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Concrete ProblemsConcrete ProblemsConcrete ProblemsConcrete Problems
DefectsDefects

Design, materials, construction
Damage

Design, materials, construction
Damageg

Overload, fire, impact, 
chemical spill

g
Overload, fire, impact, 
chemical spill

Deterioration
Metal corrosion, erosion, 

Deterioration
Metal corrosion, erosion, 
freeze/thaw, sulfate attackfreeze/thaw, sulfate attack
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Disintegration

Chemical Exposure
Disintegration

Chemical ExposureChemical ExposureChemical Exposure

Attack matrix – sulfurous acid 
erosion exposing resistant 

large coarse aggregate

Matrix modification – sulfur 
contact alters Portland 

cement paste matrix into alarge coarse aggregate cement paste matrix into a 
semi-gelatinous state
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Operating Conditions

Operating Parameters
Operating Conditions

Operating ParametersOperating ParametersOperating Parameters
Typically the sulfur pit concrete is exposed toTypically the sulfur pit concrete is exposed toTypically the sulfur pit concrete is exposed to 
operating temperatures of molten sulfur 
ranging between 285oF to 315ºF.

Typically the sulfur pit concrete is exposed to 
operating temperatures of molten sulfur 
ranging between 285oF to 315ºF.ranging between 285 F to 315 F.
Temperature gradient exists within the wall 
mass extending from pit interior molten sulfur

ranging between 285 F to 315 F.
Temperature gradient exists within the wall 
mass extending from pit interior molten sulfurmass extending from pit interior molten sulfur 
contact of 300ºF to pit exterior earth contact of 
57 ºF. Actual exterior soil temperatures 

mass extending from pit interior molten sulfur 
contact of 300ºF to pit exterior earth contact of 
57 ºF. Actual exterior soil temperatures 
stabilized during operation reach elevated 
temperatures ranging between 120oF to 130oF.
stabilized during operation reach elevated 
temperatures ranging between 120oF to 130oF.
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Operating Conditions

Operating Parameters
Operating Conditions

Operating Parameters
G d

Operating ParametersOperating Parameters
Roof Slab

Water Table Grade

Ground Pressure Base Slab Steam Coils
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Operating Conditions

Operating Parameters
Operating Conditions

Operating Parameters
Exterior
E th (A t l

Operating ParametersOperating Parameters
Earth (Actual 
Ranges 120oF
to 130oF))

MoltenMolten
Sulfur (Actual
Ranges 285oF
T 315 F)To 315oF)
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Operating Conditions

Operating Parameters
Operating Conditions

Operating ParametersOperating ParametersOperating Parameters
Small PitSmall Pit 
Fluctuating Levels

Deterioration

Large PitLarge Pit 
Constant Level 
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Sulfur Pit Structural IssuesSulfur Pit Structural IssuesSulfur Pit Structural IssuesSulfur Pit Structural Issues
An irresistible force (i.e., thermal growth) 

ti i bl bj t (i d l
An irresistible force (i.e., thermal growth) 

ti i bl bj t (i d lmeeting an immovable object (i.e., densely 
compacted soils and rock).
meeting an immovable object (i.e., densely 
compacted soils and rock).

Cracking
Sulfur Pit Interior

Cracking

Compacted Back Fill
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Operating Conditions

Concrete Material Alterations
Operating Conditions

Concrete Material Alterations
Sulfate & Calcium Ions form Gypsum
(CaSO •32 H O) expands 124% in volume
Sulfate & Calcium Ions form Gypsum
(CaSO •32 H O) expands 124% in volume

Concrete Material AlterationsConcrete Material Alterations
(CaSO4•32 H2O) - expands 124% in volume

Sulfate & Calcium Aluminate form Calcium Sulfoaluminate 

(CaSO4•32 H2O) - expands 124% in volume

Sulfate & Calcium Aluminate form Calcium Sulfoaluminate 
(ettringite) (3CaO•Al2O3•3CaSO4•3H2O) - expands 227% in 
volume
(ettringite) (3CaO•Al2O3•3CaSO4•3H2O) - expands 227% in 
volume

To remedy and reduce the effects of these chemical 
reactions - Use cements with low C3A

Type V Sulfate resisting Portland cement

To remedy and reduce the effects of these chemical 
reactions - Use cements with low C3A

