This comparison can be seerFigure4-17.
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Figure 4-17: Maximum Load (Ibs) versus Pressure (psi) Comparison for Model Series 1

and Model Series 7

As discussed above, the test series where the precompression was increased over 2 milliseconds

showed inconsistensies in the curve and dips in the maximum reaction forces recorded. As
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precompression curve flattened out and was increased over a longer time increment, the curve

flattened out as well and become linear, no longer having the dips in the values.

4.3 Discussion of Results

In the below sections, a more-diepth discussionf the results displayed above can be found.
Potential reasoning for the behavior and characteristics found will be discussed, one section at a
time. These sections will focus on strain rate effects, precompression values, tiebreak values,

element sizeand precompression timing.

4.3.1 Discussion of Strain Rate Effects

As can be seen in the many plots comparing the test series performed with and without the strain
rate effects, there was no difference in the results between the two cases. This indicates that simply
turning on the default strain rate effect for the matenodel will notproduce more accurate
results. One of the potential reasons this is the case may be that the default strain rate effect
eguations and analyses may not be sufficient for all cases. Another potential reason may be the
element sizing The element size of the mortar may be too small for the strain rate effects to be
implemented properlyTo better understand if this is simply an issue with the element size or the
strain rate effect function itself, a moredepth study on these spéc#will need to be performed.

It should also be noted that since these models focus on a pure shear loading condition, that the

strain rate enhancement included within the material model may not occur.

Since the tiebreak was the main failure mode of thesgefs, this is what led to Base Series 12

and Base Series 13 where the tiebreak strengths were drastically increased in an attempt to make
the material fail first to see if the strain rate effects would come into play and affect the results.
This was acamplished in these test series but, as indicated in the plot in the results section, the

strain rate effects did not alter the results.
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4.3.2 Discussion of Precompression Values

There were a total of three precompression value comparison plots provided in #hevex The

first was a comparison between a final precompression value qfsi@0d 500psi. The second

was a comparison between a final compression value gp4di0R50psi, and 50Qosi. The final

was a comparison between 506l and no precompremn at all. For the first two comparisons,

all test series started at approximately the same values and increased in the same slope. This
indicated that for lower applied pressure values that the precompression value itself did not matter
and did not dwe any of the results. As the applied pressure continued to increase and failure in
the elements started to initiate and spread ities started to diverge with the series with the
highest precompression value resulting in the higher reaction fofdes.is because the higher
precompression that is applied enhances the bond strength at higher applied présstines.
applied pressure continued to climb, the divergence between lines continued but pisealh@D

the 25Q0psitest series stayed muclosér when compared to the 58line. This shows that there

is no direct comparison between tt#ferencesin precompression valsgo the amount of
divergence between lines, but that simply the higher precompression value dmergesithan

the smdler difference in precompression values.

For the comparison between no precompression and precompression, both lines started off with
the same slope, although at different values. As failure of the elements started and as this failure
propagated througlub the model, the series with no precompression trailed off and resulted in
abrupt failure around 20(@si applied load. On the other hand, the model with applied
precompression slowly led to failure with elements slowly failing, failure propagating more
through the mortar itself, and ultimately to failure of the connection or the tiebBeseed on this

plot, when precompression is present, the bond strength is increased regardless of what the applied
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pressure value is in comparison to having no precorsipresipplied. This once again follows

with the statement that precompresdimreases the bond strength seen in the model.

4.3.3 Discussion of Tiebreak Values

For the comparison between tiebreak values, all lines followed along the same line and each series
slowly started to drop off depending on the tiebreak value. This shows that the tiebreak, or the
connection, was the main source of failure. As the tiebreak value increased, so did the final applied
pressure value till failure occurred. This goes to skimat the value chosen for the shear and
normal strength of the tiebreak within {LBYNA is very important. If the value is too high, it can

lead to false strength of the model itself. On the other Hhate may be a need for an increase

of these value® get an overall accurate response of the model itself. It is hopeful that based on
the research provided in this thesis that physical testing can be performed to prove whether or not

such an increase in tiebreak strength in shear is accurate or not.

