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Measuring Transport Properties in Concrete:
Lessons Learned and Implications

Jason Weiss, wjweiss@purdue.edu, Purdue University
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Thanks to Those Involved

Need for a New [ PI Tommy Nantung

Approach .
Transpor * Purdue: Castro, Poursae, Castro, Qian, Bu,
viechanisms Spragg, Villani, Olek, undergrads, Weiss

Pore Structure &

st © NRMCA — Obla, Kim, Lobo

Pl < States — FHWA, CO, IA, IL, IN, KS, MI, MN,
Diffusion Using MO, NY, PA, WI

Fick's Second Law _
Electrical Props | REERI Review Tests
RN - || — Evaluate, |1l - Modify Tests
AAlbtpdtcg IV —Correlate Test with Performance
Summary & V — Performance Criteria, VI - Training

Recommendation
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 227 2014

 Galileo in 1638 began “Dialogues
on two new sciences’

« Parent later (1713) got strain
and stress correct but ignored

« Euler and Bernoulli (1750)
put together useful theory
but there was a distrust
that academia could be trusted
for practical applications

 Bridges and buildings
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designed by precedent until the late 19" century

« Students are taught that ‘models’/‘equations’ exist
to describe structural response to load stimuli
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing

Absorption

Summary &
Recommendation
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Today We Have A Stimulus,

Response, and Material Property

Material Property (E)

Stimulus -
Application of a
Force (P)

Response —

Deformation (A)
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Some Quick Thoughts

hsulinalll - Statics, dynamics, strength of materials on

Approach
Transport nearly every campus give students

Mechanisms

—models or equations
Pore Structure & o
Degree of Sat. —boundary conditions and
Gas Transport — material parameters

(Perm & Diff.)

'Diffusion Using ° We genera”y -
Fick’'s Second Law apprOaCh

Electrical Props

Factors of Interest durablllty in a
Accelerated Curing ve ry dlffere Nt Way

Absorpiion * We can improve with a scientific approach

Summary &

Sl © Time Is ripe for our profession to tackle this
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R © 1970's deicing salts become
Approach widely used for clear pavements |

Transport

Wenwessal © US: 8-12 mil. annual tons of salt ==

Seneral © lons travels through concrete,
Degree of Sat depassivates steel, & corrodes
Gas Transport

TRl © Can we write an equation to
Diffusion Using predict when chloride reaches
Fick's Second Law a critical level at the bar?

Electrical Props Deicing Salt Deicing Salt

Photo Credit Dolch

Corrosion
Factors of Interest ) Initiation
o
) Cover 5 g Accumulation Period Corrosion/
Accelerated Curing Cover :‘%’,o 7
c g Corrosion Mai
Absorption S8 Product Darnan
Reinforcing 5 E Build-Up amage
Bar Reinforcing & §
Summary &_ Bar o
Recommendation
Time (Years) Tutt et al.
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Fick’s Second Law For Diffusion

NCIRCIESVCA 1N 1855 Adolf Fick introduced an |
Approach equation (2" law) regarding diffusion §

Transport 2
Mechanisms 6C 6 C
Pore Structure &
Degree of Sat. at - axz
ol * C iSs the concentration, t is time,

(Perm & Diff.) _ o _ _ _ o
X IS position, D is diffusion coefficient
A

Diffusion Using

Fick’'s Second Law Deicing Salt —
- L ©
Electrical Props | o m
Factors of Interest ; 5 olm-——==—=—= -
| = - =
Accelerated Curing O
- Reinforcing <E
Absorption e
Summary &

Recommendation
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Different Modes of Transport

sl © \/\/e have discussed diffusion however there
Aoproah are other modes of transport
Transport

LS - Chlorides from deicing salts and salt water
Pore Structure & penetrate concrete due to different

Degree of Sat.

R —— transport mechanisms:

P & DIiff. .
(Perm & Diff.) — AbSOrpthn )/J‘ 3
Diffusion Using ]
Fick’'s Second Law — Permeation . N J
Electrical Props — Diffusion _—

Factors of Interest _ _ 2 .
Accelerated Curing _ WICkIng “
el © Modifications occur

Summary & due to time, binding, cracking/flaws, curing

Recommendation
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Absorption — Pore Filling

Need for a New FIUld Can be
Approach absorbed into 1 —e— wic =050, 50%RH + Standard cond. |
Transport g 8 —&— wlc = 0.50, 65%RH + Standard cond.
: | —@— wic=0.50, 80%RH + Standard cond. [
Mechanisms unsaturated __g J —B— wlc =0.50, Pre-Sat. + Standard cond. L
Pore Structure & concrete E §- _
Degree of Sat. é
Gas Transport * FaSt When E 4
Perm & Diff. - ] B
( ) comparedto g
Diffusion Using 0
Fick’s Second Law Other meChS & 2 —
Electrical Props | I d) [
Factors of Interest MOdEIed USIng 0 T 1

Accelerated Curing square root of time o 2 4 6 8 10

_ _ Time (days)
S © [ilIs In near surface
Summary & especially if poorly cured very, very fast

Recommendation
Castro et al. 2010
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation
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. AlAP) P g
Q=K== =] »
i
Water,
Salt Water
Cl
>

Pressure Q
Head (h)

Q- Rate of Flow (<)
K — Permeability

Coefficient (cmz)
A —Cross Sectional

Area (cm?)
AP —Pressure Gradient (dcynf‘f)
L — Length (cm)
1 — Viscosity Coefficient (Poise)

