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This research studies the causes and attempts to quantify the extents of damage to building materials found on the 
facades of buildings.  Rapid prototyping was used to model this deterioration over time as an aid to restoration 
efforts. The process involves taking the Handyscan 3D to develop an image of the stone, and measuring size and 
details of the solid using Magics® computer software. Degradation is determined in combination with Darcy’s 
equations of water flow. As a result of this research method, the decay index of limestone, granite, and sandstone for 
a given geographic area is determined; the weathering simulation then subtracts the decay from the slab thickness, 
taking into account the angles of the faces. Finally the weathered green man is built using the Z-Corp 3D Printer. 
The researcher would like to implement math, science, and technology as a first step towards creating these tools for 
restoration—as opposed to artistic methods formerly used. The order of the degree of weathering from smallest to 
largest was granite, sandstone, and limestone. These findings are specific to deterioration occurring on the west face 
of Milwaukee’s City Hall from 1895 to 2007. For a more accurate representation of the weathering process, other 
factors besides the position of stone and water flow rate through the porous body will have to be considered. Other 
factors include freeze-thaw cycles, microbial penetration, and mechanical factors. 
Keywords: Stone Weathering, Milwaukee City Hall, Rapid Prototyping  

1. Introduction 

This work will benefit the building community in a number of ways. Understanding the mechanism, that cause 
deterioration and its rate, will provide a better understanding of the steps needed to restore stone. The process 
combines, the use of computers and the data acquired from weathered sandstone, to produce a model of a weathered 
green man; a typical feature found on old buildings. Computer-aided weather simulation has been completed in the 
past focusing on renderings, and not so much on the accuracy of predicted weathering. This simulation led to 
implementing data from an acquired piece of stone, to the weathering simulation. Research has been done in the past 
by Kevin Tetz, copying ornaments using rapid prototyping, under the guidance of Professor Michael McGeen. This 
research is a continuation of those, making the restoring of architectural ornaments using rapid prototyping more 
approachable.  
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Figure 1: Green man, RPC 

1.1. theory behind degradation of stone   

In the weathering simulation, two factors; position and water penetration of stone, will be considered, while the salt 
concentration will be used to prove the process.  

1.1.1. position of stone: as it relates to degree of exposure to the elements i.e. rain 
 
Building stones with horizontally exposed faces have experienced higher weight loss than the building stones with 
only vertical faces exposed1. A simple observation of statues such as Michelangelo’s David, shows how weathering 
is correlated to the angles of the surfaces. For example, David’s nose and the top of his head were much more 
weathered than the vertical surface such as the chest; this is true because those areas such as the nose and top of 
head are in more frequent contact with harmful acid rain2. The same idea translates to a person walking in the rain 
whose back side will get wetter than the front side if the person is hunching over, assuming that the rain direction is 
vertical.  
   The angle of the normal describes the orientation of the faces in reference to a horizontal plane; in this case being 
the base of the object. Measuring of thickness of different areas of the sandstone will provide a decay index in 
relation to the angle of the normal; or in other words, the angle of the surface. Since the object has many different 
surface angles, those different angles will cause the object to have varying levels of weathering. 

1.1.2. water penetration: the leading cause of damage to building materials   

Flow of a fluid through a porous medium3, like that of water seeping into stone’s porous body, can be modeled using 
Darcy’s Law. The equation (1), given the porosity (f ) of stone, calculates the mean pore water velocity4. 
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   The relationship between decay index and water flow rate is assumed to be linear for the purpose of avoiding time-
varying equations. This assumption allows the water flow rate of sandstone to be used as the basis of comparison in 
determining the decay index of other stones; such as granite and limestone. It is expected, given the varying 
porosity, that the order of a stone’s degree of weathering, going from least to greatest, will be granite, limestone, and 
then sandstone. 

