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This research studies the causes and attemptaiiifyuthe extents of damage to building materaisnd on the
facades of buildings. Rapid prototyping was usechbdel this deterioration over time as an aicegiaration
efforts. The process involves taking the Handys1ario develop an image of the stone, and meassiaggand
details of the solid using Magitsomputer software. Degradation is determined mhioation with Darcy’s
equations of water flow. As a result of this resbanethod, the decay index of limestone, granitd, sandstone for
a given geographic area is determined; the wealthaimulation then subtracts the decay from thie #lkness,
taking into account the angles of the faces. Firthké weathered green man is built using the Z-G@gPrinter.
The researcher would like to implement math, s@eaad technology as a first step towards credtiaege tools for
restoration—as opposed to artistic methods formestd. The order of the degree of weathering fromallest to
largest was granite, sandstone, and limestone eTfiretings are specific to deterioration occurrorgthe west face
of Milwaukee’s City Hall from 1895 to 2007. For arme accurate representation of the weathering pspcgher
factors besides the position of stone and water flte through the porous body will have to be @ered. Other
factors include freeze-thaw cycles, microbial peat@in, and mechanical factors.
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1. Introduction

This work will benefit the building community inrmimber of ways. Understanding the mechanism, thadec
deterioration and its rate, will provide a bettadarstanding of the steps needed to restore stdweeprocess
combines, the use of computers and the data adguom weathered sandstone, to produce a modehefadhered
green man; a typical feature found on old buildif@smputer-aided weather simulation has been cdetpla the
past focusing on renderings, and not so much oadberacy of predicted weathering. This simulatezhto
implementing data from an acquired piece of sttméhe weathering simulation. Research has beea uhothe past
by Kevin Tetz, copying ornaments using rapid prgtotg, under the guidance of Professor Michael MaG& his
research is a continuation of those, making therieg of architectural ornaments using rapid piyiong more
approachable.



Figure 1: Green man, RPC

1.1.theory behind degradation of stone

In the weathering simulation, two factors; positand water penetration of stone, will be considevddle the salt
concentration will be used to prove the process.

1.1.1.position of stone: as it relates to degree of eyp®so the elements i.e. rain

Building stones with horizontally exposed facesénhaxperienced higher weight loss than the buildioges with
only vertical faces exposkdA simple observation of statues such as Michetuig David, shows how weathering
is correlated to the angles of the surfaces. Famgie, David’'s nose and the top of his head werehnmoore
weathered than the vertical surface such as th&;dheés is true because those areas such as $ieeand top of
head are in more frequent contact with harmful aaid’. The same idea translates to a person walkingeimain
whose back side will get wetter than the front sfdee person is hunching over, assuming thataiie direction is
vertical.

The angle of the normal describes the orientaticthe faces in reference to a horizontal plaméhis case being
the base of the object. Measuring of thicknessftérént areas of the sandstone will provide a gieadex in
relation to the angle of the normal; or in otherdg the angle of the surface. Since the objechiwsy different
surface angles, those different angles will cabseobject to have varying levels of weathering.

1.1.2. vater penetration: the leading cause of damage itwimg materials

Flow of a fluid through a porous medidintike that of water seeping into stone’s poroudyy@an be modeled using
Darcy’s Law. The equation (1), given the porosftydf stone, calculates the mean pore water velbcity
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The relationship between decay index and water fate is assumed to be linear for the purposevofding time-
varying equations. This assumption allows the wiev rate of sandstone to be used as the basisraparison in
determining the decay index of other stones; sgdajranite and limestone. It is expected, givenvdrging
porosity, that the order of a stone’s degree ofthering, going from least to greatest, will be grimestone, and
then sandstone.

