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Toward Performance Specifications for Concrete Durability:  33 

Using the Formation Factor for Corrosion and Critical Saturation for Freeze-Thaw  34 

Jason Weiss, Tyler Ley, Burkan Isgor, Tom Van Dam 35 

Abstract 36 

This paper discusses the development of a conceptual framework for the specification of 37 

concrete durability using performance modeling concepts.  Specifically, the approach will relate 38 

acceptance tests, material properties, degradation models, limit states, and reliability.  When 39 

implemented, this approach can be used for a variety of distress mechanisms; examples are 40 

provided for two specific distresses.  In the first example, the formation factor is used to describe 41 

the transport of chloride ions that indicate the onset of depassivation and corrosion in a 42 

reinforced concrete element.  In the second example, a sorption based model is presented to 43 

describe performance of concrete in a freeze-thaw environment.  While the test methods will 44 

need to be refined and models will require further calibration based on rigorous evaluation and 45 

improvement in the coming years, this framework has great potential to directly relate measured 46 

concrete properties to the long term durability performance of concrete structures.    47 

  48 

1.0 Review and Motivation for Performance Specifications 49 

Construction specifications are a series of instructions provided by a state highway 50 

agency (SHA) to a contractor/producer (C/P) that describes the characteristics of the materials to 51 

be used and/or a process for performing work on a project.  While specifications cover many 52 

aspects of construction, this paper focuses primarily on concrete as a material, providing a link 53 

between measurable aspects of concrete and anticipated performance of the concrete in a given 54 

environment.  While the vast majority of concrete specifications have historically been 55 

prescriptive specifications, performance specifications are increasingly being discussed as one 56 

potential alternative (1).   It is the position of the authors that an opportunity exists for 57 

specifications that address durability concepts through simple tests at the time of concrete 58 

placement or shortly thereafter that can be directly related to performance.   59 

Performance based specifications can take many forms (1-12).  Goodspeed et al. (3) 60 

developed a performance specification for high performance concrete by establishing 61 

performance grades based on eight standard tests.  Ozyilidirim (4) discussed the development of 62 

quantitative relationships linking tests to performance.  NRMCA developed performance based 63 

standards that relate hardened concrete requirements to established testing criteria (2).  64 

Performance Related Specifications (PRS) have also been developed in the late 1990s for 65 

pavements (5,6,7,8) that link tests, performance and repair costs.  While not a specification per 66 

se, The International Federation for Structural Concrete (fib) has developed a model code that 67 

outlines calculations of several durability related distresses (9), as have others (10,11,12).   68 



This paper is written as PRS specifications software is currently being updated to include, 69 

among other advancements, increased attention to durability (13).  Similarly, an expert task 70 

group (ETG) has been developed to look at performance engineered mixtures (14).  This paper 71 

discusses an approach that could be used for PRS for concrete materials used in pavements, 72 

bridge decks, and other concrete applications. 73 

The basic concept of a performance specification, as presented herein, is to develop 74 

quantifiable relationships between the materials used, exposure conditions, and anticipated life 75 

and costs of the concrete.  The basic framework for the performance specification consists of 76 

several steps outlined in Figure 1 (12,15).  In Step 1, standardized material tests are performed to 77 

evaluate the materials being used.  These tests can be used either to qualify the mixture, accept 78 

the mixture, or both.   While some tests have been used historically, it is anticipated that the 79 

concrete community will need to become familiar with new tests.  The results of these 80 

standardized tests are used in Step 2 to obtain the fundamental material properties needed in 81 

service life models to assess long term durability.   In Step 3, the material properties (from step 82 

2) are used in models to evaluate a specific deterioration mechanism (e.g., the chloride ingress in 83 

concrete) and to evaluate the time it takes to reach a specific limit state in an particular 84 

environment (e.g., ions on a bridge deck reaching a critical concentration at the depth of the 85 

reinforcing steel).  Finally, the results of the individual models are quantified using reliability in 86 

terms of anticipated service life (e.g., 30 years) or a probability of a limit state occurring (e.g., 87 

less than 10% probability of corrosion).  Reliability can be accounted for using a statistically-88 

based approach (15) to quantify the probability of reaching a limit state. 89 

The transport processes used in this paper for corrosion will rely on the formation factor.  90 

The formation factor can be related to a wide variety of transport properties and can be used to 91 

address a wide range of durability problems (e.g., alkali silica reactivity, sulfate damage, freeze-92 

thaw).  The formation factor can be easily specified and compliance with the specification can be 93 

determined with rapid electrical resistivity measurements.  While this paper focuses specifically 94 

on chloride transport and the onset of the corrosion of reinforcing steel, other applications for the 95 

formation factor can also be shown.   96 

 97 

While the approach described in this paper provides a framework, there is no doubt that 98 

test methods, models, environmental factors, and variability distributions will need extensive 99 

development, calibration, and will be improved upon in the coming years.  Further, this approach 100 

can be extended to include a variety of degradation modes and more sophisticated models over 101 

time.  In other words, this paper provides a framework for clear path forward that can provide 102 

practical results today, as well as be expanded for increased use in the future.  This approach 103 

also enables local exposure conditions to be included so that the specification is ‘tailored’ unique 104 

environmental and site conditions.  It is noted that the models used in this approach are 105 