4.3.4 Discussion of Element Size

As seen in both of the figures comparing the results of one element mortar thickness and three
element mortar thickness, both series start at the same values and follow along the same slope.
Once failure is first seen in the seneith three element mortar thickness, the increase in maximum
reaction forces is stopped. However, the series with the single element mortar thickness continues
to increase and does not show failure till 80 In fact, this failure happens so abrugtigt for

the model with 50@si, there is very minimal damage found within the elements themselves. This
goes to show thahodelingmortar as a single element thickness does not accurately represent how
the stress travels between element to elementdghoaut the entire model. This can also be related
back to simple finite element methods, where elements use single integration and determine strains

at the center of the elements, therefore neglecting what is happening on the edges. When the
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thickness isbroken up into multiple elements, the strain is determining at multiple points
throughout the thickness and can therefore better represent the stresses and strains transferred from

one to the other.

4.3.5 Discussion of Precompression Timing

As discussed andee above, when the precompression was applied over too short of a time period,
there were dips and inconsistencies within the curve. This can be attributed to a phenomenon
known as fAdynamic relaxationo, whi-O¥YINAdfan be
necessary but for this case, was not needed after lengthening the precompression timing. When
the precompression was applied at a smaller time interval, it was acting too much like a dynamic
load and was controlling the results of the series. Howearem the precompression timing was
lengthened, the dynamic effects of the precompression load seemed to level out and become less
of a driving factor. Once these dips were no longer a concern, it was determined that the behavior
and characteristics ofelresults were adequate. Utilizing the dynamic relaxation cards within LS
DYNA in future work could further prove whether or not this assumption is accurate and could

lead to better values in the results when validated this model to physical results.
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Chapter 5: Conclusions

5.1 Conclusions

In conclusion, there is no set way that mortar can be and should be modeled VAIWNIAS

There are a variety of ways that have been implemented by various modelers, but from previous
work it has been found that neglectitige mortar altogether and modeling just ttencrete

masonry ung themselves has not been a sufficient tad&gediscussed in the previous chapter

single thickness element size has also proven to not be an accurate solution as it leads to an abrupt
failure with no element failure propagation through the model. Therefore, element sizing is

important when attempting to accurately model mortar.

From the results in this research alone, the importance of accuracy in tiebreak values has been
shown. If too high of a value is selected, this could lead to false strength of the model as the final
pressure till failure was much higher for the series higher tiebreak values. However, from the

work done by modelers at tieRDC it seems that there should in fact be an increase in these
tiebreak values when looking at dynamic loading. This therefore indicates that there could in fact
be a dynamic increa factor sort of phenomenon with the connection, and is also displayed in this

current work.

The precompression loading of the apparatus is not as important of a factor but needs to be
accurately modeled based on how physical testing is performed. pifetb@mpression is applied

over too short of a period, the dynamic effects of the precompression can drive the results of the
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overall system. It was shown above, however, that the actual value of the maximum

precompression loading does not necessariy #ie overall behavior.

5.2 Future Recommendations

It has been shown that when concrete masonry unit walls are subjected to higher pressure loads,
such as blast loads, that there seems to be an enhancement in the strength of the connection. There
has not bee any physical testing to prove such a statement, and it is the hopes that this research

will pave the way for such physical testing to be performed.

Using the work accomplished within this research, it is hoped that one day physical testing can be
performed in a similar manner to how the model wasigeind executed. When this becomes a
reality though, there will need to lwveork donebeforehand to determine how to death the
inertiaeffectsof the concrete masonry units themselves. For the modeingatias done to alter

the mass of the objects but there is the capability to remove the mass and test the model as a

massless object.

