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Cement hydration is a highly exothermic process



Example: Hoover Dam

 Built 1932 - 1935

 More than 5 million yd3 of concrete

 Equivalent to 2 lane road coast to coast 

(w/sidewalks)

 600 miles of 1” steel cooling tubes

 100 yr estimated cooling



Drilled Shafts

• Cast-in-place 

concrete deep 

foundations

• 3 – 30 ft. diameter

• Up to 300 ft. deep

• Group or mono-shaft 

foundations

Background



Why Test Shaft Integrity?



Thermal Integrity Profiling (TIP)



Yield plot converted to 

effective diameter



Yield plot converted to 

effective diameter

Measured temperature profile





q= 𝒇(𝒕, 𝑻)
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T = temperature

t = time

xyz = rectangular coordinates

k = thermal conductivity

ρ = density

Cp = specific heat

q = rate of heat generation

Governing Equations

General Heat Equation
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The α-β-τ Model

𝐸𝑎 = 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝐸𝑛𝑒𝑟𝑔𝑦

𝑇𝑟 = 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝑅 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 

𝛼𝑢
𝛽
𝜏
= 𝑆ℎ𝑎𝑝𝑒 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠

𝐻𝑢 = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐻𝑒𝑎𝑡

Concrete Heat Generation

(Schindler & Folliard, 2002)



COMSOL® Model

Geometry

Governing 

equations can be 

applied to 2-D or 

3-D geometries



𝛼𝑢 = 𝑓(  
𝑤
𝑐𝑚 , 𝐶4𝐴𝐹,𝑁𝑎2𝑂𝑒𝑞 , 𝐹𝐴,𝑊𝑅𝑠)

𝛽 = 𝑓(𝐶3𝐴, 𝑆𝑙𝑎𝑔,𝑊𝑅𝑠)

𝜏 = 𝑓(𝐶3𝑆, 𝑁𝑎2𝑂, 𝑆𝑙𝑎𝑔, 𝐹𝐴,𝑊𝑅𝑠, 𝐴𝐶𝐶𝑠)

𝐻𝑢 = 𝑓(𝐶3𝑆, 𝐶2𝑆, 𝐶3𝐴, 𝐶4𝐴𝐹, 𝑆𝑂3, 𝐹𝑟𝑒𝑒 𝐶𝑎𝑂,𝑀𝑔𝑂)

𝐸𝑎 = 𝑓(𝐶3𝐴, 𝐶4𝐴𝐹, 𝑆𝑂3, 𝑁𝑎2𝑂𝑒𝑞 , 𝐹𝑖𝑛𝑒𝑛𝑒𝑠𝑠, 𝐹𝐴, 𝑆𝑙𝑎𝑔, 𝑆𝐹,𝑊𝑅𝑠, 𝐴𝐶𝐶𝑠)

Empirical correlations used to estimate α-β-τ model parameters:

(Schindler, 2005; Ge, 2006; Poole, 2007)

COMSOL® Model

Materials - Concrete



𝒌 = 𝒌𝒖𝒄 𝟏. 𝟑𝟑 − 𝟎. 𝟑𝟑𝜶

𝑪𝒑 =
𝟏
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𝑾𝒄𝜶𝑪𝒓𝒆𝒇 +𝑾𝒄 𝟏 − 𝜶 𝑪𝒄 +𝑾𝒂𝑪𝒂 +𝑾𝒘𝑪𝒘

𝑘𝑢𝑐 = 2 − 3
𝑊

𝑚 ⋅ 𝐾

𝐶𝑟𝑒𝑓 = 8.4𝑇 + 339

COMSOL® Model

Materials - Concrete

ρ= 𝑾𝒄 +𝑾𝒂 +𝑾𝒘

• Density

• Thermal Conductivity

• Specific Heat

(Schindler, 2002)



(Arya, 2001)
(Incropera and 

Dewitt, 2002)

COMSOL® Model

Materials - Soil



Dry
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COMSOL® Model

Physics – Heat Transfer in Solids

Initial Values

Soil Domain = Ambient soil temperature

Concrete Domain = Ambient air temperature

Boundary Condition

Constant temperature at soil domain edge

Heat Source

Concrete: q= 𝑯𝒖
𝝉
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COMSOL® Model

Physics – Coefficient Form PDEs

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐴𝑔𝑒, 𝑡𝑒 = 

0
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𝑒
−
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𝑅
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1
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𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛, 𝛼 =
𝐻(𝑡)
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= 𝛼𝑢 ⋅ exp −
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PDE 1:

• Note: Initial values 𝑡𝑒 = 1 and  
𝑑𝑡𝑒

𝑑𝑡
= 1

PDE 2:



COMSOL® Model

Solver Configuration

Time Dependent Solver with segregated steps:

• Step 1: Equivalent age, te

• Step 2: Degree of hydration, α

• Step 3: Temperature, T



COMSOL® Model

Results

Radial heat distribution is

bell shaped with peak

temperatures occurring at

the center of shaft and

radiating outwards into

the surrounding soil.







COMSOL® Model

Results
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Model results also show that

the longitudinal temperature

distributions in a shaft can be

closely approximated by a

hyperbolic tangent function.



Case Study

Drilled Shaft

Upper Diam. (cased) = 54”

Lower Diam. (uncased) = 48”

Change in soil strata (and

construction procedure) at 12ft

depth caused unexpected

anomaly in thermal profile.



Case Study

Model data vs. Measured data
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Conclusions

• The use of COMSOL® numerical modeling has been shown to be an 

effective tool in simulating concrete hydration behavior and an aid 

Thermal Integrity Profiling of drilled shafts.

• Modeled parametric studies provide insight to general thermal 

relationships in foundations.

• 3-D models used for advanced analysis of shafts with anomalies.

• The same governing equations and COMSOL® applications can used 

for analyses where excess temperature control to prevent thermal 

stress cracking is a concern.
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Questions?


