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But éither way,
you have to deal
with it’s effects.
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Key Points

Hydration rate cut in half when concrete
temperature drops by 20 degrees F
Concrete is at risk at a temperature 20° F
warmer than freezing

Cool weather can be more dangerous than
cold weather

Evaporation can be more severe in cold
weather

If you need Chapstick, so does the concrete!
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USDA Plant Hardiness Zone Map
|

Potential Advantages of
Cold Weather Concrete

Higher long-term in-place strength
Higher cylinder strength

Slower rate of slump loss

o More time to transport and place
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More Potential Advantages of
Cold Weather Concrete

Slower setting time
o More time to finish
Cooler cement

More predictable materials
temperatures

Ken Hover, P.E., Ph.D.
Cornell University 2
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Concrete Temperature (C)
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Potential Disadvantages of
Cold Weather Concrete

= Slower rate of strength gain
o Delayed form & shore removal

= Slower setting time
o Delayed finishing

o Thermal cracking
o Variable strength due to variable

temperature
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~ Edge vs. interior temperature difference
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Temperature Variation in Structural Slab
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Temperature Variation in Structural Slab
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Potential Disadvantages of
Cold Weather Concrete

Logistics of plant & equipment in
cold/freezing weather

Evaporation more severe but wet-cure more
difficult

Concrete freezing
Personnel risk of cold injury

Ken Hover, P.E., Ph.D.
Cornell University
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Cold Injury ~—g—

* Drying, Chapping

* Frost Bite

* Hypothermia (“Exposure”)
Reduction in
core body temperature
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Cold Injury

* Drying, Cracking
* Delayed setting

* Delayed strength-gain

« Fatal mismatch
between lab and field

* Localized early freezing
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Basis for Comparison

People Concrete

Metabolism Hydration
Temp. controlled Temp. controlled
Water-based Water-based
Drying Drying

Freezing Freezing

Wide range of Wide range of
exposure conditions |59 ISV GG

Narrow range of Narrow range of
optimum conditions [0 iRV
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Skin

Core

September 1, 2021

Cure-Affected

Zone
36
How do humans define
Cold Weather?
How “Cold” is “Cold?”
37

But the real issue is:

Will the weather conditions impair
the comfort, health, or safety of the
person?

41
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A Functional Definition of

Cold Weather for People
When Weather is To Cause

Cold enough e Discomfort
e Seek protection of
\é\ﬁt ee r? : uugg hh clothing or shelter
- Chapped lips, dry,
Windy enough cracked skin

For Long enough « Numbness or burning
Frostbite
Hypothermia

~

What’s the definition of
Cold Weather for Concrete
Construction?

Definition of Cold Weather: ACI 306

The conditions of cold weather concreting exist
when the air temperature has fallen to, or is
expected to fall below, 40 °F (4 °C) during the
protection period.

The protection period is defined as the amount of
time recommended to prevent concrete fr
being adversely affected by exposure to ¢
weather during construction.

ACI 306R-16

45
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Definition of Cold Weather:
ACI 301

When the average of the highest and
lowest ambient temperature from
midnight to midnight is expected to be

less than 40°F for more than

three successive days

September 1, 2021
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On whose authority are we
“Expecting” cold weather?

47

5 Minneapolis, Minnesota, Usa Climate Graph (Altitude: 837 ft)

|

[
&

Precipitation/ Wet Days/ Sunlight/ Daylength/ wind Speed/ Frost

35
! | | J
80 -3 — |- —fmfimn froses **‘****‘7777"30
; i
£l
I I
|

RS ;ﬁg \

-3
S

wu
=

z
z
E
I
s
40 s
2
o 82 - 10
$ 30 —wmg -
2 L s
g / 5
220 3535 penten
o
F1 % }—’ - 1 T0
2 |
0 + T T + -5
Jan Feb Mar Apr May Jun  Jul  Aug Sep Oct Nov  Dec
EEPrecipitation (in) —Min Temp (°F)
—Max Temp (°F) = Average Temp (°F)
——Relative Humidity (%) Daylength (Hours)
====Wet Days (>0.004 in) Average Sunlight Hours/ Day  climaTemps
——Average Wind S| Beaufort Days with Frost

48

Ken Hover, P.E., Ph.D.
Cornell University




Minnesota Concrete Council September 1, 2021
Cold Weather Concreting

Minneapolis, Minnesota, Usa Climate Graph (Altitude: 837 ft)
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On average, Minneapolis Concrete is Legally Cold
for 5-1/2 months each year
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But the real issue is:

Will the weather conditions impair the
behavior of the fresh or hardened
concrete?