Another topic to look into with future work would be the limitations of the strain rate effects within
LS-DYNA. Itis apossibility that the strain rate effects in shear hastebeen included, but only
resultsfor tension and compressioAlthough there is no possible way for something to be in pure
shear or pure tensiamsthe two are related, it is possible that thaistrate effects only show
themselves during tension or cprassion effects in the model. It may also be possible that the
default strain rate curve within the material model is not sufficient for looking at masonry as the
KCC Material Model is based offf concrete.It leads to a compelling question of whether or not
the strain rate effects in the material model include only effects from pure tension or pure

compression.
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In conclusion, it is recommended that physical testing be performed similartestisetup used

in the model to obtain actual physical data. Once this is accomplished, the values in the model can
be updated and therefore validated. After this is accomplished, it is desired that the behavior of
the interface connection between thertaoand concrete masonry units can be better understood
and that if there truly is an increase in strength based on the pressure applied, the adequate way to

include this in a model can be found and implemented in future modeling work.
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Appendix A: Input Data

$# LS - DYNA Keyword file created by LS - PrePost(R) V4.5.21
$# Created on Feb - 27- 2019 (19:11:00)

*KEYWORD

*TITLE

$#

Triple Block Model Basel.1
*CONTROL_ENERGY
$# hgen rwen sinten rylen
2 2 1 1
*CONTROL_MPP_DECOMPOSITION_AUTOMATIC
*CONTROL_TERMINATION
$# endtim endcyc dtmin endeng endmas nosol
60.0 0 0.0 0.01.000000E8 0
*CONTROL_TIMESTEP
$# dtinit tssfac isdo tslimt dt2ms Ictm erode mslst
0.0 0.9 0 00 00 0 0 0
$# dt2msf dt2mslc  imscl unused unused rmscl

0.0 0 0 0.0
*DATABASE_GLSTAT
$# dt binary lcur ioopt

0.1 0 0 1
*DATABASE_MATSUM
$# dt binary lcur ioopt
0.1 0 0 1
*DATABASE_BINARY_D3PLOT
$# dt lcdt beam npltc psetid
0.1 3 0 0 0
$# ioopt
0
*DATABASE_BINARY_INTFOR
$# dt lcdt beam npltc psetid
0.1 3 0 0 0

$# ioopt
0
*DATABASE_BINARY_RUNRSF
$# cycl nr  beam npltc psetid

100.0 0 0 0 0

*DATABASE_EXTENT_BINARY
$# neiph neips maxint strflg sigflg epsflg rltflg engflg

0 0 3 11 1
$# cmpflg ieverp beamip dcomp shge stssz n3thdt ialemat

0 0 0 1 1 1 2 1
$# nintsld pkp_sen sclp hydro msscl therm in

0 0 1.0 0 0 OSTRESS STRESS
$# dtdt resplt neipb quadr cubic

0 0 0 0 0
*BOUNDARY_SPC_SET_ID
$# id
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tout

title

nodout

heading



1Front and Rear Slide Planes
$# nsid cid dofx dofy dofz dofrx dofry dofrz
1 0 0 0 1 0 0 0
2Boundary Conditions
2 0 0 1 0 0 0 0
*LOAD_SEGMENT_SET_ID
$# id heading
1Left Side Confinement
$# ssid lcid sf at
9 1 1.0 0.0
*LOAD_SEGMENT_SET_ID
$# id heading
2Right Side Confinement
$# ssid Icid sf at
10 1 1.0 0.0
*LOAD_SEGMENT_SET_ID
$#  id heading
3Pressure Curve
$# ssid Icid sf at
11 2 1.0 0.0
*CONTACT_TIEBREAK_SBFACE_TO_SURFACE_ID
$# cid title
1Cont btw left brick and left mortar
ssid msid sstyp mstyp sboxid mboxid spr  mpr
2 1 0 0 0 0 1 1
fs fd dc vc vdc penchk bt dt
06 05 0.2 1155.0 0.0 0  0.01.00000E20
sfs sfm sst mst sfst sfmt fsf  vsf
1.0 1.0 00 00 10 10 10 10
nfls  sfls tblcid thkoff
400.0 400.0 0 0
ONTACT_TIEBREAK_®RFACE_TO_SURFACE_ID
cid title
2Cont btw left mortar and middle brick
ssid msid sstyp mstyp sboxid mboxid spr mpr
3 4 0 0 0 0 1 2
fs fd dc vc vdc penchk bt dt
06 05 02 1155.0 0.0 0 0.01.00000E20
sfs  sfm sst m st sfst sfmt fsf  vsf
1.0 1.0 00 00 10 10 10 10
nfls  sfls tblcid thkoff
400.0 400.0 0 0
*CONTACT_TIEBREAK_SURFACE_TO_SURFACE_ID
cid title
3Cont btw middle brick and right mortar
ssid msid sstyp mstyp sboxid mboxid spr  mpr
6 5 0 0 0 0 1 1
fs fd dc vc vdc penchk bt dt
06 05 0.2 1155.0 0.0 0 0.01.00000E20
sfs sfm sst mst sfst  sfmt fsf
1.0 1.0 00 00 10 10 10 10
nfls  sfls tblcid thkoff
400.0 400.0 0 0
*CONTACT_TIEBREAK_SURFACE_TO_SURFACE_ID
$# cid