‘comparative’ in that they enable a relative comparison between conditions; as such, they do not 106 



imply an absolute relationship to field performance and relationships with in-service 107 

performance will develop over time and with model calibration and modification.  108 

 109 
Figure 1: Approach to use performance models in performance specification development (after 12,15). 110 

 111 

The next section of the paper provides two examples to illustrate how this framework can 112 

be applied to challenging durability problems facing SHAs.   113 

 114 

3. Example 1: Specifying a Formation Factor to Assess the Corrosion of Reinforcing Steel 115 

in a Concrete Bridge Deck  116 

3.1 Relating the Formation Factor to Exposure to Determine the Time to Corrosion Initiation  117 

 118 

While electrically-based test methods for concrete have been used for approximately a 119 

century (16,17,18), the last decade has seen major advancements in the development of electrical 120 

tests to rapidly and accurately assess the properties of field concrete (19,20,21).  The formation 121 

factor can be obtained from electrical resistivity and is a fundamental property that can be used 122 

to describe the rate of ionic diffusion and the onset of steel depassivation and corrosion in 123 

reinforced concrete elements.  Figure 2 illustrates how a standardized test for electrical resistivity 124 

can be related to the formation factor.  Details on how to obtain the formation factor from 125 

electrical resistivity testing is provided in section 3.3.  126 



 127 

 128 
 129 

Figure 2: Extending the performance model approach to corrosion of reinforcing steel in bridge decks  130 

 131 

To begin, consider a concrete section with a reinforcing bar that is placed at a distance x 132 

from the concrete surface (Figure 2).  At the surface of the concrete section salt is present from 133 

an exposure to deicing salts or seawater.  For a one-dimensional ingress problem, the corrosion 134 

process is frequently modeled using a simplified diffusion-type process which can be represented 135 

by the error function solution of the Fick’s second law shown in equation 1 (22). 136 

 137 
𝐶 −𝐶𝑜

𝐶𝑠−𝐶𝑜
= 1 − 𝑒𝑟𝑓 [

𝑥

2√𝐷𝑡
] Equation 1 138 

 139 

where CS is surface salt concentration, Co is the original chloride concentration, C is the chloride 140 

concentration, D is a diffusion coefficient, and t is time. When C exceeds the chloride threshold 141 

at the depth of the reinforcing steel (noted as Cx, for the analyzed steel-concrete system) 142 

depassivation occurs, corrosion begins, and t represents the time to corrosion initiation (or 143 

depassivation). To determine the life of a reinforced concrete element before repair is needed, it 144 

is common to add a time for the propagation of corrosion to the time to the depassivation time.  145 

While determining the propagation time is still an active area of research (23,24), it is common 146 

in service life models to assume a propagation time (e.g., 6 years) (22).   147 



 148 

The diffusion coefficient D can be related to the formation factor, and therefore to the 149 

electrical resistivity using Equation 2: 150 

 151 

𝐷 =
𝐷𝑜

𝐹
=

𝐷𝑜𝜌𝑜

𝜌𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒
 Equation 2 152 

 153 

where Do is the self-diffusion coefficient for a chloride ion (2.03x10
-9

 m
2
/sec at 25

o
C) and o is 154 

the pore solution resistivity (the determination of pore solution resistivity described in more 155 

detail in section 3.2). 156 

 157 

Substituting the formation factor from equation 2 into equation 1 yields equation 3  158 

 159 

𝐶𝑥−𝐶𝑜

𝐶𝑠−𝐶𝑜
= 1 − 𝑒𝑟𝑓 [

𝑥

2√(
𝐷𝑜
𝐹

)𝑡

] Equation 3 160 

 161 

Equation 3 can be rearranged so that the formation factor can be directly related to the 162 

time of corrosion (t) for a given environmental exposure (CS) and cover thickness (x).   163 

 164 

𝐹 =
4𝑡𝐷0

𝑥2 [𝑒𝑟𝑓−1 [
𝐶𝑠−𝐶𝑥

𝐶𝑠−𝐶𝑜
]]

2

 Equation 4 165 

 166 

 167 

Figure 3 illustrates the relationship between the formation factor and the time to 168 

corrosion for concrete (assuming 62.5 mm cover, surface concentration (CS) of 0.7% of the mass 169 

of concrete, a chloride threshold (CX) of 0.15% of the mass of concrete, and an initial chloride 170 

concentration (CO) of 0% of the mass of concrete.    Fick’s second law is a reasonable approach 171 

however this formulation assumes that no chloride binding occurs with aluminates or other 172 

phases in the hydrated cementitious matrix.  This will be discussed later in this section. 173 