Alr
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Diffusion — Concentration Driven

Concentration

Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

R Fluid in Fluid in

(Perm & Diff. Concrete Concrete

Diffusion Using (POre SOln) (Pore SOln)
Fick's Second Law |

Electrical Props X
Factors of Interest C(X t) —C. — (C —C )erf ( j

, S S O [~
Accelerated Curing 2 Dt
Absorption C. —Surface Concentration

Recommentation C,, — Background Concentration
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Wicking Action

P © One side of element is exposed to a soln
Approach that contains ions and the other Is open to

Transport

Mechaniems the air, solution will be absorbed and

eyl Migrate to a sharp wet front near the air
Degree of Sat. su I’face

Gas Transport lonic

LT - \Water will evaporate Solution | ¢
Diffusion Using at a rate determined —

Fick’s Second Law

Electrical Props by VapOr difoSIOn
Factors of Interest and the RH O.I: the ail’

Absorption

— will precipitate out at Q="
Recommendation the evaorative front
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Review of Transport Mechanisms

Need or a New Chlorides from deicing salts and salt water
Approac
" penetrate concrete due to transport:

Transport
Mechanisms

NEUR ° Caplllary sorption — filling of a dry material
Degree of Sat. mainly due to capillary effects

Gas Transport

CUrriam © Permeation — driven by pressure gradient

Diffusion Using

Sopswsspell « [ONIC diffusion — concentration driven,
el iffusion of ionic species

Factors of Interest
el \Vick action — drying on one side of element

Absorption

* Different properties than normally measured
Sl it not strength or slump but can be done
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We Need to Understand Structure
and Sample Conditioning

Need for a New
Approach

Transport
Mechanisms 5 (a0

C S-H Forming
Pore Structure & | AtSurface ofa =
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using

FECERISIEYE el Pores (2-5 nm) — small, independent

Electrical Props of w/c, increase in volume with hydration
RS Capillary Pores (5nm-10 um) — large
Accelerated Curing pores, very dependent on w/c, decrease

Absorption In yolume with hydration, what we control
< Entrained/Entrapped Air — Largest
ummary & ! o
Recommendation pores from mixing, stabilizing bubbles
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Graphical Version of Powers Model
Water to Cement Ratio = 0.50

Neid for a New ° Chemlcal
pproach —
o .
Transport 8\_/ 30 Shrl nkage
Mechanisms
c - Water
Pore Structure & (@) .
Degree of Sat. + 60 Capl I Iary
Gas Transport 8 Pores
(Perm & Diff.) @)
Diffusion Using AR 40 ¢ GE| Water
Fick’'s Second Law e,
Electrical Props E 20 ° Hyd rated
Factors of Interest s F) rod ucts
Accelerated Curing >
_  Cement
Absorption 20 40 60
Summary &

ree of Hydration

Recommendation
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Approach

Transport
Mechanisms
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Degree of Sat.

Gas Transport
(Perm & Diff.)
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Fick’s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

« Transport mainly in
large pores

« Capillary pores are
large and connected

« W/C, SCM and Curing:
Influence Capillary

Porosity
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000 010 020 030 040 050 060 070 080 090 1.00
Water-to-Cement Ratio

Assumes 100% Hydration
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Influence of the Water to Cement

Ratio — Very Very Important

e © 0.42 in sealed system (0.36 water cured)
SUER - Gcl to space ratio cubed (~fc) (W/ updating space)
Transport

Mechanisms K3 lefuswlty scale is on a log scale

1 1 E+011 Cement &
Pore Structure & ) ' scienceDirect Composite
Degree of Sat. 3021 > e o
e £ oid chloride permeability 1
Gas Transport go'e__ £/ 003 0 aviewat i
(Pel’m & D|ﬁ:) ‘g 0.4 ::1E+OO1 %
5 _ £
Diffusion Using 8027 ':8:2)01 S
Fick’'s Second Law 0 - , — e
0 0.2 0. 4 O 6 0.8 1
Electrical Props 100 sy oo o ComentRatio
Factors of Interest S
2 80 1
Accelerated Curing [l
[oX
o
Absorption o 40
5 204
Summary & S :
Recommendation PRARARA AR AR AR ASRA AR AR AARRERARRERRRDY

0.00 0.10 020 0.30 040 050 060 0.70 0.80 0.90 1.00
Water-to-Cement Ratio
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The Role of Water (Degree of

Saturation) in The Microstructure

Need for aNew [ Assume we start with a dry
pproac .

— sample water will attach to the
Mechanisms surface of the pores

Pore Structure &

everresal ¢ As RH increases the water
Cas Transpor molecules begin to develop In
erm ITT.
R layers on the surfaces
'Dn?fusmn Using
bt *© Above RH 45 to 60% RH the
Electrical Props

Factors of Interest water starts to fill in the pores
Accelerated Curing fOI’mIng a mer"SCUS

Absorption ° At 80% RH Caplllal’y pores

Summary &

Recommendation begin to f'” in
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Degree of Saturation and
4 Its Impact on Transport

WTSNY - Transportinthe @ '
Approach .
fluid phase
Transport
Mechanisms depends on the
Pore Structure & VOlume and
Degree of Sat. o
— connectivity of
(Perm & iff) the fluid phase saturated