®

*

® 8 € %3 % % & % %3 ¥ ¢ %

®

4Cont btw right mortar and right brick
$# ssid msid sstyp mstyp sboxid mboxid spr mpr
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7 8 0 0 0 0 1
$#  fs fd dc vc vdc penchk bt dt
06 05 0.2 1155.0 0.0 0 0.01.00000E20
$# sfs sfm sst mst  sfst  sfmt fsf  vsf
10 10 00 00 10 10 10 1.0
$# nfls sfls tblcid thkoff
400.0 400.0 0 0
*CONTACT_SURFACE_TO_SURFACE_ID
$# cid
5Left Boundary Contact
$# ssid msid sstyp mstyp sboxid mboxid  spr mpr
12 13 0 0 0 0 1 1
$# s fd dc Ve vdc penchk
06 05 0.2 1155.0 0.0 0 0.01.00000E20
$# sfs sfm sst mst sfst sfmt  fsf  vsf
10 10 00 00 1.0 1.0
*CONTACT_SURFACE_TO_SURFACE_ID
$# cid title
6Right Boundary Contact
$# ssid msid sstyp mstyp sboxid mboxid spr mpr
14 15 0 0 0 0 1 1
$#  fs fd dc vc vdc penchk bt dt
06 05 0.2 1155.0 0.0 0 0.01.00000E20
$# sfs sfm sst mst sfst sfmt  fsf = vsf
10 10 00 00 10 10 10 1.0
*CONTACT_ERODING_SINGLE_SURFACE_ID
$# cid t
7Eroding Contact between all parts
$# ssid msid sstyp mstyp sboxid mboxid spr mpr
1 0 2 0 0 0 0 0
$#  fs fd dc Ve vdc penchk
06 05 0.2 11550 0.0 0 0.01.00000E20
$# sfs sfm sst mst sfst sfmt  fsf  vsf
1.0 10 00 00 10 1 .0
$# isym erosop iad]
0 0 0
*SET_PART_LIST_TITLE
Part Set for Erosion
$# sid dal da2 da3 da4 solver
1 0.0 0.0 0.0 0.0MECH
$# pidl pid2 pid3 pid4d pid5 pid6 pid7 pid8
1 2 3 4 5 6 7 0
*PART
$# title
Left Brick
$# pid secid mid eosid hgid grav adpopt tmid
1 1 1 0 1 0 0 0
*SECTION_SOLID_TITLE
Block Left Section
$# secid elform aet
1 1 0
*MAT_CONCRETE_DAMAGE_REL3_TITLE
CMU Material
$# mid ro pr
1 2240 0.22
$# ft a0 al a2 bl omega  ailf
500.0 - 3000.0 0.0 0.0 0.0 0.0
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title
bt dt
1.0 1.0
itle
bt dt
1.0 1.0
0.0



$#slambda nout edrop rsize ucf Icrate locwidth npts
00 00 00 00 00 0 03 00

$# lambdal lambda2 lambda3 lambda4 lambda5 lambda6 la
00 00 00 O00 00 00 00 0.0

$#lambda09 lambdalO lambdall lambdal2 lambdal3 b3 a0y aly
00 00 O00 00 ©00 00 00 o

