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Disclaimer
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behalf of lowa State University, or the authors of tbport. The Engineering data and
conclusions presented have been determined in accordathcprofessional principles
and practices. In addition, the data and conclusionsoargeheral information purposes
only and should not be used without competent advice wathetspect to their suitability
for any given application. Therefore, the responsibftittythe use of the information in
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purposes only and is made available with the understandatgittwill not be altered

without the permission of the authors.
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ABSTRACT

The purpose of this research and testing was to deterhenfiekural strength
capacity of the HOBBS Building Systems’ “HOBBS Wallisulated concrete form wall
system. The scope of the project included flexuralngsand analysis of two full-scale
wall specimens. The wall specimens were 10 ft 4 in.atadl 4 ft wide, subjected to a
simply supported four-point loading scheme.

The results of the flexural testing determined that fiéveural capacity of the
“HOBBS Wall” system benefits substantially from corajpe action; reaching an average
flexural strength capacity of 14.56 k-ft for the 4 ft wid#-ficale wall specimens tested,
an increase of approximately 4.80 k-ft over that of a coatparreinforced concrete

section that was analyzed.
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INTRODUCTION

Insulated Concrete Form (ICF) construction is compadddyers, or wythes, of
concrete and rigid foam. The particular ICF design ihatvestigated in this study has
concrete cast between a rigid foam exterior. Thenfgtays in place ands serves as a
very effective insulation and sound barrier. With pinee to heat a home as it is today,
there has been an increased urgency to use energy éffiaieiing methods in both the
residential as well as the commercial spectrum. KORstruction is a desirable
alternative to standard masonry wall construction siheel©F wall contains insulation
and water proofing within the system itself. ICF wallsoado not require interior
framing on which to attach the drywall or interior §hisince there are dense plastic
strips embedded vertically every 16 inches. All these ptiepdhat are inbuilt with the
ICF wall system reduce the number of trades requirech@nob; and therefore, reduce
the expense of manual labor as well as effectivghedie the progress of the project.

The conventional Insulating Concrete Form wall systeams typically been of
uniform thickness throughout. The “HOBBS Wall” systesesia concept of beams and
columns with much thinner webs between. The idea tsthigalateral soil pressure will
be sufficiently supported by the steel-reinforced colummtstae vertical building loads
by a combination of the beams and columns; thereforeatbely decreased amount of
concrete in the webs should not jeopardize the stralcintegrity of the system.

The HOBBS Building Systems company was interested instigaging the
flexural strength capacity of their “HOBBS Wall” desigithis report covers the testing

of two full-scale “HOBBS Walls”, 124 inches tall by 48 imshwide, for flexural
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capacity. Upon completion of testing, the data wadyaed and then compared to

conventional steel-reinforced concrete wall systems.

LI TERATURE REVIEW

Insulating Concrete Form (ICF) construction has bemural for quite some
time; it was invented in the 1940’s in Europe and really etbWith the advancement of
modern plastic foams and molding technologies during the 1960'svasn’t until the
1980’s that ICF construction became more widely used mhNamerica; although there
were not many companies that practiced this constructmeedure. By the mid-1990’s
ICF construction increased substantially in the United Stste®ntractors became more
adept with the method. Following this, ICF constructias continued to grow at a
significant rate in the U.S. (1)

There are a multitude of advantages in using an Insu@tacrete Form system
versus conventional building techniques. The start-up @bsin ICF system is still
slightly higher than that of a framed building, but etiere this initial cost is more than
made up for in energy savings. ICF construction has insaland framing built into it,
therefore, reducing the number of trades on the job arsdréducing the project expense.
The main advantages of ICF come in the form of eneffigiency. The high insulation
rating of the system is reported to account for appraeiyp@5 to 50 percent decrease in
Heating, Ventilating, and Air Conditioning (HVAC) energgnsumption between an ICF
house to that of a comparable frame house, althouglhénmal insulating properties of
the “HOBBS Wall” system was beyond the scope of thigepto

The term thermal mass relates to the ability of a lmfdyass to absorb and store

heat without significant increases in that body’s tenapee; therefore, greatly reducing
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the heat flow through the medium and out the other skdsubstantial concrete wall has
several times the thermal mass than that of a cabfgmframe wall; therefore, the much
more massive concrete wall stays at a more consisteerature. In some cases the
property insurance provider may offer reductions in homeeo'wrnsurance for houses
built with high fire and wind resistance, termed “supecionstruction”. (2)

lowa State University has done research on differ@spects of Insulated
Concrete Form walls in the past. One such stktgmental Beam and Shear Testing of
GFRP Sandwich Wall Connectodgalt with investigating slab flexure capacity. From
this, interest was given to the amount of benefit ¢ discovered to be contributed by
the composite action of the Expanded Polystyrene (E&*8). There is not a direct
relation although, since the walls tested in the studyewemprised of two concrete
wythes making up the exterior with a layer of foamnastn. But nevertheless the paper
provided useful information into the current understandihgamdwich wall behavior.
The report determined a percentage that was to be refatgerof the contribution to
the nominal moment capacity of the section acting wdly ftomposite versus not
composite. The tests were conducted with varying amaamdstypes of connectors
between the concrete wythes. Average percentagestfbrion ranged from 29% to
43% for fiber reinforced plastic (FRP) truss connectand 23% to 43% E-glass
fiber/polyester resin connectors. Therefore, there determined a fairly significant
increase in the flexural capacity of the walls test&tbhw whether this phenomenon of
flexural strength increase can be related to the “HSBBall’ system, offers some

debate; but it is apparent that the composite actibengficial to the flexural strength.