Diffusion Using

Fick's Second Law TranSpOrt |n the
Sy \opor phase
Accelerated Curing depends on the ’
Absorption VOIume and
S connectivity of
Recommendation the Vapor o hase
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Important Discussion Regarding

the Degree of Saturation (DOS)

Need foraNew  Jig Began with an INDOT Class C Bridge
Deck Mixture (air entrained w/c 0.42)

Transport | 1 |
Mechanisms — 20
Cementitious ] _ _ !
Pore Structure & Matrix <« p..Theoretical Total Porosity |
Degree of Sat. 18 - ® =
+ °
Gas Transport - - .
(Perm & Diff.) Agg Por05|ty - .
+ =16 B
Diffusion Using : : & :
Fick’s Second Law Entrained Air 'g
S 14 — I —
Electrical Props Cementitious | <€ ASTM C942 Porosity o
Factors of Interest Matrix . i
Accelerated Curing + 12 —
i Theoretical Paste Porosity
Absorption Agg. Porosity T T T ST TR T sy F
Summary & L ' | ! | ' | :
Recommendation 0 100 200 300 400
Bu et al. 2014 Vacuum Pressure (Torr)
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Porosity Testing Methods

Need for 8 New ASTM C642 does not measure the
pproac .
complete pore volume In concrete

* The level of vacuum used can be very
sl  important for determining DOS

adieume c ASTM C642 and e ———

(Perm & Diff.) -o- Desorption Isotherm

1 + ASTM C-642 Porosity
'Diffusion Using IOW Vacu u m does ® Porosity From Vacuum
rleics Second Law not fill entrapped/

Electrical Props

Eactors of Interest entrained air voids

Accelerated Curing [ DOS and RH are
Absorption not linearly related

Summary & 0.00

; 0 20 40 60 80 100
Recommendation Castro et al. 2014 Relative Humidity (%)

Transport
Mechanisms

100

o

32 75

|
a
o
Percentage of Pores Filled

211

Water Content
(% Weight of Dry Specimen)
S
]
|
&
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Placing a Sample Under Water Does
Not Provide Complete Saturation

Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Mass Gain (g)

Electrical P Concrete 0.48, 5.0 % Air
ectrical Frops . J B
Eactors of Interest 20 | -0- Immersed Specimens

- — Vacuum Saturated (7 + 2 Torr) Specimens |

Accelerated Curing
Absorption 0 A g ' | ' I ' I '
< . 0 20 40 60 80
ummary . .
Recommendation Immersion Time (days)

Bu et al. 2014
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Need for a New

Approach
Oxygen Supply
Transport Cylinder
Mechanisms =’

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’s Second Law

Electrical Props
Factors of Interest

ik

Pressure vessel and

Accelerated Curing

Absorption sample holder

Summary &
Recommendation Ballim (1991), Alexander and Ballim (1999), Villani et al. 2013
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Hydraulic

Need for a New Jack

Approach

Transport ‘ H H _ .:...
[ FLOWMETER ‘; % .
Mechanisms ' FLOWMETER
4 —

A MANOMETER:
Differential .
Pressure 1

Pore Structure & A

Degree of Sat.

Oxygen Nitrogen

Gas Transport sunpl :
supply 1 - . . supply

(Perm & Diff.)

Diffusion Using
Fick’s Second Law

MANOMETER:
Absolute
Pressure

Electrical Props
Factors of Interest

Accelerated Curing

-

Absorption ZIRCONIA
OXYGEN
Summary & ANALIZER

Recommendation Lawrence (1984), Wong (2009), Villani et al. 2013
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Influence of w/c and conditioning

Oxygen Permeability [m/s ; g 2
Need for a New g y [m/s] Oxygen Diffusivity [m /s]

14 8
Approach 107 T2 %107 7
] ® MO0.30 ] ® MO0.30
Transport 4x10™ — ¢ MO0.40 4x10° A ¢ MO0.40
Mechanisms . A MO0.50 . A MO0.50
A4 ] 'S 8 _|
Pore Structure & 3x107 3 3x107 o A
Degree of Sat. g A .
2x10™ 2x10° —
Gas Transport . ® - °
' - L 4 ]
(Perm & Diff.) 1x10™ 1x10° .
Diffusion Using . O ] o
Fick’'s Second Law DX1UU LN Y Y B OO DX'IUI] I L L Y B O B
Electrical P 20 30 40 50 60 70 20 30 40 50 60 70

Factors of Interest
- Decrease in w/c causes a decreases in gas transport
(reduction of total porosity and connectivity)
- Increase of degree of saturation (DOS) reduces gas
Summary & transport (less pore space is available for gas transport)
Recommendation - : :
Even gel porosity play a role Villani et al. 2013
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Inter- and Intra-Laboratory variability

Intra-Laboratory CV (%) Inter-Laboratory CV (%)
Need for a New 20 20

Approach Il Oxvgen Permeability
1 &) Oxygen Diffusivity 1
Transport 16 16 —
Mechanisms 1 .
Pore Structure & 12 7 12
Degree of Sat. 1 .
8 _
Gas Transport 8
(Perm & Diff.) | |
4 - 4
Diffusion Using ] |
Fick's Second Law %
0 I I |
Electrical Props Lab 1 Lab 2 Oxygen Oxygen
Factors of Interest 8x10™ - Permeability Diffusivity
4 #% 50%RH
] @ 65%RH
Accelerated Curing .. . Thisvariation can be attributed to
Absorption N variations in pressure in the testing
 Summary & we . device (at first step)
ecommenaation 0 1 2 3
! 1/P [atm ] Villani et al. 2013
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Influence of Pressure Rederived from