Type V Sulfate resisting Portland cement- Type V Sulfate resisting Portland cement 
- Blends of Hydraulic/Portland cements
- Cement replacements with supplemental

- Type V Sulfate resisting Portland cement 
- Blends of Hydraulic/Portland cements
- Cement replacements with supplemental

Cementitious materials (Flyash, Microsilica, etc.)Cementitious materials (Flyash, Microsilica, etc.)
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Operating Conditions

Operating Parameters
Operating Conditions

Operating ParametersOperating ParametersOperating Parameters

Type VType V

3 - 5,000 psi  >>> 10 - 13,000 psi3 - 5,000 psi  >>> 10 - 13,000 psi, p , p, p , p

Sulfur
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Operating Conditions

Operating Parameters
Operating Conditions

Operating ParametersOperating ParametersOperating Parameters

Sulfur impurities and 
by-products form 
“Carsul”

Sulfur impurities and 
by-products form 
“Carsul”“Carsul” 
“Carsul” settles along 
crevices and base

“Carsul” 
“Carsul” settles along 
crevices and basecrevices and base 
regions
May be mistaken for 

crevices and base 
regions
May be mistaken for 
concreteconcrete
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Operating Conditions

Deterioration Mechanisms
Operating Conditions

Deterioration MechanismsDeterioration MechanismsDeterioration Mechanisms
“Desiccation” of the concrete mass (i.e., “Desiccation” of the concrete mass (i.e., 
removal of excess moisture by high service 
temperatures) causing cracks
removal of excess moisture by high service 
temperatures) causing cracks
Sulfurous acid attack – “acid” generated by 
water leakage into the pit from cracks, failed 
penetration seals or jacketed pipe/coils leaks

Sulfurous acid attack – “acid” generated by 
water leakage into the pit from cracks, failed 
penetration seals or jacketed pipe/coils leakspenetration seals or jacketed pipe/coils leaks
Corrosion of reinforcing steel bar above 
molten s lf r le els in the Vapor Zone

penetration seals or jacketed pipe/coils leaks
Corrosion of reinforcing steel bar above 
molten s lf r le els in the Vapor Zonemolten sulfur levels in the Vapor Zone
Scouring effect of fluctuating molten sulfur 
l l i d il “ ki it ”

molten sulfur levels in the Vapor Zone
Scouring effect of fluctuating molten sulfur 
l l i d il “ ki it ”levels in daily “working pits”levels in daily “working pits”
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Operating Conditions

Deterioration Mechanisms
Operating Conditions

Deterioration MechanismsDeterioration MechanismsDeterioration Mechanisms
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Sulfur Pit Repair FailuresSulfur Pit Repair Failures
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Concrete Repair Is A Process!Concrete Repair Is A Process!
Cause &

Effect
Repair

required?
Condition

Survey
Repair

Analysis
Repair

Strategy
YES

Contractor Methods

S f i

Owner Criteria

U

EvaluateSafetyDefect,
damage or

l Surface repair
l Stabilization
l Strengthening
l Waterproofing
l Protection

l Urgency
l Cost
l Expectations
l Useful life
l AestheticsQuantify

Structural catastrophy

Use disfunction

g
deterioration

TechniquesEngineering &
contractor Issues

Structural reqDocument

Leakage
l Leakage
l Settlement
l Deflection
l Wear

Materials
l Structural req.
l Effect
l Constructability
l Environment
l Safety

Document
Effects on environment

Aesthetics

l Wear
l Spall
l Disintegration
l Crack

P i iti

Preventive maintenance Repair
Prioritize
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Repair Process

Condition Survey Fi ld I i i
Repair Process

Condition Survey Fi ld I i iCondition Survey    Field InvestigationCondition Survey    Field Investigation

Visual InspectionVisual InspectionVisual Inspection 
and Site Survey
Acoustic Impact

Visual Inspection 
and Site Survey
Acoustic ImpactAcoustic Impact 
Testing
Mapping of

Acoustic Impact 
Testing
Mapping ofMapping of 
Significant 
Features

Mapping of 
Significant 
FeaturesFeaturesFeatures
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Repair Process