3)
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Walls such as this, with the concrete wythes on theriext are more likely to see
large temperature differentials through the depth sincedherete, an effective medium
of heat transfer, is exposed directly to the ambsemtemperature. In a study entitled,

Heat Transfer Characteristics of Insulated Concrete Sandwich Pands; V&S foam

was found to have a thermal conductivity of 0{Bufin.)/(hr CFt?[9F ); while normal

weight concrete has a reported thermal conductivity & {Btufin.)/(hr CFt?[9F ) (4)

Therefore, one could conclude because of the great difieriarthermal conductivities,
the two concrete wythes could potentially be tempeeataf significant difference due to
the layer of foam between preventing heat flow acrbestliickness. This differential
may prove to result in cyclic heating and cooling lef toncrete wythes, depending on
the climate, which, due to expansion and contractionbcaak the bond of the concrete
to the EPS foam, thus taking away from the benefit duné composite action of the
section. Research has been done here at lowa Statersity on concrete sandwich
walls subjected to temperature differentials across thekness. The study entitled,
Thermal and Fatigue Testing of Fiber Reinforced Polymer Tie Connetises in
Concrete Sandwich Wajlstudy the effects of a 100°F temperature differentiathoee
full-scale 40’-0” wall panels. The walls incorporated t€lie® fiber reinforced polymer
tie connectors, connecting the concrete wythes achessanter foam wythe and found
that the Delta Ti& performed well against in-plane shear due to longitudimeimal

bending. (6)
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EXPERIMENTAL PHASE

In the following section the experimental phase ofghgect will be described.
The experiments were conducted in lowa State Universityisctural laboratory. The
testing apparatus for the “HOBBS Wall” tests was fatidd and constructed during the

months of June and July of 2008.

Full-Scale Wall Tests

The flexural strength capacity test was conducted torrdete the nominal
moment capacity of the full-scale wall system. Tést provided valuable insight into

the validity of the current wall design in resistingposed moments from lateral loads.

Specimen Characteristics

The HOBBS Building Systems’ “HOBBS Wall” is unique inaththe formwork
greatly reduces the amount of concrete used as compaammarable ICF building
systems with uniform thickness. Different from otkgstems; the walls are comprised
of beams, columns, and webs.

The ‘columns’ incorporated in the wall system are lotdlé inches on center
spacing and are cast at the location of the furring dsgesn For the particular wall size
tested, the columns are 4 inches wide and 5.25 inches ddep diréction resisting the
lateral loads. The vertical steel-reinforcementhi@ ¢tolumns is attached directly to the
furring assemblies and held in place during casting with IsRally-Vinyl Chloride
(PVC) clips. The reinforcement in the columns isreyle #5 (5/8 in. diameter) grade 60
steel reinforcing bar; one per column. The reinforcangenlipped into place favoring

what will be the tension side of the wall due to therklt loads; therefore nearer the
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interior of the structure. The effective depth of temforcing bar in the column is 3.75
in. from the compression face of the column, and gered with respect to the width of
the column. The “HOBBS Wall” system can be seeRigure 1, showing the composite

section of the wall.

EPS FOAM VERTICAL REBAR
FORMWORK
|~z\ Rf\ 16"
= N o T 1= ;L
B & T T 24 4
_‘_._.-".-’

FURRING ASSEMBLY

Figure 1. “HOBBS Wall” Composite Section

The ‘beams’ incorporated it the wall system are locatdabth the top and bottom
of the wall; the top beam is 12 inches deep and 5.25 ingldeswith a short 45° chamfer
to reduce from 5.25 inches to the web thickness of 2 inchBse bottom beam is
triangular shaped; 5.25 inches at the base and 7 inchakéadides are at an 11° angle to
the vertical. There are single horizontal reinforcbays for both the top and bottom
beams. The top beam reinforcing bar is placed in nstdbeated in the furring
assemblies, and the bottom beam reinforcing bar ereplaced in the notches at the
bottom of the furring assemblies or tied to the footiogvels at the appropriate location.
The horizontal reinforcement in the top beam is tedaat the mid-width of the beam,
5.75 inches down from the top. The bottom beam reinfoece is also located at mid-
width, 3 inches up from the bottom of the wall. Desigetshes of the top and bottom

beams can be seen below in Figure 2.
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Figure 2. Beam Cross-Section at the Web (Top Beam left, @ontBeam right)

The ‘webs’ of the wall system are bordered by the lseand columns. They are
not steel-reinforced and are 2 inches thick. The incatmor of the webs makes the
“HOBBS Wall” more efficient since the concrete thickees reduced where it is not
needed for structural integrity and greatly increaseetiegy efficiency of the wall by
filling the rest of the wall thickness with insulatif@gam.

