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Outdoor Sculpture

Location, Location, Location
Climate zones in North America
Freeze-Thaw cycles.

Freeze-Thaw Damage
How does Ice form in porous structures?
Testing and evaluation (water absorption, freeze-thaw)
Examples.

Body Design
Dense versus porous — heat transfer/storage...
The myth of glaze



Location, Location, Location

Maps of the U.S. (North America)
Different views, same idea

cConcrete
Agriculture
IECC

(International Energy Conservation Code)



Concrete Industry Viewpoint

A simplified view?
Not just “freeze-thaw”

This view considers
precipitation and
duration below
freezing.




USDA Plant Heartiness Map

Average Annual Extreme
Minimum Temperature
1976-2005
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International Energy Conservation Code
Climate Zone Map

Dry (B) Moist (A)

Warm-Humid
below white line

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8:

Bethel, Northwest Arctic, Dellingham,

Southeast Fairbanks, Fairbanks N. Star, Zone 1includes Hawaii,
Wade Hampton, Nome, Yukon-Koyukuk, Guam, Puerto Rico, and
North Slope the Virgin Islands




North America Climate Zones
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American Society of Heating, Refrigerating, and Air-Conditioning Engineers




Temperature climate data

2 ways to look at climate

Freeze-thaw
Number of times that the temperature drops
below freezing and raises above freezing.

Sufficient time below freezing
Concrete industry looks at how long it takes
cold to penetrate concrete.



Denver, CO 141
Chicago, IL 96
Minneapolis, MN 76
New York, NY

Atlanta, GA

Houston, TX

D. Herschfield

J. Applied Meteorology
13 [4], p348-54 (1974)




Freeze-Thaw Damage

How does Ice form in porous structures?

Testing and evaluation
(water adsorption, freeze-thaw)

Examples.



lce formation

Ice crystals can be huge
(2 meters in diameter)

Great presentation:

“Understanding Frost Damage”

2008 Della Roy Lecture

George Scherer
American Ceramic Society
(ceramics.org)
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Ice volume increases 9% compared to the water volume.



Testing
Water Adsorption (ASTM C-20)

Freeze-Thaw & “Saturation Coefficient” (ASTM C67)

“Immersion test”
Saturate the sample by boiling in water (5 hours).

Ay (%) = Ws=D) o 10

D



“Saturation Coefficient”

an’ Designation: C 67 — 99a

ASTM C67 ———>

Standard Test Methods for
Sampling and Testing Brick and Structural Clay Tile'

Ratio of cold water abs. to boiled water abs.

Sample fully immersed at room temp, 24 hrs.
Sample bolled, fully immersed, 5 hrs.

(Ws cotd2ahr—Wp)
(Ws Boitshr—Wb)

Saturation Coefficient =



Freeze-Thaw Testing

Saturate with water; stand up in 2" water

Freeze (20 hrs); Thaw (water bath: 4 hrs) — REPEAT
50 cycles (ASTM C67); 100-300 typical

Evaluate periodically
Weight loss
Breakage (corner loss, spalling, etc.)
Cracking



Freeze-Thaw Testing

C67 Freeze specification: <-16°F (<-9°C)
Our conditions: -2°F (-19°C)

C67 Thaw specification: 75°F +10 °F (24°C £5.5 °C)
Our conditions: 70°F (21°C) with circulating water bath



Body Design

Eliminate, if possible, open porosity
(i.e., pores open to the exterior surface)

Water absorption is the best test for evaluation.
Weight increase after boliling.

“Paper Clay” is potentially problematic.
Paper clay introduces “ink-well pores”
Water travels through the pores to pockets
Large scale pockets can create huge freezing stresses.
Pores tend to be elongated (worst case for fracture potential)



“Ink-well” Pore?

A large pore that is accessed via a smaller pore channel.

Provides an opportunity for large stress development
below the surface, leading to cracking.

ol
Hair diameter ¢

Paper Clay




What Is the worst pore shape®?

Spherical pores are best. -

Shaped, elongated pores (high aspect ratio) are worst.

Orientation is critical.