$# etal eta2 eta3 etad etab etab6 eta7 eta8
00 00 00 O00 00 00 00 o0

$# eta09 etal0 etall etal2 etal3 b2 a2f a2y
0.0 00 00 00 00 00 00 00

*HOURGLASS_TITLE

Hourglass control for CMUs

$# hgid ihg gm  ibq ql g2 qb/vdc qw

1 6 01 0 15 0.06

*PART

$# title

Middle Brick

$# pid secid mid eosid hgid grav adpopt tmid

2 2 1 0 1 0 0

*SECTION_SOLID_TITLE
Block Middle Section
$# secid elform aet

2 1 0
*PART
$# title
Right Brick
$# pid secid mid eosid hgid grav adpopt tmid

3 3 1 0 1 0 0 0
*SECTION_SOLID_TITLE
Block Right Section
$# secid elform aet
3 1 0
*PART
$#
Left Mortar
$# pid secid mid eosid hgid grav adpopt tmid
4 4 2 0 2 0 0 0
*SECTI ON_SOLID_TITLE
Mortar Left Section
$# secid elform aet
4 1 0
*MAT_CONCRETE_DAMAGE_REL3_TITLE
Mortar Material
$# mid ro pr
2 1620 0.22
$# - ft a0 al a2 bl omega  alif
500.0 - 2300.0 0.0 0.0 0.0 0.0 0.0
$#slambda nout edrop rsize ucf Icrate locwidth npts
00 00 00 00 00 0 03
$#lambdal lambda2 lambda3 lambda4 lambda5 lambda6 lambda7 lambda8
00 00 00 O00 00 00 00 o00
$#lambda09 lambdalO lambdall lambdal2 lambdal3 b3 a0y aly
00 00 00 00 OO0 00 00 o0
$# etal eta2 eta3 etad etab etab eta7 eta8
00 00 00 O00 00 00 00 o00
$# eta09 etal0 etall etal2 etal3 b2 az2f a2y
00 00 00 00 00 00 00 00
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*HOURGLASS_TITLE

Hourglass control for mortar

$# hgid ihq gm ibg gl g2 gb/vdc qw
2 6 01 0O 15 006 01 01

*PART

$# title

Right Mortar

$# pid secid mid eosid hgid grav adpopt tmid
5 5 2 0 2 0 0 0

*SECTION_SOLID_TITLE

Mortar Right Section

$# secid elform aet
5 1 0

*PART

$# title

Left Section

$# pid secid mid eosid hgid grav adpopt tmid
6 1 3 0 1 0 0 0

*MAT_ELASTIC_TITLE

Steel

$# mid ro e pr da db not used
3 733.02.900000E7 0.3 0.0 0.0 0

*PART

St title

Right Section

$# pid secid mid eosid hgid grav adpopt tmid
7 3 3 0 1 0 0 0

*MAT_ADD_EROSION_TITLE
Erosion for Mortar
$# mid excl mxpres mneps effeps vol eps numfip ncs
2 00 00 00 00 08 10 1.0
$# mnpres sigpl sigvm mxeps epssh sigth impulse failtm
00 00 O00 09 00 00 o00 0.0
$# idam dmgtyp Ilcsdg ecrit dmgexp dcrit fadexp Icregd
0 0.0 0O 00 10 0.0 1.0 0
$# Icfld epsthin engcrt radcrt
0 0 0.0 0.0 0.0
*MAT_ADD_EROSION_TITLE
Erosion for CMU
$# mid excl mxpres mneps effeps voleps numfip ncs
1 00 00 00 00 08 1.0 1.0
$# mnpres sigpl sigvm mxeps epssh sigth impulse failtm
00 00 00 09 00 00 00 o00
$# idam dmgtyp lcsdg ecrit dmgexp dcrit fadexp Icregd
0 0.0 0 0.0 1.0 0.0 1.0 0
$# Icfld epsthin engcrt radcrt
0 0 0.0 0.0 0.0
*DEFINE_CURVE_TITLE
Precompression Curve