The Expanded Polystyrene (EPS) foam acts as the fatmiwo the concrete
core, as well as a very effective insulator. The EPSinches thick on either side at the
beams and columns and 3.625 inches thick on either sidewaebse Design sketches of
the EPS foam formwork can be seen in Figure 3 and Fijloelow. The EPS foam
forms achieve an insulation R-Value of approximately 3@king the home or business
more energy efficient and saving the owner money on lgeatmd cooling bills. The
term ‘R-Value’ is simply a number rating that represetite material’'s quality of
resisting heat flow. Considering a new residence, nagaslfurnace and electric air
conditioning, the Department of Energy suggests providinmsuiation R-Value of 11

to 12 for basement foundation walls in a climate typadahe Midwest (5).

15 January 2009 -7 - HOBBS Building Systems



A

/ TOP BEAM

/WEB

/ BOTTOM BEAM

HEIGHT VARIES———)
—1 22—
Y -
o~

—

Figure 3. Side View of EPS foam formwork

—1 5 3/4"—

-3.625"

;II
/R4
| | ]
A \

—~ 9 1/4"—
—P—
I
[*J
|

Figure 4. Top View of the EPS foam formwork
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The furring assemblies are made of Polyvinyl ChloridéG) they are I-shaped,

9.5 inches deep with 2.5 inch flanges. The flanges and

web are 0.125 inches thick. Throughout the web ai
series of holes and notches in which the steel reamigr
bars may be placed. The notches provide support
placing the horizontal bars, and the holes can bedfi
with retainer clips that are used to hold the vertizabk

in place as well as hold the foam formwork in positic

The notches and retainer clips as was seen in the

specimens are shown in Figure 5 and Figure 6.

Figure 5. Furring Assembly and Retainer Clip

Both of the wall specimens contained two furring assesapliocated at third

points along the width.
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Figure 6. View of the Top Beam Formwork with Steel Reinferaent in Place

The wall specimens were constructed and cast on 04-June, 2@68 BYDBBS
Building Systems crew with help from students at lowaeSUniversity. There were two
wall segments constructed; 4 feet wide and 10 feet 4 intdles The walls were
constructed to be free-standing using timber braces alithgthe EPS foam forms and
furring assemblies as shown in Figure 7. To start, tee ¢astened two PVC angles,
parallel to each other and 9.5 inches apart, to a 112 ix. by 4 ft long timber board.
Two separate furring assemblies were then fasteneebt@ in. x 10 in. planks by 10 ft 4
in. long; these will be on the ends of the wallmmegts and will help provide formwork
and support during the casting process. The 1 in. x Xinber with the angles was laid
down and one of the 2 in. x 10 in. planks with the fgr@ssemblies fastened to it was

stood up at the end of the 1 in. x 12 in.; two EPS foamlpamere slid into position
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against the plank followed by another furring assembly anginswith the final furring
assembly being attached to the other 2 in. x 10 in. pldiie walls were stood upright

using two 2 in. x 4 in. angled braces on each side.

s :

-
I A .
A i
.
i 4 L -
e
) -/
\
I

Figure 7. Constructed Wall Specimens

Upon delivery of the concrete a slump test was conductédaslump of 4.5 in.
was measured as can be seen in the illustration ofé=8uirhe concrete was poured into
the wall forms using an overhead bucket. The first walk poured in a single lift, and
then vibrated with a probe over the top half and vibratedflidated externally over the
bottom half. The second wall was poured in three apprabely equal lifts and vibrated

with an electric probe vibrator after each lift.
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Figure 8. Concrete Slump

Along with casting the walls, 15 — 6 inch diameter by 12 itadh concrete
cylinders were cast. Typically 12 cylinders is suffitismce it is standard to test 3
cylinders at a time on 7 day increments; ie. 7-day, 14-dagagland 28-day strength
tests. There was extra concrete, and since the egriwas to attempt to target a
concrete strength of 3,500 psi, additional cylinders were thdagiossibly be necessary.
Casting the additional cylinders proved very fortunate leedhe 28-day strength was
not adequate and a longer curing period was required; ithiat¢otal curing time was 57
days. Along with the cylinders, 3 - 6 inch square modulusipture beams, capable of
two breaks each, were cast in order to get an actualieygeal modulus of rupture
value. Both the strength cylinders and the modulus beagns wast in three lifts and
first uniformly rodded 25 times over the entire area titenmold was tapped 10 to 15

times for each lift as per ASTM — C31.
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Material Properties

The specified concrete strength ordered from lowa Stat&lyRMix was to be
3,000 psi with a slump of 4 inches; and although the targetret@nstrength for testing
was to be 3,500 psi; 3,000 psi was ordered since the mix salypof considerably
higher strength than what is ordered. The concretd veds 1.25 cubic yards and the

mix composition can be seen in Table 1.