Body microstructures

Paper-Clay microstructure

20y

100x|20.0 kV[10.7 mm| 5.0 [BSE|3:05:02 PM|

Potentially the worst case for oriented pores
(Poorly compacted body)



Body microstructures

Dense body for outdoor sculpture Paper-Clay microstructure

Mag| HV
100x/20.0 kV|10.7 mm| 5.0 |BSE|3:05:02 PM|

Mag ] Spot| Sig | 2/20/2017 500.0pym
100x|20.0 kV[10.7 mm| 5.0 |BSE|11:59:41 AM|




Body microstructures

Dense body for outdoor sculpture Paper-Cl

ay microstructure
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Mag Sig | 2/10/2017

500x|20.0 kV|10.7 mm| 5.0 | BSE|3:06:22 PM|

Mag "1 WD |Spot| Sig | 2/20/2017 ' 100.0um
500x] 20.0 kV|10.7 mm| 5.0 | BSE|12:00:06 PM|




Freeze-Thaw damage

9% Water Adsorption
50 cycles (<1 year)

Spall
Fragments




Water Absorption measurements

Boston Valley-Red body
Recommend that water

absorption is as low as possible.

Lower water absorption —
longer lifetime in
freeze-thaw conditions
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At 9%, failure at 50 cycles.
(Less than one year Zone 3!)
Still testing at 6% and 3%.

O 2 Boston Valley Terra Cotta
e for Canadian Capitol: A, < 3%

500x|20.0 kV[22.0 mm| 5.0 [SE|12:39:09 PM|




~60 Freeze-Thaw Cycles




The Myth of Glaze (as a solution)
An Impervious glaze is assumed to
prevent freeze-thaw

No glaze surfaces are perfect —
water will get in.

With a porous body, freeze-thaw damage
IS (likely) inevitable.



Heat retention and release EUGESUES

Calculated

Heating

Brick without any pores
5% pores

10% pores

15% pores

20% pores

30% pores

Temperature (F)

Cooling
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80 100 120 140 160

Time (minute)

Takes 70 minutes
from 74°F to 205°F
from 205°F to 86°F

Cooling Time (min)




The Role of Porosity

Brick without any pores

ity i — — —  30wl.%
Porosity improves heat - vol.% pores
retention

Pore morphology does not
likely change heat
retention characteristics

Brick Temperature (F)

Closed pores versus open
pores are important for
freeze-thaw behavior

Cooling Time (min)




Closed and | Open
Open Porosity Pore

Structure

o I ‘2000)( 20.0kV|11.3 mm| 5.0 | SE|8:29:29 PM|

500x|20.0 kV|22.0 mm| 5.0 | SE [12:39:09 PM|

Under-firing — Open pore structure

Over-firing — Closed pore structure



Additive Routes to Pore Structure

Closed pore structure:
“Hollow glass spheres”

Open Pore structure:
paper clay

WD 11/2[2016

Slg
100x|20.0 kV|11.1 mm 50 BSE|[1:10:47 PM

5 N ] J

INE L P A8 4 niNy., 5 ¢ P
Mag| HV WD | Spot| Sig 100 Opm:
500x|20.0 kV|10.7 mm| 5.0 |BSE|3:06:22 PM|

11/2/2016

WD Spot Sig 100 Op

Spherical 34P30



Opportunities for open pore structures:

Evaporative Cooling

Water evaporates from the
surface causing
evaporative cooling.

When the water is gone,
the process ends.

Obvious problem with
freeze-thaw

Matki Jar
Sri Lanka

WATER-AIR SYSTEM

1.00 atm pressure

Enthalpy datum

: liquid water

0.01°C, 0.00603 atm
0.00°C, 1.00 atm

Psychrometric Chart
Cooling can be predicted




Psychrometric Chart

WATER-AIR SYSTEM

1.00 atm pressure

Enthalpy datum : liquid water 0.01°C, 0.00603 atm
dry air 0.00°C, 1.00 atm

To obtain true enthalpy add enthalpy
deviation to enthalpy at saturation

Absolute humidity ( kg/kg dry air )

Dry bulb temperature (°C)
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Psychrometric

Chart

Dry bulb temperature




Moving Air accelerates evaporative cooling

WET BULB
Stagnant surface layer

Impedes evaporation.

Timeframe is shorter for
cooling cycle. FAST

AlR

Water would need to be SLow AR
replenished — filled
pores would be “ideal”.

SPECIFIC
HUMIDITY

DISTANCE FROM WET BULB




Summary

Porosity:
Good for heat retention (closed or open)
Bad for freeze-thaw (open)
Good for evaporative cooling (open)

Location, Location, Location...



Thank you I

Questions?

Warm-Humid
below white line

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8:

Bethel, Northwest Arctic, Dellingham,

Southeast Fairbanks, Fairbanks N. Star, Zone 1includes Hawaii,
Wade Hampton, Nome, Yukon-Koyukuk, Guam, Puerto Rico, and
North Slope the Virgin Islands

Location, Location, Location.