$# lIcid sidr sfa sfo offa offo dattyp lIcint
1 0O 10 10 00 00 0 0
$# al ol
0.0 0.0
10.0 100.0
60.0 100.0

*DEFINE_CURVE_TITLE
Pressure Curve
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$# Icid sidr sfa sfo

2 0 1.0
$# al ol
0.0
10.0
10.0
60.0

*DEFINE_CURVE_TITLE
Timestep Curve
$# Icid sidr sfa sfo
3 0 1.0
$# al ol
0.0
9.0
9.0
21.0
21.0
60.0
*END

offa
1.0

offo dattyp Icint

0.0

0.0
0.0

50.0

offa
1.0

0.0

0.0

offo d

0.0

0.5
0.5

0.1
0.5
0.5

0.0

0

0

0.1
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Appendix B: Raw Data

Y-interface Force (E+3)

Figure B-1: Base Run 1.1 Right Support ¥Interface Force (Ibs) versus Time (ms) 50 psi

Y-interface Force (E+3)

Figure B-2: Base Run 1.1 Left Support ¥Interface Force (Ibs) versus Time (msj 50 psi

3

Triple Block Model Base1.1

_____________________

.....................

3

Triple Block Model Base1.1

_____________________

.....................
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Triple Block Model Base1.1
60

Time =

Figure B-3: Last State at 60 Milliseconds for Base Run 1.1.50 psi

Effective Plastic Strain
1.359¢-08
1.138e-08
9.172e-09 _|
6.965¢-09 _
4.758e-09
2.552e-09
3.446e-10
-1.862e-09
-4.069¢-09
-6.276e-09
-8.483e-09 |

Triple Block Model Base1.1

Time = 0

Contours of Effective Plastic Strain
min=-8.48324e-09, at elem# 95923
max=1.35863e-08, at elem# 96842

Figure B-4: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.17 50 psi
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Y-interface Force (E+3)

Figure B-5: Base Run 1.2 Right Support ¥Interface Force (Ibs) versus Time (msj) 100 psi

Y-interface Force (E+3)

Figure B-6: Base Run 1.2 Left Support ¥Interface Force (Ibs) versus Time (msj) 100 psi

(5]

Triple Block Model Base1.2

o

_____________________

.....................

(5]

Triple Block Mode

| Base1.2

_____________________

.....................
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Triple Block Model Base1.2
60

Time =

Figure B-7: Last State at 60 Milliseconds for Base Run 1.2100 psi

Effective Plastic Strain
8.607e-02
7.747e-02 :I
6.886e-02
6.025e-02
5.164e-02
4.304e-02
3.443e-02
2.582e-02
1.721e-02
8.607e-03 ]
-1.809e-08

Triple Block Model Base1.2
Time = 0

Contours of Effective Plastic Strain
min=-1.80917e-08, at elem# 95649
max=0.0860736, at elem# 58202

Figure B-8: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.27 100 psi

101



Y-interface Force (E+3)

Figure B-9: Base Run 1.3 Right Support ¥Interface Force (Ibs) versus Time (msj) 150 psi

Y-interface Force (E+3)

Figure B-10: Base Run 1.3 Left SupportY -Interface Force (Ibs) versus Time (msj 150 psi

8
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Triple Block Model Base1.3
60

Time =

Figure B-11: Last State at 60 Milliseconds for Base Run 1.8150 psi

Effective Plastic Strain
9.039%-02
8.135e-02 :I
7.231e-02
6.327e-02
5.423e-02
4.519¢-02
3.615e-02
2.712e-02
1.808e-02
9.038e-03 ]

-2.854e-07

Triple Block Model Base1.3
Time = 0

Contours of Effective Plastic Strain
min=-2.85434e-07, at elem# 95550
max=0.0903871, at elem# 69076

Figure B-12: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.37 150 psi
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Y-interface Force (E+3)

10

,,,,,,,,,,,,,,,,,,,,,

Triple Block Model Base1.4

,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,

Figure B-13. BaseRun 1.4 Right Support Y-Interface Force (Ibs) versus Time (msj 200