Table 1. Concrete Mix Data

Concrete Mix (per 1.25 yd):

Cement - 562 Ib

3/8" - Cracked Agg. - 2160 Ib

Sand - 1960 Ib
Water Reducer - 187.33 oz.
Air Entraining 1.875 oz.
Water - 14-15 gal.

The concrete test cylinders were tested in a concyliteler compression testing
apparatus using neoprene pads on the top and bottom fattes @flinders per ASTM
C39. Upon testing the first three cylinders at seven,day&s rather apparent that there
was going to be an issue with the strength of the ctmasethe strength of the cylinders
only averaged 1996 psi. At 13 days another three cylindess tsted and the average
was only 2,172 psi, thus giving a strength increase of appabeiyn200 psi. The
cylinders tested approximately every seven days followingvell similar strengths
increases as can be seen in Table 2. After the tiyteelers were tested for 28-day
strength; as is the standard for reaching specified densteength, it was deemed that

the concrete was not yet of sufficient strength dm tvas determined it would be best
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to wait longer to allow the concrete to continue tongdrength. Testing was chosen to
take place on 31-July, 2008; the final three concrete tdstders were tested the

morning of test day and proved to yield an average stren@4é¥ psi.

Table 2. Concrete Cylinder Strength Test Results

Concrete

Days Cylinder Average

Elapied Date yNo. Strength (psi)g
(psi)
1 1887

7 11-June, 2008 2 1995 1995.7
3 2105
4 2225

13 17-June, 2008 5 2145 2172.3
6 2147
7 2397

22 26-June, 2008 8 2420 2421.0
9 2446
10 2349

28 2-July, 2008 11 2335 2372.7
12 2434
13 2392

57 31-July, 2008 14 2495 2448.0
15 2457

The strength ended up much lower than was preferred althbuwgds deemed
acceptable to move forward with the testing, as the I®tvength concrete may provide
some valuable insight.

From the tested concrete strength one can determinestimated Modulus of

Rupture (f) of the concrete using a simple calculation givefEgyation 1.

fr = 75/ f, Equation 1

where:
fr = Modulus of Rupture (psi)
fe = Concrete Strength (psi)
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With the concrete strength on test day of 2,448 psi; ¢hisation yields a flexural
modulus of rupture of 371.1 psi. The modulus of rupture for timerete was also
determined experimentally using the modulus of rupture beanmsges cast along with
the wall specimens and test cylinders. There were theaen specimens allowing two
tests per beam. The tests were conducted in accordaicd3TM C78 method, the
flexural strength of concrete beam specimens having s @ection of 6 inches by 6
inches and using a span length of 18 inches for testing.ai besting machine was used
(Model S6). A total of six tests were conducted; theskElgiean average modulus of

rupture of 372.2 psi. A complete tabulation of the restdis be seen in the following

Table 3.
Table 3. Modulus of Rupture Test Results
Dial Reading Factored Value

Specimen Trial Load (Ib) fr (psi) Factor Load (Ib) fr (psi)
Beam #1 #1 4200 350 0.99 4158.00 346.50
#2 4380 365 0.99 4336.20 361.35

Beam #2 #1 4344 362 0.99 4300.56 358.38
#2 4452 371 1.00 4452.00 371.00

Beam #3 #1 4560 380 0.99 4514.40 376.20
#2 5040 420 1.00 5040.00 420.00

Average: 4496.00 374.67 4466.86 372.24

The factor value in the table accounts for the crosseseof the modulus beam differing
from 6 inch by 6 inch. The trials with a factor of 0.9l beam width of slightly more
than 6 inches and therefore the modulus of rupture valuld cot simply be taken as the
dial reading. Notice the average experimental value, 372i2@rpsed to be quite close

to that of the calculated value, 371.1 psi.
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The test specimens were cast using #5 Grade 60 steekcemient. A #5 bar
has a nominal diameter &’ and nominal strength of 60,000 psi. As is common practice
in the steel industry, grade 60 steel is often capableuohmgreater strength. Three steel-
reinforcement specimens were prepared to be testednfiletstrength. The specimens
were 12" long and tested using the SATEC™ testing machinge tfiree specimens
proved to show vyield strengths of 63,900 psi, 63,700 psi, and 64,00Qiyag an
average of approximately 63,867 psi. The three specimensttachultimate strength
of 102,613 psi, 103,023 psi, and 103,119 psi respectively; yielding an avdtiagge
strength of 102,918 psi. The following plots, Figure 9 and Fidixeshow the test
results of the steel reinforcement. Notice in Figure® the yield plateau as well as the
ultimate strength reached by the three specimens idynentical. Then in the
following plot, Figure 10, the slight discrepancies & theld strengths are more easily
seen.