Condition Survey Fi ld I i i
Repair Process

Condition Survey Fi ld I i iCondition Survey    Field InvestigationCondition Survey    Field Investigation
Ferroscan & 
Standard Rebar
Ferroscan & 
Standard RebarStandard Rebar 
Pachometer Survey
Standard Rebar 
Pachometer Survey
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Repair Process

Condition Survey Fi ld I i i
Repair Process

Condition Survey Fi ld I i iCondition Survey    Field InvestigationCondition Survey    Field Investigation

Ground Penetrating Radar Line ScanGround Penetrating Radar Line Scan

Concrete 
Surface
Concrete 
Surface

Concrete Concrete ReinforcementReinforcement
SurfaceSurface
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Repair Process

Condition Survey Fi ld I i i
Repair Process

Condition Survey Fi ld I i iCondition Survey    Field InvestigationCondition Survey    Field Investigation
Sample ExtractionSample Extraction

Chloride SamplingCore Extraction
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Sulfur Pit Repair ScenariosSulfur Pit Repair Scenarios
Leaking Cracks

Cementitious grouting
Leaking Cracks

Cementitious groutingg g
“Chinking”
Well-points

g g
“Chinking”
Well-points

Surface Erosion
Partial and full-depth removal and replacement
Installation of a “new skin” (i e durability liner)

Surface Erosion
Partial and full-depth removal and replacement
Installation of a “new skin” (i e durability liner)Installation of a new skin  (i.e., durability liner)
Installation of a new structural liner

Corroding Reinforcing

Installation of a new skin  (i.e., durability liner)
Installation of a new structural liner

Corroding ReinforcingCorroding Reinforcing
New rebar replacement & integration with repair 
couplers

f

Corroding Reinforcing
New rebar replacement & integration with repair 
couplers

fIncorporation of corrosion inhibiting admixtures 
into repair materials
Incorporation of corrosion inhibiting admixtures 
into repair materials
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Engineered Repair DesignEngineered Repair Design

Each Sulfur Pit is a uniqueEach Sulfur Pit is a uniqueEach Sulfur Pit is a unique 
structure and should be 
engineered as such

Each Sulfur Pit is a unique 
structure and should be 
engineered as suchengineered as such
Soil sampling and analysis
Structural modeling and

engineered as such
Soil sampling and analysis
Structural modeling andStructural modeling and 
analysis
Partnering between

Structural modeling and 
analysis
Partnering betweenPartnering between 
contracting and engineering
Partnering between 
contracting and engineering
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Surface Repair

Material Selection Criteria
Surface Repair

Material Selection CriteriaMaterial Selection CriteriaMaterial Selection Criteria
Repair material similar to original substrate…

Modulus of elasticity (loads)
Repair material similar to original substrate…

Modulus of elasticity (loads)Modulus of elasticity (loads)
Thermal expansion (Δ temp)
Low drying shrinkage (crack-free)

Modulus of elasticity (loads)
Thermal expansion (Δ temp)
Low drying shrinkage (crack-free)Low drying shrinkage (crack-free)
Chemically resistant to service 
environment

Low drying shrinkage (crack-free)
Chemically resistant to service 
environment

Repair like with like! 
So the repair will behave compositely (“as-

Repair like with like! 
So the repair will behave compositely (“as-So the repair will behave compositely ( as
one”) with the substrate under load
So the repair will behave compositely ( as
one”) with the substrate under load
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Placement Techniques

Roof Slab Soffit – Form & Pump
Placement Techniques

Roof Slab Soffit – Form & Pump
Shoring required to 

support roof slab as
Shoring required to 

support roof slab as

Roof Slab Soffit Form & PumpRoof Slab Soffit Form & Pump

support roof slab as 
flexural steel lacks bond 
with concrete

support roof slab as 
flexural steel lacks bond 
with concrete

Excavation requiring 
undercutting of rebar & 
new bars added as

Excavation requiring 
undercutting of rebar & 
new bars added asnew bars added as 
necessary due to 
corrosion losses

new bars added as 
necessary due to 
corrosion losses

Soffit forms installed 
and concrete placed 
under pressure into

Soffit forms installed 
and concrete placed 
under pressure intounder pressure into 
formwork cavity
under pressure into 
formwork cavity
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Placement Techniques

Roof Slab Replacement – In Kind
Placement Techniques

Roof Slab Replacement – In KindRoof Slab Replacement In KindRoof Slab Replacement In Kind