Fundamental Principles (Villani 2014)

Need for a New Current Formulation Proposed Approach

Approach o
Used by many Darcy’s Law (compressible fluids)

Transport * Non unique k value k OP
Mechanisms vp = —— —
poMWlg, Po W 0z
Pore Structure & sA = n

Degree of Sat. RTALA Py

Ideal Gas Law

_ MV, P
GaS Trans po rt 4 —— MO0.42 - 50% RH - Pi=251325 Pa - Model m =

. 5 . R
. - < M0.42 - 50% RH - Pi=251325 Pa - Experimental
(Perm & Diff.) 2.8x10° - % RH - Pi= peri RT
O M0.42 - 50% RH - Pi=201325 Pa - Experimental
A M0.42 - 50% RH - Pi=151325 Pa - Experimental

Continuity equation

d
—p+vaD =0

Jt
¥

Intrinsic Permeability

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Pressure [Pa]

Accelerated Curing

Py
Absorption B atanh (?) -y
g km - b
Summary & 1.2x10° +——————F—————T7——— xt (1 + ﬁ)
Recommendation 0 100000 200000 300000
Time (s) Villani 2014

April 22nd 2014 Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu © Slide 27 of 60



Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

Interesting Aside Regarding

Fluid Properties

can influence transport (activity)

« Salts also alter surface tension and viscosity of
the fluid which can change sorption rates

* Reactivity Is also important (Farnam in prep)

(=]
o~
S

Mass of Solution/OD mass w/o salt

Villani et al. 2013

16
1 - 16.0% CaCl,
4 - 15.0% MgCl,
12_‘ B 17.5% NacCl
1 - Deionized Water
8 = P
i -
- * ! ot ¥
] e i.----"". %
4 o & X
T el .ar.""'*/
‘.,_.n"" ol
._/*/_Mk_,—at/
0 LI T I L T [ T T I L | T l T T
0 20 40 60 80 100
RH (%)

Viscosity (Pa-s)

Salts alter the degree of saturation which in turn

0.01
@ NaCl- Experimental
1 & CaCl,- Experimental
W MgCl, - Experimental [ |
0.008 4 Nac1-Model *
CaCl, - Model
1 - - Mgc1,- Model Ky
0.006 — |
1.= Ly/2 : . y2
T = Nwater 1+ Cl Vsalt + CZ Vsalt + C3 Vsa]t
0.004 —
| 4
0.002 — - o
o
0 | | T

10
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Chloride Ingress

Fick’s Second Law

ALl © Concrete protects steel from deicing salts

Approach

Transport .
Mechanisms Delcmg Salt
Pore Structure &
Degree of Sat.
Gas Transport Cover

(Perm & Diff.)

Diffusion Using
Fick’s Second Law

Reinforcing
Bar

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

Loading due
to Exposure
X Cx —Co
1 erf(m) ~ Cs—Co
Material and
Geometry

X - distance from surface
t - time
C - chloride concentration

D is a material property that
describes the diffusion rate
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Ficks Second Law ASTM C 1556

Need for a New Epoxy Immersion Grinding
Approach C 0 atl n g :

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’s Second Law

Electrical Props
Factors of Interest

Accelerated Curing

% Chloride

Absorption

Summary &
Recommendation

10 15 20 25
Depth (mm)
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Ponding Results C ol
Need for a New Dypp and Cg are clearly 7+ [ &
ppreach not material properties oncenon i sl in
Transport ] ] ' _
LS © Concentration, Time,
Dearootomt Seawater Concentration,
—— and Co-Present lons o 2
(Perm & Diff.) ] . - >
« Take substantial time R IR

Diffusion Using Duration of Immersion {Days)

GERELLUIE  and effort to perform
1 2
0.8 2.0 o
: 2.0 0.8
Electrical Props = ~ OH- 1 ~ OH £
2- 2 o i I @
Factors of Interest EAEE = SO, 6 * SO, T 154 Y
® 0 % N
. # 0.6 T ') =
Accelerated Curing 3 = 1o £1.0 F049
-~ o (] -
- g 05 F 0.5 -0.2 Bge
Absorption 2 9 s ' =
£ 04- ' | ©
o"' | 0.0 — T T T T 1T 1T ™ T 7 0.0
Summary & 03 oad 00 02 04 06 08 10 1.2
Recommendation 00 02 04 06 08 10 00 02 04 06 08 10 CI- Concentration (mol/L)
Copresent Anions (mol/L) Copresent Anions (mol/L) Bu et al. 2014

April 22nd 2014 Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu © Slide 31 of 60



Where Do We Find Tests

Need for a New [ Much ||ke |ndiana

Approach

Transport we seem to be on

viechanisms the impossible
fitsbriill scarch for the
Gas Transport “h Oly g ra| I,,

(Perm & Diff.)

e ¢ \\/e want a test for
Rl  transport (or durability) that is fast,
Electrical Props

Iwbvilud  accurate, inexpensive easy to interpret
Accelerated Curing bUt |t aISO needS tO be SC|ent|f|Ca”y Va“d

Sl © \We think that electrical measurements
sl Can be a significant part of this approach

April 22nd 2014 Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu © Slide 32 of 60



Nord Test and Stadium

Asiciiealll *© TWO popular tests that are belng used in
Transpor service life modeling o n R
iechanisms (Nord Test) and (Stadium) - ..