In observing this particular region of the graph moreeally one can see where
the slope of the stress-strain plot changes and begiarie out. The exact yield point
of each steel specimen may be debatable, although theofocdiould be where a

significant change in slope occurs.
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Full-Scale Test Procedure

The testing was conducted using an equivalent four-pmaatihg scheme that has
been found to closely resemble the action of distrbub@ding. The line loads were
positioned (/4) distance from the supports, thus providing a space betok@/2);
wherel represents the span length. In theory the test setagseen in Figure 11.

Force Force

Loading pins
a

Specimen

Supporting pins

Figure 11. Theoretical 4-Point Loading Scheme

The test frame was a simple H-frame set-up consistingrtical uprights and a
main beam; post-tensioned down to the floor with agfaic12,000 Ibs on each side. The
main beam was a 12 inch by 6 inch rectangular tube. Thingalevice, a 10-ton
hydraulic loading ram, was secured in place to the main maincentered on the
specimen. Since the loading ram is only going to seefisigmi forces in compression,
the ram was simply held up in place by large C-clampsder the ram, running
lengthways to the wall specimen, were two beams, W6K®ese beams transferred the
load from the loading ram to two 6-inch square steel tidested att/4 (29.5 inches)

from the end supports.
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Calculation 1. Determining L oading L ocation

P_wl
2 2
then

o= G

=Xx=4

s 2) £

where:
P = Applied Point Load (Ib)
w = Uniformly Distributed Load (lb/ft)
= Span Length (ft)

The 6-inch steel tubes then transferred the lodoh@doads to the specimen. As
not to jeopardize the strength of the furring adses, beneath the square tubes 0.50
inch thick strips of neoprene were placed betwéenfurring strips. These neoprene
pads held the square tubes up off the furring asbesnapproximately 0.375 inch. The
neoprene strips were 7 inches wide; spreadingdad €nough that it was determined
compression of the ESP foam forms would not be ghda where the square tubes will
come in contact with the furring assemblies. Thestration in Figure 12 shows the test

set-up used in conducting the “HOBBS Wall” flexusélength test.
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Figure 12. Full-Scale Test Set-Up

The load subjected to the wall specimen was measured usingla load cell at
the location of the loading ram. The load cell waswge on steel plates in order to
accommodate the stroke of the ram, and the ram preasadly on the load cell. The

following illustration shows the load loading ram and kiad cell directly below.
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Figure 13. Loading Ram and Load Cell

The vertical displacement of the specimens was medsat mid-width and
quarter points along the length of the specimen. Torerikat the displacement readings
are not altered by deformation of the EPS form,; thevewire for the Displacement
Transducer was attached directly to the concrete bynsneha wooden block with an
eyelet that was secured with a high strength epoxy. Taogéhe concrete on the
underside of the wall specimens, the ESP foam form haentoved; a 3-inch hole was
made through the foam to the concrete “web” using a bale. The concrete was
scraped clean to ensure a good bond of the epoxy. Dirbellyw the cable,
displacement transducers were placed and weighted dawrsteel plates to eliminate
any movement during the testing. The following illustratidiigure 14 and Figure 15,
show the placement of the displacement transducerstaows the cables attached to the

underside of the wall specimens.

15 January 2009 -22 - HOBBS Building Systems



Figure 15. Displacement Transducer Attached to the Specimen

The specimens were tested as simply-supported beamsfotbeome end is
pinned and the other is supported on rollers. The pinnedagihdconstrain any
horizontal translation and vertical deflection, butl wtill allow rotation and not resist

moment. An observation was made that the pinned cdaoneeatas allowing some
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slippage to occur; determined to be caused by the contabie admooth steel on the
slanted concrete surface not providing enough friction.préeent this sliding, a sort of
abutment was fabricated with points supporting the specendnat the location of the
neutral axis of the cross-section. The roller-end edhstrain vertical deflection only,
allowing horizontal translation and rotation to occdihis sort of abutment can be seen
in the following illustration, Figure 16; notice the abutias contacting the wall
specimen at the location of the neutral axis of tletime and the large steel plate is

secured to the supporting double I-beam below.

Figure 16. Fabricated Abutment on Pinned-End

Early on there was an apparent concern that thengeapparatus might contact
the PVC furring assembly at the supports. ‘Crushinghefftirring assembly or the EPS
foam was not to happen since this could jeopardize taagttr of the wall specimens as
well cause issues with the vertical displacementsomeaments. To circumvent such
problems the specimens were to be supported in diretdatomith the concrete “beams”
at both the top and bottom of the specimen. The suppeeided to be tall enough that

there wasn’'t going to be contact of the specimen tostimport as it undergoes large
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deflections during loading. The distance from the oetecsurface, at the location of the
beams, to the face of the furring assembly is 2.125 iAcB.5 inch steel pipe was chosen
for the supports; this allowed enough clearance for larlectiens. On the pinned-end
of the specimen the steel pipe was welded to two 3 indh by 0.375 inch thick base
plates that were then subsequently welded to the m@a tiouble I-beams on which the
specimen supports are resting. The use of two base plateso make up for the
difference in concrete surface height due to the ethibbttom beam of the ICF wall
system. On the roller-end of the specimen the bage plas placed between the steel
pipe and the concrete surface as to prevent the pdgsibil local crushing of the

concrete.