52
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A Functional Definition of
Cold Weather for Concrete
When Weather is To Cause
« Cold enough e Delayed setting

- Wet enough e Early cracking or crazing
o FEarly Freezing

* Dry enough o Reduced early-age
* Windy enough strength
+ For Long enough « Reduced later-age

strengt

How does cold weather affect people

and c

55
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Cold Injury ~—g—

* Drying, Chapping

* Frost Bite

* Hypothermia (“Exposure”)
Reduction in
core body temperature

—
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Skin

Cure- and Cold-
Affected Zone
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Skin Response to Cold Weather

Cold, dry air

Warm, moist skin

58
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Rapid Evaporation

from skin surface —___

Pore reduction
Shrinkage, /

Embrittlement

September 1, 2021
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Rapid Evaporation

from skin surface —_— ]

Drying,
Pore reduction

Shrinkage, /
Embrittlement

Cracking

60

Mormal lips Chapped lips

61
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September 1, 2021

Early-Age Shrinkage Cracking
1.) Bleed water appears on concrete surface
2.) Rate of evaporation exceeds bleed rate
3.) Concrete surface dries....
4.) Concrete surface tries to shrink....
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68
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Shrinkage Stress vs. Strength
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Shrinkage Stress vs. Strength

Tensile Strength |

Low temperature slows
strength gain

Low air temperature,
,,,,,,,,,,, Heated concrete,

Low air humidity,
Increased Wind speed,

. All accelerate drying and
Age in Hours shrinkage!

Tensile Strength

70

Condition

d
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Concrete surface drying starts when

o & Evaporation

1.1

September 1, 2021

water leaves the surface faster than it afrives

72

Critical Initial Evaporation Rate =
Bleeding Rate of Concrete

73

Wind keeps the humidity from increasing

over the concrete surface

74
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L 1
Combined Effect of

Water Temperature
and

Air and Wind Conditions 48
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Water Vapor Pressure

Water Temperature
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Peak Evaporation is usually in the Fall of the Year

Ken Hover, P.E., Ph.D.
Cornell University 18
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Your wind does not stop
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Lansing, NY - October QG EALLLlZLT s

Evaporation

But what if you heat the concrete?

Lake Superior water balance
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Very Cold Air
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Joseph Janick

Syracuse Snowfall
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Localized Freezing
Rate of Hydration S8
Rate of Setting & N
Slump-loss =
Rate of Strength Gain |
Long-Term Strength |
R
- Localized Freezing |
J (Frostbite) ~ &
Rate of Metabolism |
Hypothermia
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September 1, 2021

98

Cold Injury ~—g—

* Drying, Chapping

* Hypothermia (“Exposure”) =
Reduction in
core body temperature

99

Capillaries in the skin

Warm blood warms the skin...
But cold skin cools the blood

100
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Instinctive Human Brain
* Survivalist to the core!
* Tough manager
* Prepared to make sacrifices

Restricts blood flow to extremities
to save heart, liver, lungs, brain

“Hunter’s Reflex”

September 1, 2021
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Constriction of Capillaries when cold

1. Fingers & toes get numb
2. Valves cycle open (Hunter’s Reflex)

3. Fingers & toes painful

102

Ice formation and cell damage with freezing

103

Ken Hover, P.E., Ph.D.
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Primary damage from obstructed blood flow

104

105

People and

to localized freezing = Frostbite

106
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Concrete Temperature (C)
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110

111
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Effect of Freezing on
Strength Development
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Weighted average temperature of
aggregates and cement, “F
40 50 60
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4 8 12 16 20
Weighted average temperature of
aggregates and cement, ‘'C

Heat Water to
168 F

More water-
reducer:

- Less water

- Hotter water
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“Anti-Freeze” Admixtures

FREEZING POINTS

Tap water
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Control concrete

Antifreeze
concrete

100 200 300 400
Time, minutes

Fig. 19.10—Cooling curves for water, control concrete, and
anti-freeze concrete. (Note: 1°F = 5/9 x °C.)
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“...frost bite can only be prevented
by wearing protective clothing that
prevents hypothermia of the entire
body and protects the feet and

hands.”