Pore Structure &
Degree of Sat.

2.0x10™ — =" 8.0x10™
Gas Transport . 3 E i
. — N E _ ’
(Perm & Diff.) T ) 6x101 — g i o
E ] E 6.0x10™" — °
Diffusion Using = . 7 Y . g i A
. o ®
Fick’s Second Law [-RESlinley b : N
= i g . .
_ 2 ] g 4.0x10™ — N
Electrical Props C ¢ ox107 — g i
Factors of Interest [l . ~ -
w _ z _
_ = o S 2.0x10M —
Accelerated Curing A 4.0x107 — 4 28 days curing g ] @ 28 days curing ke
. @ 56 days curing 'E 4 @ 56 days curing
. i A 91 days curing = 1 A 91 days curing
Absorptlon 0.0x10° LI N I U 0.0x10° T T T [ T T T T T 11
03 035 04 045 05 055 03 0.4 05 0.6

Summary &

_ wic (-) wic ()
Recommendation

Villani et al. 2014
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation
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Electrical Methods
Food For Thought

IsKa
material
property?

Voltage/Area

“p RA
>

>

Current
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yeerrereral ©  Using resistivity, while | prefer
Approach . . . .
conductivity, tests in practice
Transport
Mechanisms that have 1
Pore Structure & d|SCUSS|On N p ,0 —

Degree of Sat. O

Gas Transport

GUEEIPNE © Assume the only conductive iomet ,
il Dhase is the fluid and the resistivity of the
BRI concrete is the product p=p 11
Rabb Y  of resistivity of solution ° ¢ B
Sl and the formation factor (inverse porosity

oy and connectivity) (solutions exist for other

Recommendation conductive phases Weiss et al.)
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Rapid Test Methods

Asisinalll © Uniaxial, surface,
pproach
— embedded, qnd
Mechanisms RCPT electrical
Pore Str re &
Dearce of Sat measurements
Gas Transport a” y|e|d reSUItS
(Perm & B that can be
Diffusion Using .
Fick’'s Second Law dlreCtIy
Electrical Props Compared |f 3.0% 0.3M

Factors of Interest 7'%% NaOH C;Zr:rr;tzsh
rccelerated Curing done properly 1™ S '
SSECUm © Proper reporting | o Q= j Y gt

Summary & IS essential on PK

Recommendation Coating
To-Lead To+ Lead
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

Electrical Resistivity

(Q2m)

Comparison of Different

Manufacturers

40 ; Embedded
Solatron
| —e— Surface, Proceq
30 — --+-- Uniaxial, Miller
--®-- Uniaxial, Proceq
i --a-- Uniaxial, RCON
20 - -¥-- Uniaxial, Solatron

ke

A Miller}q-“*_w@

400 * Proceq

= RCON

|—*—Solatron

1 RCON, Phase
--=--Solatron, Phase

Q

3]

c

£8 dooc
= cr-.,-E]-L-\:t_—\
o

E

10

10* 10°
Frequency
(Hz)

10" 10° 10'

10* 10°

2P 20

-¢-- Low Battery Errors

Phase Angle
(deg)

10° 107

O+——F—
0 20 40

100

Age of Specimen

(Days)
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Relationship Between

Q (Coloumbs) and Resistivity (p)

skl © Many relationships have been developed
over the years (the black - theory) Q=Tp—idr

* While all have a reasonable shape, details

Transport
Mechanisms

Pore Structure &

Degree of Sat. are ve ry 6000 Ty 3400 \‘\ \'1 \
Gas Transport important ' 577 | \
(Perm & Diff.) h — 4000 L 3000 - —\:
Diffusion USing W en One g’ | \ E 2800—— \ \. \\
Fick’s Second Law I : A
triesto & o AL

Electrical Props - 2000 -
Factors of Interest use thIS
1 b
Accelerated Curing N SpeC S

Absorption ° Explored
Summary & reasons for this Resistivity (kohm-cm)

Recommendation
Spragg et al. 2013
April 22nd 2014 Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu © Slide 38 of 60

2 4 6 8 10 12
Resistivity (kohm-cm)

o
N
o
N
o
()]
o
(o]
o

100



Parallel Law Modified

VPSRN © Considers pore fluid as the
Approach only conductive phase

Transport

Mecharisms  Pore fluid (capillary, gel pores)

Pore Structure & 1
Degree of Sat. Pruk = Prore ", = Prore ° F

¢IB Agg
Gas Transport Air Cem CSH  Pore fluid

(Perm & Diff.) . o
PBulk- concrete conductivity (S/m) — -l _‘ §

Diffusion Using 1018 1012

Fick's Second Law Ppore- POre solution conductivity (S/m)

Electrical Props ]
A 8 [: Formation Factor

Accelerated Curing ¢ pore volume fraction
Absorption

Summary & ﬂ' avg. liquid connectivity (describes

Recommendation liquid tortuosity and constrictedness)
(Garboczi 1990, Christensen et al. 1994, Rajabipour 2006)
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From Resistivity to Diffusivity

Nernst Einstein Relationship

Need for a New i Walther NemSt
Tp"p“ (1864-1941)
R - German physical

fhsbeiiall  Chemist/physicist

e cial ¢ \\/on1920 Nobel Prize

(Perm & Diff.)