Behavioral Results

The two specimens that were tested behaved quite sinhiéial cracking of the
concrete and EPS foam for the two specimens occutregaaly identical loads and
displacements; although beyond the cracking of the EP® tb@& behavior of the
specimens differed slightly. Wall Specimen #1 reachedaaimum load value then
dropped off slightly and stayed fairly constant at a lolead, approximately 90 percent
of the maximum, up until complete failure. Wall Specim@nreached a maximum load
and stayed rather constant up until complete failurell #¥areached maximum capacity
at a lower displacement and complete failure at getadisplacement than Wall #2;
approximately 1.8 inches and 3.6 inches at the center afdhgerespectively. Wall #2
reached maximum capacity at approximately 2.0 inchesspfatiement at the center of
the wall and 3.4 inches of displacement at the cesftéhe wall for complete failure.

These results can be seen in the following Figure 17.
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As was expected, initial cracking of the section occumedhe location of
loading. This section is the most critical sectiomcsiit is the location of maximum
moment and high shear; these cracks are referred ftexasal-shear cracks and can be

seen in the following illustration, Figure 18.

Flexure-Shear

Cracking

Figure 18. Flexural-Shear Cracking of the Specimen

As continued loading and deflection occurred it became qugiele that the
furring assemblies were undergoing compression bucklinghenupper side of the
specimen, the top flange, and upon further inspectionltkereation was made that the
bottom flanges of the furring assemblies of Specimen #2riexped “necking” and
fracture; this behavior indicates that the material tethed ultimate strength. These

types of failures can be seen in the following illustradi of Figure 19 and Figure 20.
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GST Op P‘lan ge’i
Compression
Buckling

Figure 19. Compression Buckling on the Top Flange of the Furgirhissembly

Figure 20. Furring Assembly Failure, "Necking" (left) and~racture (right)

Observing such behaviors as seen in the preceding illussat@es not indicate
there is significant slippage of the furring assembithiwv the wall section. In addition,
the investigation of the specimen ends after the testimgluded did not show visible

slippage of the furring assemblies.
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ANALYSISOF RESULTS

The data collected from the tests came as an electfimifor the wall flexural
tests. The flexural strength data was analyzed usirifxe@l worksheet, as that was the

most convenient with the number of data points obtkine

Full-Scale Wall Test

The key information obtained from the full-scale wadist was the flexural
capacity due to a two-point line loading situation. Té®uits were obtained as a single
point load acting at the loading ram location. Forahalysis an appropriate assumption
was made that this load will exert equal forces atwlmeline load locations, also the self
weight of the testing equipment will be presumed tdib&led equally. The self weight
of the concrete must also be taken into consideratizen analyzing the applied load and
capacity of the wall specimen.

Each full-scale wall specimen was determined to wdig83 Ibs, based on a
concrete unit weight of 150 lbs per cubic foot (pcf). This esgido an equivalent
distributed load of 140.6 Ibs per lineal foot (plf) of walliglé. The total testing
equipment weight resting on the wall specimen is 268rl4,34 Ib each side. This load
due to the testing equipment will give an initial momigiuced on the wall specimen
equal to 329.4 Ib-ft, or 0.329 kip-ft at the mid length of el specimen due to the
testing equipment and the concrete weight induces aticagdimoment of 1699.4 Ib-ft,
or 1.70 kip-ft at the mid length. Therefore, as the wadicimens sit unloaded there is an

initial moment of approximately 2.03 Kkip-ft at mid-span.
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Calculation 2. Determining Moment Induced by the Self Weight

W, = 268b
then

p _268b
2 2

— P 1341
2
Veoncrete = 150pCf (@ssumedl

(3C(525n. @in. +12in.2in.))
144in°

WE, oo = [{9.833ft.) | 150pcf
ft?
= Wt eree = 1383b
_1383b

Weoncrete ™ <~ e mmss
9.833ft
- b,
= Wconcrete =1406 %t

o)) 5)

= Mg = ((134b)[€9-833ft,n

. (140.6”3- ft_j [{9.833ft.)?