Full-Depth RepairFull-Depth Repair
Remove 

deteriorated 
roof slab

Formwork at 
base of roof 
slab and dowel 
walls to roof 
reinforcingreinforcing
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Placement Techniques

Form & Pour Wall Repairs
Placement Techniques

Form & Pour Wall Repairs

Form & pour partialForm & pour partial

Form & Pour Wall RepairsForm & Pour Wall Repairs

Form & pour partial-
depth wall repairs via 
“birds-mouth” ports

Form & pour partial-
depth wall repairs via 
“birds-mouth” portsbirds mouth  ports 
employing external form 
vibrators to assemble 

birds mouth  ports 
employing external form 
vibrators to assemble 
formwork and internal 
vibrators to address 

t lid ti

formwork and internal 
vibrators to address 

t lid ticoncrete consolidation 
within formwork cavity
concrete consolidation 
within formwork cavity
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Placement Techniques

Precast Roof Slab Panels
Placement Techniques

Precast Roof Slab PanelsPrecast Roof Slab PanelsPrecast Roof Slab Panels

Predrilled Core 
Holes on a 

Grid Pattern
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Sulfur Pit Repair Construction 
Environment Innovative

Sulfur Pit Repair Construction 
Environment InnovativeEnvironment – Innovative 
Techniques To Accelerate 
Environment – Innovative 
Techniques To Accelerate 

Repair Construction ScheduleRepair Construction Schedule
Use of site built modularUse of site built modularUse of site-built modular 
formwork adjusts to as-
built Sulfur Pit site 

Use of site-built modular 
formwork adjusts to as-
built Sulfur Pit site 
conditions with roof in-
place (atypical Pits)
Port locations & spacing

conditions with roof in-
place (atypical Pits)
Port locations & spacingPort locations & spacing 
assure “port-to-port 
communication” during 

i t i l l t

Port locations & spacing 
assure “port-to-port 
communication” during 

i t i l l trepair material placement 
& adequate consolidation
repair material placement 
& adequate consolidation
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Sulfur Pit Repair Construction 
Environment Innovative

Sulfur Pit Repair Construction 
Environment InnovativeEnvironment – Innovative 
Techniques To Accelerate 
Environment – Innovative 
Techniques To Accelerate 

Repair Construction ScheduleRepair Construction Schedule
Use of panelized modularUse of panelized modularUse of panelized modular 
formwork adjusts to 
Sulfur Pit metrics (typical 

Use of panelized modular 
formwork adjusts to 
Sulfur Pit metrics (typical 
Sulfur Pits)
Panelized forms are 
externally braced (i e

Sulfur Pits)
Panelized forms are 
externally braced (i eexternally braced (i.e., 
form-ties not required) 
works best with roof slab 

d ll i i t l

externally braced (i.e., 
form-ties not required) 
works best with roof slab 

d ll i i t lremoved allowing internal 
& external consolidation
removed allowing internal 
& external consolidation
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Sulfur Pit Repair Construction 
Q

Sulfur Pit Repair Construction 
QEnvironment – Quality Is Job 1Environment – Quality Is Job 1

Implementing an SPIPImplementing an SPIPImplementing an SPIP 
(Sulfur Pit Inspection 
Program) provide 

Implementing an SPIP 
(Sulfur Pit Inspection 
Program) provide 
owner & contractor a 
verifiable audit trail of 
accountability with

owner & contractor a 
verifiable audit trail of 
accountability withaccountability with 
designated 
milestones & hold 
points assuring no

accountability with 
designated 
milestones & hold 
points assuring nopoints - assuring no 
important details  
“fall-through-the-

points - assuring no 
important details  
“fall-through-the-
cracks”cracks”
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ConclusionConclusion

“Devil-is-in-the-Details”“Devil-is-in-the-Details”
Even small amounts of 
deterioration require 

ifi d t ili

Even small amounts of 
deterioration require 

ifi d t ilispecific detailing so 
things aren’t made worse 
while in-service

specific detailing so 
things aren’t made worse 
while in-service
Each Sulfur Pit is unique 
and requires a thoughtful 

li ht d h i

Each Sulfur Pit is unique 
and requires a thoughtful 

li ht d h ienlightened approach in 
order to implement an 
enduring repair

enlightened approach in 
order to implement an 
enduring repairg pg p
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