Diffusion Using pPore _ Di _ 1

Fick’s Second Law [ Table 1 — Diffusion coefficient of various

g species in free water pB Ik D_,Ll F
Electrical Props f Species DF d !
Factors of Interest - | (10" m%s)
_ OH’ 5.273 | D. = DX. Prpore
Accelerated Curing Na' 1.334 i~ i
. K 1.957
Absorption i SO 1.065 Peuk
Summary & CI 2.032 D = D-ﬂ . ¢ﬂ = D-ﬂ C—
Recommendation Mo’ 0.706 | ! ' I F
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Components of Variation

— 2 2 2 2 2
Nei?)[f)org:ctlew Ototal = \/Jmachine + Joperator + Omaterial + Jproduction + quring

Transport
Mechanisms

Machine/Operator/Material

— Traditionally estimated
Pore Structure &

Degree of Sat. in a single lab as 0.5 P ——
Gas Transport — 3-4% (Purdue, LaDOT) = 041 e
N - Production : s RN
Bt oorcnunenused .|
Electrical Props as a QC/QA tool g 0.1 // \\
Factors of Interest — Dependent on N \
Accelerated Curing contractor quality 0'016/' s 20 ' 99 ' o4 ' 26 ' 08
Absorption — 10% is a typical value Resistivity (Q-m)
Summary & « Data shown is from a central mix plant with one
Recommendation mixture run frequently, low variation Spragg et al. 2012
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Components of Variation

Attention to Curing is Critical

Need for a New AASHTO RR (12)
BN - \Vithin-lab: 4.36%
Mechanisms — Machine/Operator/

Pore Structure & I\/Iaterial
Degree of Sat.

GasTransport d MUItI'Iab. 13.22% o_ —— ]

—T '
(Perm & Diff_) 0 20 40 60 80 100

-
N
]

Electrical Resistivity
p (kohm-cm)
[+ ]
L

— Machine/Operator/ o Age (days)
. . _ )
Conuson Using Material and curing -
Electrical Props — Believed Curing ‘%E
Factors of Interest Variation: 12.5% §§
Accelerated Curing . % i
_ « State Variation @
Absorption |
Shown (top young, 0

Summary & 0 40 80 120 160

Recommendation bottom old samples) N Spragg et al. 2013
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Incorporating Aspects of Curing

CHcacl © Spragg developed a program to
. investigate factors that could

influence curing (not discussing

sl tcmp or RH here that change DOH)

Gas Transport

(Perm & Diff.) p — p:‘) . F . f(S) . f(TTesting) . f(Leach)

Diffusion Using

GESEUETl o o is the resistivity at an equivalent age t. yivaient

Transport
Mechanisms

Fgﬁgtrgcoi' mrors I p, . pore solution resistivity at saturation
Jumam [ (S) saturation function
Absorption o [(Ttesting) testing temperature correction
Summary & e f(Leach) leaching function

Recommendation
Spraqgqg et al. 2013
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

 Weiss et al. (2012) approach accounted

Electrical Resistivity

Saturation

for loss of fluid, concentration of ions, and

change In path, express
1

these

(Q-m)

20- ©® Experimental
) Predicted, m = 4.3
---- Predicted, m +/- 1.0

0o+———
80 84 88 92

Degree of Saturation
(%)

T
96

100

Normalized Conductivity

o
[EEN

0.01

0.001

lon colmbinles

; I
il .o |
e /
F .- s F
. - s -
] -7 - I
i o - 5
7
= E 3
i .- e Data -
i ----- f(S)wheren=4 }
4 — - — f(S)ywheren=5 T
1 1 1 I 1 1 1 I 1 1 1
40 60 80 100

p =p, F-f(S) 'f(TTesting) - f(Leach) at Lequivalent
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Relative Humidity (%)
Weiss et al. 2013
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Testing Temperature

Need foraNew [ Activation Energy of _ e
pproac _ z
Conduction (test temp) P o]
Transport e E
Mechanisms Rajabipour et al. 2007, Sant et al.2007 :g |
Pore Structure & Pr, ef E a—con 1 1 : ] e
D f Sat. = ex —_——

o p p R T TO 00 | 2|o | 4|o | 60
Gas Transport Testing Temperature
(Perm & Diff.) . . (C)

'Diffusion Using * In the paSt we nOt|Ced 3 ‘_—:g:reesom
Rkl  differences between s

Electrical Props _ ] 5S40
DU ¢ \/aried the solutions 5 o
Accelerated Curing — Pore Solution: 9-12 kJ/mol = | <

0.003 0.0032 0.0034 0.0036

Absorpiion — Bulk Sample: 20-25 kJ/mol

(1/K)
Recommendaton * Spragg et al. 2013
p =Py F f(S) f(Tresiing)  f(Leach) at tegyivatent
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Leaching During Storage

S © Many people think of CH leaching

Approach

Transpor  However we are worried
iechanisms about alkali leaching

Pore Structure & ]

EREN © Cement pore solution

(perm & DIt — OH-, K*, Na*

Diffusion Usi - ~ — .
Fick’suégcr:]onzrligw p ~ 40 100 m Ohm m
e el © Standard Solution
Factors of Interest
Accelerated Curing - CaOH2 (CH)

Absorption - p = 1000 milli ohm-m

Summary &

LSOl - Measured storage solution
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