8
= M =20293°7"
= M, = 203°"
where:
Wiequip = Total Testing Equipment Weight (Ib)
p= Applied Load (lb)
Yeoncrete= Unit Weight of Concrete (pcf)
Wieoncrete= Total Weight of the Concrete (Ib)
Weoncrete= Equivalent Distributed Weight of the Concrete (Ib/ft)
Mselfwt. = Moment Induced by the Self Weight (k-ft)

The first wall specimen reached a maximum applied loadl®829.98 Ib;

5,164.99 Ib at each loading location. The second wall s@ecireached a maximum
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applied load of 9,929.09 Ib; 4,964.55 Ib at each loading locatidme tWo tests give an
average of 10,129.53 Ib total load or 5,064.77 |b at each load qudijgcted to the wall.

Using the following simple calculation this equates t@amivalent distributed load:

Calculation 3. Equivalent Distributed L oad

S HOR

r . 2

my_ 118n,
n. n.
101295lb 1277%. 12104
= > 1l 2

(oe]

= w=103012plf
where:
M = Moment (Ib-ft)
P = Total Applied Point Load (Ib)
L = Specimen Span Length (ft)
w = Distributed Load (lb/ft)

Combining the applied load with the self weight thle wall and testing
equipment, the first wall sustained a maximum na@nmoment of 14.81 kip-ft and the
second wall sustained 14.32 kip-ft, giving an ageraominal moment capacity of 14.56
kip-ft for the 4 ft wall specimen. As is typicéhe moment capacity can be thought of as
moment capacity per foot of lineal wall length. rEbis particular test one can simply
divide by the width of the wall, 4 feet; therefoger foot of wall length the nominal
moment capacity is equal to 3.64 kip-ft.

Conducting an analysis on the same steel-reinfocoedtrete wall section, but

instead without the furring assemblies and EPS faamwork in place; the moment at
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which cracking occurs and the nominal moment capacithefmall specimen are 2.026
kip-ft or 0.506 kip-ft per lineal foot of wall length and 9.7@4i or 2.44 kip-ft per lineal
foot of wall length, respectively. The cracking momantl applied moments equate to

applied loads of 1648.3Ib and 7940.3Ib, respectively.

Calculation 4. Theoretical Cracking M oment

f =750/t

— 7501/2448psi
= f, =3711psi
[’
Ig _Z( 12 J
_ 3%(4 [(525)"} {12[@2)1}
12 12

= 1, =1687in*

_[2AE
N.A—[ A

_ (2.625n. (30525, @in.) + (301.2in. [2in)) + 375in. [L0.3[D62n?)
(30625in.%in.) + (3012in.[2in) + (L0.3[D62in?)

= N.A= 2.675n.(from_extremgcompressin_fiber)

u < (f0
cr C

(371.1psi EL68.7in4j

525n..—2.675n.
= M, =243125"™"
= M, =2026""
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where:

f= Modulus of Rupture (psi)

lg = Gross Section Moment of Inertia{jin
N.A.= Location of the Section Neutral Axis (in.)
Mer = Cracking Moment (k-ft)

Using the calculated cracking momentMthe load (B) to induce this moment
is determined.

Calculation 5. Theoretical Cracking L cad

P, =[8EM“J
/

8[2.026 "

118n.
12in,

ft.

= P, =1.64&ip
= P, =16483b

where:
P.= Cracking Load (Ib)

Notice that if the wall specimens were simple reioénl concrete, not
incorporating the composite action of the EPS foam and Rivfing assemblies, the wall
would nearly be cracking just setting up on the supports un@erdotiding of the

specimen’s own self weight and testing equipment seif k.
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Calculation 6. Theoretical Nominal M oment Strength

M, = A [T, Eﬁd - %)
a= ATy Df.y
085CF, [b
(062n* 838667 psi)
(085[2448psi12n.)
= a=1586n.(<1.625n.)
then

M, = 062in? E638667psit(3.75n.—1-586%)
=M, =117089™"
=M, =9.757%"

check strain,

a
c=—

1

1.586n
=

085
= ¢ =1.864n.

ef)

- Oloogtﬁ(s.?an.—l.saan.)J

1.864an.
= in,
= £, =0003030/

where:
M, = Nominal Moment Capacity (k-ft)
a=  Depth of the Compression Block (in.)
= Depth of the Neutral Axis (in.)
es=  Steel Strain (in./in.)

ecu = Ultimate Allowable Concrete Compressive Strain/ii).

Using the calculated nominal momentqjMhe load (F) to induce this moment is

determined.
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Calculation 7. Load Corresponding to Nominal M oment
8M
R==
l

8[0.757% "
118n

in,
12 ﬁt.
— P, = 7.93%ip
= P, =79379b

where:

P, = Load Corresponding to Nominal Moment Capacity (Ib)

Observe that there is a difference of approximately 4.80d«-the four foot wide
specimen which equates to 1.20 k-ft difference in momapaaty per lineal foot of
wall. In terms of distributed load this relates to appnately an additional 100If per
foot of wall length. The large difference is believedéoa result of the composite action
of the wall section, particularly the moment resist& provided by the PVC furring
assemblies.