Y-interface Force (E+3)

Figure B-14: Base Run 1.4 Left Support ¥Interface Force (Ibs) versus Time (msj 200 psi

10

Triple Block Model

Base1.4

psi
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,,,,,,,,,,,,,,,,,,,,,,
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Triple Block Model Base1.4
60

Time =

Figure B-15: Last State at 60 Milliseconds for Base Run 1.4 200 psi

Triple Block Model Base1.4
Time = 0

Contours of Effective Plastic Strain
min=-7.39761e-07, at elem# 96541
max=1.16649, at elem# 94202

Effective Plastic Strain
1.166e+00
1.050e+00
9.332e-01
8.165e-01
6.999-01
5.832e-01
4.666e-01
3.499e-01
2.333e-01
1.166e-01 ]
-7.398e-07

Figure B-16: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.47 200 psi
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14 Triple Block Model Base1.5
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Figure B-17: Base Run 1.5 Right Support YInterface Force (Ibs) versus Time (msj 250

psi
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Figure B-18: Base Run 1.5 Left Support ¥Interface Force (Ibs)versus Time (ms)i 250 psi
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Triple Block Model Base1.5
Time = 60

Figure B-19: Last State at 60 Milliseconds for Base Run 1.6250 psi

Time =

Contours of Effective Plastic Strain
min=-1.57764e-06, at elem# 95750
max=2, at elem# 49574

Triple BlockoModeI Base1.5 Effective Plastic Strain
2.000e+00
1.800e+00 :'
1.600e+00 _|
1.400e+00 _
1.200e+00 _
1.000e+00

8.000e-01 —‘ ‘

6.000e-01
4.000e-01
2.000e-01 ]

-1.578e-06

Figure B-20: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.57 250 psi



Y-interface Force (E+3)
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Figure B-21. Base Run 1.6 Right Support YInterface Force (Ibs) versus Time (msj) 300

Y-interface Force (E+3)

Figure B-22: Base Run 1.6 Left Support ¥Interface Force (lbs) versus Time (msj 300 psi
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Triple Block Model Base1.6
60

Time =

Figure B-23: Last State at 60 Milliseconds for Base Run 1.6 300 psi

Triple Block Model Base1.6
Time = 0

Contours of Effective Plastic Strain
min=-4.9151e-07, at elem# 96541
max=1.99998, at elem# 64169

Effective Plastic Strain
2.000e+00
1.800e+00
1.600e+00 _|
1.400e+00 _
1.200e+00 _
1.000e+00
8.000e-01 ]‘
6.000e-01 _
4.000e-01
2.000e-01 ]
-4.915e-07

Figure B-24: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.67 300 psi
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20_Triple Block Model Base1.7

-
[3,]
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Y-interface Force (E+3)

Time

Figure B-25: Base Run 1.7 Right Support YInterface Force (Ibs) versus Time (msj 350

psi

20_Triple Block Model Base1.7

-
(3]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Y-interface Force (E+3)

Figure B-26. Base Run 1.7 Left Support ¥Interface Force (Ibs) versus Time (msj 350 ps
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Triple Block Model Base1.7
60

Time =

Figure B-27: Last State at 60 Milliseconds for Base Run 1.i7 350 psi

Triple Block Model Base1.7
Time = 0

Contours of Effective Plastic Strain
min=-1.64884e-05, at elem# 95150
max=2, at elem# 91358

Effective Plastic Strain
2.000e+00
1.800e+00
1.600e+00 _|
1.400e+00 _
1.200e+00 _
1.000e+00
8.000e-01 ]‘
6.000e-01 _
4.000e-01
2.000e-01 ]
-1.649-05

Figure B-28: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 1.77 350 psi
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20 Triple Block Model Base1.8
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Figure B-29: Base Run 1.8 Right Support YInterface Force (Ibs) vesus Time (ms)i 400

psi
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Figure B-30: Base Run 1.8 Left Support ¥Interface Force (Ibs) versus Time (msj 400 psi
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Triple Block Model Base1.8