1.1.3.dissolution/recrystallization

Depending on the concentration of salts, salt coinagon may be a major factor of degradation. €ssbr
A.S.Goudie proved a significant correlation betweenght loss of stone and salt content. If the stpossesses a
high salt concentration, then it’s likely to be maveathered than when it had a lower salt conctionra

In a study on stone degradation, a hypothesssfarmed stating that while fog may determine tite of
breakdown, salt may control the timing, and thezkriype may control the style of respohdifferent parts of the
same stone may not have the same salt concengafisauming that happens in this case, a relatipistween
salt concentrations and angle of the surfaces eastablished to in fact predict rate of breakdown.



1.1.4.rapid prototyping

The Z Corp machine is essentially a 3D color prithat creates successive cross sections of thneerdional
objects from a plaster powder. The cross-sectigartaof 0.0035"-0.008" (.089-.203 mm) are builthe machines
10" x 14" x 8" build bed. The powder layers areesigk from the feed bed into the build bed with &rollThe parts
are then printed by spraying a binder solutionfengowder substrate by means of inkjet print he@ds.build bed
is then lowered and a new layer of material is dddéis process continues until all layers of thet have been
completed. Upon build completion the part is rentbifrem the bed, excess powder is blown off the, @art the
part is infiltrated to improve its stren§th
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] | _supporting
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Figure 2. Mechanics of the Z-Corp 3D Prifiter

1.2.limitations

The research focuses on degradation of stone 8padlgifoositioned on the west side of the city Halllding in
Milwaukee, Wisconsin, on the third story, betwelea years 1895 and 2007. Findings in this papeo iway reflect
the way Berea sandstone reacts in other climatés,fature years.

Not all factors in stone degradation could besidered in the research. Some factors causataedy small
amount of damage such that taking them into acceootd not be efficient because of the researchams
restriction of ten weeks. The largest cause ofraetion of building stones is said to be watemdge, which
usually carries in salts. Other factors such asahial, mechanical, freeze-thaw, faulty originadftsmanship,
stress-related deterioration, damage caused hyakgéeations/ additions, and inappropriate repaifi# not be
considered; however, considering them would gimeoae accurate representation of decay extent.

Advantages of the Z Corp machine are the lowenwdtcosts and speed, typically printing 2-3 |ayger minute.
The downside to the technology is that the surfaieh, accuracy and strength are not as good e sther
method§

Also the equation for Darcy’s Law was simplified making a few assumptions, since certain vaergen’t
found based on methodology, materials, hardwai kanwledge restrictions. The researcher would haken
these into account if more time was allotted.

1.3.Milwaukee city hall

In the summer of 2007, the city of Milwaukee restbits City Hall. Extremely deteriorated sandstes being
permanently removed from the building’s facade vidilikee’s City Hall was built in 1895, making it 1§€ars old.
It's fagade; from base to crown, is composed ohigea sandstone, and terracotta. The original sandswvas
quarried from a company in Berea, Ohio which i istibusines& Milwaukee’s city hall was built on marshy
ground. It was built during a time of great wealth dughe industrialization of the area; this meant méatyories,
plants, especially coal plants. The Oneida Stresttdh which was a coal burning power plant way@nblock
away from City Halt’. City hall’s sandstone which was donated by J.Fe@si and Sons is an integral part of this
research.



Figure 3. Severely damaged sandstone was remawedGity Hall's west facg

Damage to stone depends on the type of stomejthweeathers, the porosity and the texture ofdfume, and even
how it is cleanetf. Being the city’s landmark, and one of the filsgscrapers in the nation, it needed to maintain its
aesthetic value. Which is why in 1978, the buildivas cleaned using chemical agents. The extehieadamage
done to the building by this cleaning is unkndtytherefore, it wasn't included in this researck.stone is exposed
to weathering and environmental pollutants, théaser develops a protective skin or patfnavhich is expected to
have been removed or perforated during the clegmiogess.

2. Methodology

The green man, a typical feature on historicaldings, was chosen for this weathering simulatiorabse it was
readily available since it was recently scannedsiiticon file at the Rapid Prototyping Center. Asp researcher,
Kevin Tetz acquired a plaster cast of the green asgpart of a 1998 research project.