Importance of Accounting for

Several Factors

Formation
Factor — 420
Top figure
shows direct
measurement

Bottom has
corrections
applied for
temperature,
lonic strength,
saturation,
and leaching

Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu ©

Uncorrected Formationn Factor

Corrected Formationn Factor

2,000

1,600 —
1,200 —
800 —

400 —

il

2,000

Conditioning Methods

1,600
1,200

800

400 —

T K

Conditioning Methods

I Lime Water, 23C

Lime Water, 45C

Pore Solution, 23C
Pore Solution, 45C
Sealed

I’/ ]Vac Sat: Pore Solution
R Vac sat: Lime Water
lonic Diffusion Test

I Lime Water, 23C

Lime Water, 45C

Pore Solution, 23C
Pore Solution, 45C
B scaled

Vac Sat: Pore Solution
Vac Sat: Lime Water
lonic Diffusion Test

Spraqgqg et al. 2013
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Accelerating Curing Time

Crce © Many materials we test
pproac ]
oo take a long time to show
Mechanisms benefits (91 d)

Pore Structure &

sl © \\Ve frequently want to
Gas Transport Speed thIS t|me Up

(Perm & Diff.)
) . VTRC/NRMCA method  w

Diffusion Using —a— lime, conventenial
Fick’ S d Law . > 1—=—Ilime, accelerated
B ¢ Lime water 7d, 23C  § =
Electrical Props 8
Factors of Interest fO”OW@d by 21d, 38C %S_ 80
animalll © T equivalent 56d B
Absorption * Appllcatlon On the rlght 00 | 3I|EOQUiIva‘ISe|:)nt.Il\gzloofISp1e%:?m;en1é0 | ®

(Days)
Bu et al. 2014

Summary & shows difference ~25%

Recommendation
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Accelerated Curing Effects

Need for a New Transport testing and service life prediction
pproac .
usually performed on specimens of later age
Transport
Mechanisms (91 dayS). E, 1 1

R T T
Pore Structure & t = rt
Degree of Sat.

T Same maturity (DOH) could be achieved
(Perm & Dift with shorter time using a higher curing

- . . 200
Diffusion Using tem perature = ' T_50|0C
Fick's Second Law 160 . )
(]
Electrical Props §120_
Factors of Interest 91 o E =137
Accelerated d é 807 kj/ |
Curing ays 2 40_' Mo
Absorption 23 C ] L | [
0 1 | 1 1 1
10 20 30 40 50 60
Summary & d ayS Curing Temperature (°C) Bu et al. 2014

Recommendation
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Need for a New Solid Low - \ Solid

Approach DOS DOS T
Transport
Mechanisms
Pore Structure & ‘
Degree of Sat. ~Ir \
\

Gas Transport
(Perm & Diff.)

« Examined normal and accelerated curing

Diffusion Using - .
Fick's Second Law with samples at different temperatures
Electrical Props that were sealed/saturated

Factors of Interest

Accelerated Porosity (%) DCI' (10_11 m?/s Saturated
Curing NA-Wet 16.4 3.66 SENTER

Absorption AA- Sealed 16.3 3.71 24%

Summary & AA- Wet 17.5 4.81

Recommendation Bu et al. 2014
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated
Curing

Absorption
Summary &

Recommendation
April 22nd 2014

Further Comment on Saturation

2.2

Resistivity (kQ-cm)

§—§\§\¥

%

Concrete 0.48, 5.2 % Air
-+- Resistivity of Imnmersed Specimens
— Resistivity of VS (7 + 2 Torr) Specimens

1-4 T I T I T I T
0 20 40 60
Immersion Time (days)

0.8 !
s
5 0.76- o -
< e For entrained
% 7.‘-‘"“ o n - 1-5 -
5072 .- Yo, . air systems

C

& =f(S)=S

0.68 : < : :

0.8 0.81 082 083 084 085

Degree of Saturation

Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu ©

Immersed Air voids

Samples saturation
Cl- .o — .Q

. O °°, o o °°

Water Content
(% Weight of Dry Specimen)

gaz—u L4111
-~ Desorption Isotherm
1 + ASTM C-642 Porosity
® Porosity From Vacuum
6.32 —
4.21 4 —

N
-—
—
]

0.00 e B
0 20 40 60 80 100
Relative Humidity (%)
Bu et al. 2014
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated
Curing

Absorption
Summary &

Recommendation
April 22nd 2014

Mixture Acceptance

 Before construction to .
“qualify mixture”

e Time to corrosion .
— Absolute value of D

* Development of master -
curve data
— strength v time
— resistivity v time

[k

Quality Control

Measurements during
construction

Test with good
repeatability

Easy tests allow for large
sample size, statistical
information as well

Ju0
00
gal
oes
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Need for a New
Approach

Transport
Mechanisms

Pore Structure &
Degree of Sat.

Gas Transport
(Perm & Diff.)