The displacement at mid-span of the full-scale wpkcimens coinciding with
each significant occurrence during loading can be obsemeited force-displacement
plot of Figure 17; 0.051 in. at the time the concrete cickel70 in. at the time the EPS
foam cracked, and approximately 1.900 in. when the maximurarfiexapacity was
reached by yielding of the steel reinforcement. = Compartihg experimental
displacements to the theoretical displacementthimsame steel-reinforced concrete wall

section, but instead without the furring assemblies anfl #®R@m formwork in place
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yields a maximum displacement at mid-span of 0.163 in. athygoint the concrete will

crack, and 2.891 in. when the maximum flexural capacityheilteached.

Calculation 8. Theoretical Displacement

£ =33 T

= 33 [ﬁ144pcf)( ) 0 2448psi

= E, =28213917 psi

n=—>
E

N 2900000@si
28213917 psi
=n=103

2
—b[ﬂgd) -nCA [fd -kd) =0
2
= % ~103{062n?)(375n. ~ kd) = 0
= kd =1.535n.

I, =1 +1

cr concrete
1
Iconcrete: 5 [qb) [ﬂkd)3

:%[ﬂlﬁn.) fL.535n.)

steel

= | =14.476n*

concrete

I steel =n EQ&) [qd - kd)2
= 103{062n?){(375-1.535)in.)
= 1,,, =3133dn*

steel —

then
|, =14.476n" +31331In*
= I, = 45807n*
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oo J 2 o
[ ) et

- (24[(2821;:14;8;13 [(ﬂ68.7in4)j [éllj n.j EES(Man')Z - [éllf n.ﬂ

— A, =0.163n.

N )

2
241(28213917 psi) {45.807n") ) | 4 4

— A, = 2.897n.

where:
Ec = Modulus of Elasticity of Concrete (psi)
n=  Factor for Transformed Section
kd= Depth of Cracked Section Compression Block (in.)
Il = Cracked Section Moment of Inertia®jin
A = Deflection (in.)

The theoretical displacement at which cracking witw and when the section
will reach maximum capacity are both higher than winas experienced experimentally
in the full-scale testing.

The following, Figure 21, shows an idealized force-defiectiomparison of full-
scale wall specimen results to a theoretical wallssbant with that of the “HOBBS
Wall” section, but without the EPS foam and PVC furrirgseanbly influence. An

idealized moment vs. displacement comparison can Ineirsélee Appendix.
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For additional comparison the capacity of a wall withfanmn thickness equal to
that of the columns and beams in the “HOBBS Wall” eyst5.25 inches, was analyzed.
The section was taken as steel-reinforced concrete) agiaiout any furring assembly or
EPS foam introduced. The nominal moment capacity wasrdeted to be 11.72 kip-ft
for a four foot wall length like that of the test speens, or equivalently, 2.93 kip-ft per
foot of lineal wall length.

Considering the applied load and the self weight of théspaktcimens and testing
equipment it was determined that the first wall susthaeshear force of 6.025 kips; and
the second wall a shear force of 5.825 kips, this yieldsvarage of 5.925 kips for the 4
foot wall specimen. Therefore, the average shear ajuat maximum flexural capacity,
per unit length of wall is 1.481 kips. With the four-poinhesme that was used for
testing, this maximum shear force is constant fronh lsafpports up to the location of

applied load. And between the loading points the sheénebry, is equal to zero.

SUMMARY AND CONCLUSIONS

The conducted tests offered insight into the flexurag¢ngith capacity of the
“‘HOBBS Wall” system. The flexural strength capacitytbe system was determined
based on the average of two specimens tested.

The flexural tests yielded an average nominal momentcitgpzf 12.451 k-ft or
3.113 k-ft per lineal foot of wall length due to applied load$ atotal of 14.56 Kip-ft or
3.64 kip-ft per lineal foot of wall length including the cohbtriion of the self weights of
the testing equipment and wall specimen. The flexa@ststinduced an average shear

force of 5.925 k or 1.481 k per lineal foot of wall length aiximum flexural capacity.
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Upon the completion of the tests the wall specimens werestigated and the
observation was made that the EPS foam remainedbeealied to the concrete core.
This finding was positive, signifying that the section \eating as a composite section.
The unbroken bond will increase the flexural strength agpaf the ICF wall section.
The furring assemblies underwent considerable comprebsickling at the top flange
and in some cases “necking” and fracture at the bottamgdiaseeing these behaviors of
the furring assemblies does not indicate there igsifiagnt slippage of the furring
assembly within the wall section and that the wadtiee is likely gaining strength from
this composite action. Hence, the composite walliseaif the “HOBBS Wall” was
determined to provide additional capacity, approximately 4.80d-fthe four foot wide
specimen, when compared to that of a comparable regtdfoconcrete section not
incorporating the EPS foam or PVC furring assemblieserdfbre, one could attribute
the additional moment capacity of the “HOBBS Wall’teys to be a contribution of the

moment couple developed by the PVC furring assemblies aBddaPn formwork.
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Appendix: Additional Plots and Figures
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