Next an already weathered stone was neededvittioh to compile data being used in the weathesinqulation.
A new version of the same stone needed to be alaila accurately determine the decay index. ThadHaanner
was used to produce a 3D image of the stone omauter. The dots allow the computer software o joultiple
pictures producing 3D mesh of the object.

Figure 4. The Hand scanner and sandstone

2.1. computer-aided weathering simulation

The scanner produces a 3D mesh while leaving giddérhollow. The mesh must be filled to producelals
otherwise measurements of thicknesses can'’t be.ntadelso impossible to build an object witha@d¢hickness on
the rapid prototyping machines.



Figure 5. Surface scan of sandstone from City Baliest face is made into a solid

In finding the decay index, a profile of the neillwas captured on AutoCAD and extruded. It wa=n imported
into Magic$ along with the 3D scan of the sandstone. They weeelaid and the difference in thickness of four
different cross-sections was recorded as the dedax. Cross-sectional areas were chosen basedgba af the
normal with respect to the horizontal plane. Ratibdepth of degradation were then deduced forigtyeof ranges
of angles.

Figure 6. Objects overlaid to measure decay (IBf)file view of the stone in which the anglestod surfaces
relative the base are shown (right)

Using the above data the green man was weathsrédt was sandstone. The rates of degradatsed on the
angles of the normals were found on the sandssagefigure (10), and were applied similarly to gheen man.

2.2. darcy’s law

The rate of water flow in sandstone was calculatedia ratio of the stone’s decay index to the witder was
created, this allowed for comparison of the walaw fof granite and limestone, and the approximatibtheir
decay indexes. These new decay indexes were tipdiedpo the green man model as if it was granike lamestone
respectively.

Figure 7. Aging through the years in increment2@jrs. of limestone



2.3. rapid prototyping

Since the 3D file of the green man was alreadyosspssion, a model of it was created on the Z-@DBrprinter for
future comparisons. The three weathered green neea also built to compare the degradation of sandst

limestone, and granite for the given geographiegian from 1895 to 2007

Figure 8. The printed green men, from left to rightginal, sandstone, granite, and limestone
2.4 pH/salt level analysis

The samples were combined with water of PH lev@25Then their PH levels were recorded over a desfoone
week in order to determine if there was any cotiaicbetween rate of degradation and pH level. §drae samples
were then filtered and their solutions were evageoran order to measure precipitates remainingeatohg

different levels of salt concentrations.

Figure 9. Samples for the tests were take frontteesponding areas of the stone

3. Data
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Figure 10. Linear relationship between decay inglex position of stone is found
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Table 1. Scale factors were found for other stameslation to sandstone

stone permeability  porosity water flow rate(e6m/s) scale factor
sandstone 9.87E-14 0.178 6.103226209 1
limestone 1.6284E-13 0.112 16.00332364 25/8
granite 2.50E-14 0.05 5.50341573 55/61
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Figure 11. Although consistent, pH levdiewed little correlation with degradation
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Figure 12. Salt Concentration levels also showtdd torrelation with degradation

4. Conclusion

My hypothesis was incorrect on the order of therde®@f weathering, the smallest being granite hachtghest
being sandstone. The data shows the sandstoneesg#ghs than the limestone; this may be so bedhisse
sandstone comes from Berea, Ohio, an area knowprdoiucing stone with relatively low porosity

This research is a stepping stone in accuraterftal restoration. Not all deterioration factars considered in
this paper. More work would have to be done in otddind a correlation between salt concentraterels and rate

of degradation.



5. Further Work

In future weathering simulations it would be mooenplete to include environmental factors other thater
penetration, position of stone and salt concetathn important factor that wasn’t covered in tlésearch is
freeze-thaw cycles. A better visual representatiostone weathering would include changes in cotpdf the
stone. The end goal the researcher foresees weulnl dimulate the weathering process of stonevierse to return
the object to its original form. This process woaldate new tools for restoration which would bmpater-based.
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