117

...or you'll freeze to death.”
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Temperature Variation in Column
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Cold Injury ~—g—

* Drying, Chapping
* Frost Bite
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P
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e e Essamiats of Hypothermia
HYPOTHERMIA

Number One
Killer

of
Outdoor
Recreationalists

“Exposure”

Hypothermia —
HYPOTHERMIA

Lowered “Core” Temperature

Chronic — core temp drops
below 95F, over 6 hours +

Acute --drops in less than
2 hours

Profound -- Core temp drops
below 90F

125

Ken Hover, P.E., Ph.D.
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slow movements, mild confusion

93-90 Violent shivering, difficulty speaking,
sluggish, depression

90-86 Shivering stops, blue skin, confusion
86-82 Rigid muscles, slow pulse and breathing
82-78 Unconscious

78-75 Heart / lung failure, probable death

126

Human Survival Time in Water

B Fast Cool
@ Slow Cool

Way Above Freezing

127

September 1, 2021

Concrete
Hypothermia

Drop in concrete
temperature that
impairs concrete
performance

128

Ken Hover, P.E., Ph.D.
Cornell University
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Concrete Tem

September 1, 2021
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Concrete Temperature (C)
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Concrete Temperature (C)
40

Field
development
slower than
lab cure

Relative Hydration Rate
Compared to Lab Cure

20 40 60 80 100

Concrete Temperature (F)
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120

Field
development
faster than
lab cure
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Concrete Temperature (C)
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Concrete Temperature (C)
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Concrete Temperature (C)
-10 10

Relative Hydration Rate
Compared to Lab Cure

Concrete Temperature (F)
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Concrete Temperature (C)
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Compared to Lab Cure

Concrete Temperature (F)
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Concrete Temperature (C)

Relative Hydration Rate
Compared to Lab Cure

Concrete Temperature (F)
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Concrete Temperature (C)
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Compared to Lab Cure
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Concrete Temperature (C)
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Hydration Rate Relative to Lab Cure
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Hydration Rate Relative to Lab Cure

A

it
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Setting Time Relative to 73F

147

People Concrete

Metabolism Hydration
Temp. controlled Te

Water-based

Drying
Freezing Freezing

Wide range of ‘Wide range of
exposure conditions |59 G

Narrow range of Narrow range of
optimum conditions [ {)iliiUT RO GO

159
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; nhydratd Cement : e

161

A,

162

164

.
T @H?'.m‘ About
70 BTU/Ib

About 190 BTU
per
Ib Cement

Slightly Less than 10% of
Heat Energy input at
Cement Plant returned to
Contractor
(at no extra charge)

Ken Hover, P.E., Ph.D.
Cornell University

September 1, 2021
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Heat of
Hydration

6 Sack Mix =
564 Ib x 190 BTU =

107,000 BTU/CY

167

168

Ken Hover, P.E., Ph.D.
Cornell University
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170

171

4 — 150 W lamps

Adult
exercising
vigorously

Heat evolution rate / W kg~!

Fd. A
180 Ib Human 564 Ib Cement/ CY

150 Watts / Person 640 Watts/ CY

172

Ken Hover, P.E., Ph.D.
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Must trap the heat
inside for it to do the
concrete any good.