Diffusion Using
Fick’'s Second Law

Electrical Props
Factors of Interest

Accelerated Curing
Absorption

Summary &
Recommendation

April 22nd 2014

Degree of Saturation and Air

« Mass increase like
ASTM C-1585 can
tell something; but

* Degree of saturation
IS more important
(Castro et al 2012)

* Also, recall that not
all fluids are water

X(r) = \/4kycos(6?)r
gnr

Slides Prepared by W. Jason Weiss, wjweiss@purdue.edu ©

S (%)

Time (d)
0 4 16 36 64

1q0 1?4 1?6 256

4

0+

31% Paste Air
9% Conc. Air

12% Paste Air
4% Conc. Air

0 4 16 36 ﬁ4

114 1?6 266

80

40

1 Lietal 2012

12% Paste Air
4% Conc. Air

31% Paste Air
9% Conc. Air
To Reach 88%

4% Conc Air — 0.4 years
6% Conc Air — 6 Years
8% Conc Air — 6 Years

10 12 14 16

Li et al. 2012
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Degree of Saturation and Air

Need fora New Here we see the development of damage
when the concrete has different DOS

 Thisisonly ™7 %
Pore Structure & 1

Degree of Sat. 6 CyCIES 0804 12% Paste Air
4% Concrete Air

Gas Transport )
(Perm & Diff.) * Each CyCIe 0.60 - 31% Paste Air
8% Concrete Air

Transport
Mechanisms

o

Diffusion Using IS a 10 tO o 1
Fick’s Second Law 20% 040 | EE

E

Electrical Props

Factors of Interest dECI’e ase 0.20 -
= Lietal 2012

Accelerated Curing [ Cr|t|Ca| DOS
_ 0.00 —+———"+—"1T"—+—7+——1— — ;
Absorption 86 % or so 75 80 85 90 95 100
Summary & Degree of Saturation (%)
Recommendation (Fagerlund1986)
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ASTM C 1585 - A Good Test with a

Few Modifications

it - \odification 1 - how the sample is
Transpor conditioned is important, the

Mechanisms

- 160 4F———t v o et 0w e
Pore Structure & Cu rre nt rap I d 1 m  s0%rH
Degree of Sat. 1401 @  65%RH
procedure | & o
Gas Transport g . 12.0 - ¢ Standard Cond.
(Perm & Diff.) does not ggm 10.0 ]
Diffusion Using ? £ '
Fick’s Second Law appear tO < mE 8.0 ] .
Electrical Props prOV|de a E 8 ©.01
Factors of Interest _ [= 40 4 i
Accelerated Curing CO n S I Ste nt 20 ] E‘/l/;/} .
Absorption p0| nt to 0.0 ] —— & |
030 035 040 045 050 0.55

Summary &
Recommendation Start teStS water/cement
Castro et al. 2010
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ASTM C 1585 - A Good Test with a

Few Modifications

Need for a New L o - Time (d)
Approach ¢ MOdIfICatIOn 2 — 4_" § 18 3 & 100 194 196 2%

31% Paste Air

Transpor the test is likely

Mechanisms

Pore Structure & better If One
Zng‘:tt considers both
(Perm & Diff) the rate of abs. T T T e &

- . . T dD.S
Diffusion Using ime (d*9)

Fick's Second Law (as currently done) C e

100
1 Li et al. to be Submitted

Electrical Props and the total degree ..

Factors of Interest

Accelerated Curing Of Saturathn a.t ;Zeo
Absorption a glven tlme .

Summary & 20

R 0 2 4 6 8
Recommendation Time (d%9)

12% Paste Air

Absorbed Water | (mm3/mm2)

12% Paste Air

.—-_'—-'-_-

31% Paste Air

To Reach 88%

4% Conc Air — 0.4 years ,
6% Conc Air — 6 Years
8% Conc Air — 6 Years

T T T T T

10 12 14 16
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Summary and Recommendations - 1

Needfora New I Durabllity can be considered using new
equation/mechanism based approaches

e I Permeabillity used but absorption, diffusion,
Degree of Sat. permeation & wicking are more descriptive
il + The role of sample conditioning and
Diffusion Using degree of saturation appears to be
Bl  Linderappreciated when considering tests
Factors of Intores — ASTM C 642 is not a measure of total porosity
b Ll  — A DOS/vac saturation test should be considered
Absorption — ASTM C 1585 should be DOS based

Summary &

sl — \1any tests have confusing prep/do not match

Transport
Mechanisms
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Summary and Recommendations - 2

Rt - Gas Diffusion — Equation Clarified

Approach

Transpor « Gas Permeability — Equation Rederived
Mechanisms . ; . .
Pore Structure & ’ FICk S Second LaW (lefUSIOn) _ DAPP and
Degree of Sat. Cs depend on concentration, time,
Gas Transport reactivity, and co-present cations

(Perm & Diff.)

el © Electrical properties
Fick's Second Law L . il
ectical Props —resistivity is a material property (geometry)
Factors of Interest — teSt temperatu re
Accelerated CLring —degree of saturation
Absorption . . .
—Ionic leaching
Summary & ) . . . ‘-
Recommendation — curing can have major impact on variability
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Summary and Recommendations - 3

Need foraNew  Ji§ Accelerated Curing
pproac _ _
Fransport — Maturity Method Can Be Applied

Mechanisms — Accelerated Aging Causes Differences —
Pore Structure & Suggest Sealed Samples (low Pressure)

Degree of Sat.

enweal ° | csting Confusion
Perm & Diff.
;,ﬁ . _) — Several Tests Performed on Saturated
Fiok's Second Law Samples; However Results are Compared with
Electrical Props Partial Saturation from Lab or the Field
Factors of Interest . . g .
recotorated cume 1 Proposing Standards and Modifications
Absorption « Suggesting a Qualifying Test and a
Summary & Consistency Test Be Considered

Recommendation
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