1.1.3. dissolution/recrystallization 

Depending on the concentration of salts, salt concentration may be a major factor of degradation. Professor 
A.S.Goudie proved a significant correlation between weight loss of stone and salt content. If the stone possesses a 
high salt concentration, then it’s likely to be more weathered than when it had a lower salt concentration5.  
   In a study on stone degradation, a hypothesis was formed stating that while fog may determine the rate of 
breakdown, salt may control the timing, and then rock type may control the style of response5. Different parts of the 
same stone may not have the same salt concentrations. Assuming that happens in this case, a relationship between 
salt concentrations and angle of the surfaces can be established to in fact predict rate of breakdown.  
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1.1.4. rapid prototyping 

The Z Corp machine is essentially a 3D color printer that creates successive cross sections of three-dimensional 
objects from a plaster powder. The cross-section layers of 0.0035"-0.008" (.089-.203 mm) are built in the machines 
10" x 14" x 8" build bed. The powder layers are spread from the feed bed into the build bed with a roller. The parts 
are then printed by spraying a binder solution on the powder substrate by means of inkjet print heads. The build bed 
is then lowered and a new layer of material is added. This process continues until all layers of the part have been 
completed. Upon build completion the part is removed from the bed, excess powder is blown off the part, and the 
part is infiltrated to improve its strength6.  

 
Figure 2. Mechanics of the Z-Corp 3D Printer6 

1.2. limitations 

The research focuses on degradation of stone specifically positioned on the west side of the city hall building in 
Milwaukee, Wisconsin, on the third story, between the years 1895 and 2007. Findings in this paper in no way reflect 
the way Berea sandstone reacts in other climates, or in future years. 
   Not all factors in stone degradation could be considered in the research.  Some factors cause a relatively small 
amount of damage such that taking them into account would not be efficient because of the researcher’s time 
restriction of ten weeks. The largest cause of deterioration of building stones is said to be water damage, which 
usually carries in salts. Other factors such as microbial, mechanical, freeze-thaw, faulty original craftsmanship, 
stress-related deterioration, damage caused by later alterations/ additions, and inappropriate repairs7 will not be 
considered; however, considering them would give a more accurate representation of decay extent. 
   Advantages of the Z Corp machine are the low material costs and speed, typically printing 2-3 layers per minute. 
The downside to the technology is that the surface finish, accuracy and strength are not as good as some other 
methods6. 
   Also the equation for Darcy’s Law was simplified by making a few assumptions, since certain values weren’t 
found based on methodology, materials, hardware, and knowledge restrictions. The researcher would have taken 
these into account if more time was allotted. 

1.3. Milwaukee city hall 

In the summer of 2007, the city of Milwaukee restored its City Hall. Extremely deteriorated sandstone was being 
permanently removed from the building’s façade. Milwaukee’s City Hall was built in 1895, making it 112 years old. 
It’s façade; from base to crown, is composed of granite, sandstone, and terracotta. The original sandstone was 
quarried from a company in Berea, Ohio which is still in business8.  Milwaukee’s city hall was built on marshy 
ground9. It was built during a time of great wealth due to the industrialization of the area; this meant many factories, 
plants, especially coal plants. The Oneida Street Station which was a coal burning power plant was only a block 
away from City Hall10. City hall’s sandstone which was donated by J.P.Cullens and Sons is an integral part of this 
research. 
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Figure 3. Severely damaged sandstone was removed from City Hall’s west face11 

   Damage to stone depends on the type of stone, how it weathers, the porosity and the texture of the stone, and even 
how it is cleaned12. Being the city’s landmark, and one of the first skyscrapers in the nation, it needed to maintain its 
aesthetic value. Which is why in 1978, the building was cleaned using chemical agents. The extent of the damage 
done to the building by this cleaning is unknown13; therefore, it wasn’t included in this research. As stone is exposed 
to weathering and environmental pollutants, the surface develops a protective skin or patina14, which is expected to 
have been removed or perforated during the cleaning process.   