173

96 Cement hydrating @ twice lab rate
Setting time cut in half

52 Cement hydrating @ - lab rate
Setting time doubles

33 Cement hydrating @ " lab rate
Setting time 4 times longer

32 Freeze pure water in large pores

Below 32
Increased risk of freezing pore water

174

Influence of
Concrete
Temperature

on

Compressive
Strength

178

Ken Hover, P.E., Ph.D.
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Even more
complicated
Temperature

Effects

179

Concrete Temperature influences:
Rate of Hydration
Quality of Hydrationd

180

Weather and Concrete: ‘Sub-Microscopic Perspective |

d — e

Rate of Hydration
Rate of Heat- Release

Hydration

181

Ken Hover, P.E., Ph.D.
Cornell University
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Weather and Concrgete: Sub-Microscopic Perspective |
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Sub-Microscopic Perspective |

"Maturity
Method”
corrections
. necessary
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Concrete Temperature
NE id
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Higher temperature accelerates formation of bonds,
but reduces quality of bonds

187

Ken Hover, P.E., Ph.D.
Cornell University
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Curing Temperature (°C)
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23'C (73°F) cured concrete

Compressive strength, percent of 28 day
8
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Effect of Concrete
Temperature on Strength

Mix data:
wic ratio: 0.45
[~ Slump: 25 to 75 mm

Air content: 4.5%
[~ Cement: Type |, Normal

(1t03in) o c7

| Curing: specimens

! cast and moist-cured
at temperature

| indicated for first 28

| days. All moist-cured

1 at23°C (73'F)
! thereafter,
1 1 L
3 7 28 90 365
Age of test, days

Kosmatka: Design & Control
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Effect of Low Temperature

Mix djta:
Air content: 4 to 5%

Cemgnt: Type |,
310 kfy/m3 (517 Iblyd3)

Watet to cement ratio = .

-
o
-
Sg
I N
23 K
£3 % ~ Constructability
s o
-3 £
32 ol @ Problem!
T
o (s
J
> 40
3 il Curing:
0 casTand
o moist-curefl at temperature
20 indicated fgr first 28 days.
_ All moist-cyred at 23°C (73°F)
f, (55F)<<=f (73F) thereafter.
0 1 1
At 3 days 1 7 2 90 365
Age at test |days

Kosmatka: Design & Control
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198

Children are at greater risk
than adults

200

201

Ken Hover, P.E., Ph.D.
Cornell University
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ASTM C31-Making Cylinders

10.1.2 Initial Curing— Immediately after
molding and finishing, the specimens shall be
stored for a period up to 48 h in a temperature
range from 60 and 80 °F [16 and 27 °C] and in an
environment preventing moisture loss from the
specimens. For concrete mixtures with a
specified strength of 6000 psi [40 MPa] or
greater, the initial curing temperature shall be
between 68 and 78 °F [20 and 26 °C].

202

205

Ken Hover, P.E., Ph.D.
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Jy
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“Snow-Cure”

“Lay cylinders on side, partially cover with
freshly-fallen snow. Retrieve and test when
Spring comes. Blame concrete producer.”

207

209

Ken Hover, P.E., Ph.D.
Cornell University 48



Minnesota Concrete Council
Cold Weather Concreting

Avava®

D& eV s, N
N .

2 Wu—f i

Standard
Lab Cure

73F

215

e
| Standard Laboratory
‘I- Curing Conditions

216
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Lab-cured test
specimens
evaluate quality
of concrete

as delivered,

Lab Specimens
may not
represent
concrete . -
strength "~ Especially in
in-place _~ cold weather

_— AL

-

September 1, 2021

217

But Field-Cured
specimens
¥ represent neither
the concrete as

o delivered nor the

concrete in-
place

Ll Especially in
K. i cold weather!

220

Recommended Practice
Plan so as to avoid adverse exposure
Pre-placement conference
Modify the Micro-climate

Monitor on site conditions
— Instrumentation

— Watch the bleed water

— Watch the people

Be prepared for changes in the weather

226

Ken Hover, P.E., Ph.D.
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Minnesota Concrete Council
Cold Weather Concreting

Action People Concrete

Start Warm! Hot Soup Hot Water

Warm Aggs
Avoid Drying | Chapstick, Curing
Handcream [0 ELES
Minimize Heat Dress in Insulation
Loss layers
Watch Gloves, Edges,
Extremities scarves, corners,
boots surface
Stay Alert Watch Measure
yourself & Temp. &
friends in.place
strength
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Americans have been doing their best work
in cold weather for 245 years!

Thank you very much
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"Avoiding Injury in Cold Weather: for
Humans and for Recently Cast
Concrete,” by Ken Hover

Concrete International, Vol. 24, No.
11, November, 2002, pp. 49-54.
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