Time = 53.1

Figure B-31: Last State at 53.1 Milliseconds for Base Run 118400 psi

Triple Block Model Base1.8
Time = 53.1

Contours of Effective Plastic Strain
min=-7.97175e-06, at elem# 96691
max=2, at elem# 5418

Effective Plastic Strain
2.000e+00
1.800e+00 :I
1.600e+00 _|
1.400e+00 _
1.200e+00 _
1.000e+00
8.000e-01 :H
6.000e-01 _
4.000e-01
2.000e-01 ]
-7.972¢-06

Figure B-32: Effective Plastic Strain Fringe Plot for Last Stateat 53.1 Milliseconds for

Base Run 1.8 400 psi
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3 Triple Block Model Base2.1

________________________________________________________________________________________

Y-interface Force (E+3)

Figure B-33: Base Run 2.1 Right Support ¥Interface Force (Ibs) versus Time (msj 50 psi

3 Triple Block Model Base2.1

.......................................................................................................

Y-interface Force (E+3)

Figure B-34: Base Run 2.1 Left Support ¥Interface Force (Ibs) versus Time (msj 50 psi
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Triple Block Model Base2.1
60

Time =

Figure B-35: Last State at 60 Milliseconds for Base Run 2.1L50 psi

Effective Plastic Strain
1.359¢-08
1.138e-08
9.172e-09 _|
6.965¢-09 _
4.758e-09
2.552e-09
3.446e-10
-1.862e-09
-4.069¢-09
-6.276e-09
-8.483e-09 |

Triple Block Model Base2.1

Time = 0

Contours of Effective Plastic Strain
min=-8.48324e-09, at elem# 95923
max=1.35863e-08, at elem# 96842

Figure B-36: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 2.17 50 psi
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Y-interface Force (E+3)

(5]

Triple Block Model Base2.2

______________________

......................

Figure B-37: Base Run 2.2 Right Support YInterface Force (Ibs) versus Time (msj) 100

Y-interface Force (E+3)

Figure B-38: Base Run 2.2 Left Support ¥Interface Force (Ibs) versus Time (msj 100 psi

psi
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Triple Block Model Base2.2
60

Time =

Figure B-39: Last State at 60 Milliseconds for Base Run 2.2 100 psi

Effective Plastic Strain
8.607e-02
7.747e-02 :I
6.886e-02
6.025e-02
5.164e-02
4.304e-02
3.443e-02
2.582e-02
1.721e-02
8.607e-03 ]
-1.809e-08

Triple Block Model Base2.2
Time = 0

Contours of Effective Plastic Strain
min=-1.80917e-08, at elem# 95649
max=0.0860736, at elem# 58202

Figure B-40: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Bse

Run 2.27 100 psi



Y-interface Force (E+3)
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Triple Block Model Base2.3
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Figure B-41. Base Run 2.3 Right Support YInterface Force (Ibs) versus Time (msj 150

Y-interface Force (E+3)

Figure B-42: Base Run 2.3 Left Support ¥Interface Force (Ibs) versus Time (msj 150 psi

psi
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Triple Block Model Base2.3
60

Time =

Figure B-43: Last State at 60 Milliseconds for Bise Run 2.3 150 psi

Effective Plastic Strain
9.039%-02
8.135e-02 :I
7.231e-02
6.327e-02
5.423e-02
4.519¢-02
3.615e-02
2.712e-02
1.808e-02
9.038e-03 ]

-2.854e-07

Triple Block Model Base2.3
Time = 0

Contours of Effective Plastic Strain
min=-2.85434e-07, at elem# 95550
max=0.0903871, at elem# 69076

Figure B-44: Effective Plastic Strain Fringe Plot for Last State at 60 Milliseconds for Base

Run 2.37 150 psi



Figure B-45: Base Run 2.4 Right Support YInterface Force (Ibs) versus Time (msj 200

psi

Figure B-46. Base Run 2.4 eft Support Y -Interface Force (Ibs) versus Time (msj 200 psi
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