2. Methodology 

The green man, a typical feature on historical buildings, was chosen for this weathering simulation because it was 
readily available since it was recently scanned and still on file at the Rapid Prototyping Center. A past researcher, 
Kevin Tetz acquired a plaster cast of the green man as part of a 1998 research project.  
   Next an already weathered stone was needed from which to compile data being used in the weathering simulation. 
A new version of the same stone needed to be available to accurately determine the decay index. The Hand scanner 
was used to produce a 3D image of the stone on a computer.  The dots allow the computer software to join multiple 
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 the inside hollow. The mesh must be filled to produce a solid; 
otherwise measurements of thicknesses can’t be made. It is also impossible to build an object with zero thickness on 
the rapid prototyping machines. 
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Figure 5. Surface scan of sandstone from City Hall’s west face is made into a solid 

   In finding the decay index, a profile of the new sill was captured on AutoCAD and extruded.  It was then imported 
into Magics® along with the 3D scan of the sandstone. They were overlaid and the difference in thickness of four 
different cross-sections was recorded as the decay index. Cross-sectional areas were chosen based on angle of the 
normal with respect to the horizontal plane. Ratios of depth of degradation were then deduced for a variety of ranges 
of angles.   

                            

Figure 6. Objects overlaid to measure decay (left). Profile view of the stone in which the angles of the surfaces 
relative the base are shown (right) 

   Using the above data the green man was weathered as if it was sandstone. The rates of degradation based on the 
angles of the normals were found on the sandstone, see figure (10), and were applied similarly to the green man. 

2.2. darcy’s law 

The rate of water flow in sandstone was calculated and a ratio of the stone’s decay index to the water flow was 
created, this allowed for comparison of the water flow of granite and limestone, and the approximation of their 
decay indexes. These new decay indexes were then applied to the green man model as if it was granite and limestone 
respectively.  

 

Figure 7. Aging through the years in increments of 20yrs. of limestone 
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2.3. rapid prototyping 

Since the 3D file of the green man was already in possession, a model of it was created on the Z-Corp 3D printer for 
future comparisons. The three weathered green men were also built to compare the degradation of sandstone, 
limestone, and granite for the given geographical region from 1895 to 2007 

 

Figure 8. The printed green men, from left to right, original, sandstone, granite, and limestone 

2.4 pH/salt  level analysis 

The samples were combined with water of PH level 5.62. Then their PH levels were recorded over a period of one 
week in order to determine if there was any correlation between rate of degradation and pH level. The same samples 
were then filtered and their solutions were evaporated in order to measure precipitates remaining, indicating 
different levels of salt concentrations.  

 

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

3. Data 
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Figure 10. Linear relationship between decay index and position of stone is found 
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Table 1. Scale factors were found for other stones in relation 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 2 5/8 

granite 2.50E-14 0.05 5.50341573  55/61 
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        Figure 11. Although consistent, pH levels showed little correlation with degradation  

 

Salt Concentration due to Position of Stone
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Figure 12.  Salt Concentration levels also showed little correlation with degradation 

4. Conclusion  

My hypothesis was incorrect on the order of the degree of weathering, the smallest being granite and the highest 
being sandstone. The data shows the sandstone weathers less than the limestone; this may be so because this 
sandstone comes from Berea, Ohio, an area known for producing stone with relatively low porosity15.  
   This research is a stepping stone in accurate historical restoration. Not all deterioration factors are considered in 
this paper. More work would have to be done in order to find a correlation between salt concentration levels and rate 
of degradation.  
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5. Further Work 

In future weathering simulations it would be more complete to include environmental factors other than water 
penetration, position of stone and salt concentration. An important factor that wasn’t covered in this research is 
freeze-thaw cycles. A better visual representation of stone weathering would include changes in coloring of the 
stone. The end goal the researcher foresees would be to simulate the weathering process of stone in reverse to return 
the object to its original form. This process would create new tools for restoration which would be computer-based. 
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