 174 

Figure 3a illustrates that a formation factor of 1190 or greater would be needed (ignoring 175 

uncertainties and variability) to provide a concrete element with a 62.5 mm cover with a life of 176 

30 years (24 years to depassivation plus 6 years of propagation) before repair would be needed 177 

using the exposure condition described above.   The impact of varying the cover thickness is also 178 

shown in Figure 3a. The time to depassivation is related to the square of cover thickness, as it 179 

can be observed from equations 4. 180 

 181 

Variability in chloride loading can be considered using Monte Carlo techniques assuming 182 

a normal distribution with a coefficient of variation for CS of 10%, a coefficient of variation in 183 



the cover thickness of 30%, and a coefficient of variation in F of 20%.  Figure 3b illustrates the 184 

impact variability on the time to repair by assuming each line represents the statistically 185 

determined proportion of elements requiring repair for a given formation factor (mean CS = 0.7% 186 

of mass of concrete, mean x= 62.5 mm).  For example, the 20% line (shown with open circles) 187 

denotes the relationship between the formation factor and the time that 20% of the elements 188 

would need to be repaired (19 years).  The exposure conditions and variabilities have been 189 

selected for illustrative purposes and would need to be refined for a given location. 190 

 191 
 192 

  193 
   (a)  (b) 194 
 195 

 196 
(c) 197 

 198 
Figure 3: Predicted time to corrosion: a) influence of cover thickness, b) variability in the 199 

percentage of elements requiring repair, c) variability in time to corrosion for a time to repair of 200 

30 years. 201 



Figure 3c illustrates the probability distribution associated with the formation factor 202 

required for a time to repair of 30 years with different levels of confidence (reliability).  While a 203 

formation factor of 1190 is required for 50% of the elements to survive for 30 years without 204 

needing repair, the F Factor of 2250 is required for 80% of the elements to survive for 30 years 205 

without needing repair. 206 

 207 

 It should be noted that equations 1 to 4 illustrate the concept of how the formation factor 208 

can be used.  These results do not consider temperature effects or concrete aging however these 209 

factors could easily be included in the formulation.  Further, equations 1 to 4 do not consider 210 

chloride binding.  There are different ways of incorporating binding (25,26); however, a 211 

commonly used approach is to use an apparent diffusion coefficient as shown in equation 5 (27). 212 

 213 

  𝐷𝐴𝑝𝑝 =
𝐷

1+
𝜕𝐶𝐵
𝜕𝐶

=
𝐷𝑜

(1+
𝜕𝐶𝐵

𝐶
)𝐹

 Equation 5 214 

 215 

where CB and C are the concentrations of bound and free chlorides using empirically determined 216 

chloride binding isotherms (27,28).  Typically chloride binding can be described using a 217 

Langmuir isotherm where  and  are empirically determined (27): 218 

 219 

   
𝜕𝐶𝐵

𝜕𝐶
=

𝛼

(1+𝛽𝐶)2 Equation 6 220 

 221 

 Substituting DApp into equation 1 (in place of D) results in the need to use a numerical 222 

scheme such as finite difference or finite element method to obtain a solution.  Here, the problem 223 

is solved deterministically using a finite element method for three cases: 1) without binding, 2) 224 

with a low level of binding ( = 1.67;  = 0.12), and 3) with a high level of binding ( = 1.67;   225 

= 0.04). Figure 4 illustrates that the use of the formation factor without binding is the most 226 

conservative time to corrosion while low and high binding cases provide times to corrosion that 227 

are approximately 14% and 60% greater than the no binding case, respectively (Figure 4a).   228 

 229 

 While it may immediately appear that binding makes a large difference in the results and 230 

would need to be considered in all simulations, it should be noted that binding also impacts the 231 

surface chloride concertation, CS.  For the simulations shown in Figure 4a the surface 232 

concentration for the no binding case used 0.70% of the mass of concrete for all simulations.  233 

This would result in a non-bound (free) chloride concentration of 0.7% by mass of concrete at 234 

the surface for the case without binding and a surface concentration of 0.44% of the mass of 235 

concrete for the high binding case.  In reality however the CS value will vary for different 236 

environmental exposure and for a CS of 0.70% by mass of concrete for no binding the equivalent 237 

CS would be 1.08 for high binding (as determined from the binding isotherm)).  When binding 238 

and its impact on surface loading are considered together (Figure 4b), the average predicted time 239 

to corrosion was 7% greater for the case with binding (assuming the higher F associated with 240 



binding along with the greater surface concentration, CS).  This indicates that the time to 241 

corrosion is similar for different levels of binding than initially assumed using only Figure 4a. 242 

 243 
 244 

   245 
   (a)  (b) 246 

 247 

Figure 4: Predicted time to corrosion illustrating the influence of binding 248 

 249 

3.2 Relating the Formation Factor to Electrial Resistivity (Step 2) 250 

While the previous section has illustrated how the formation factor is a fundamental 251 

property that can be related to the time to corrosion, this section will show how the formation 252 

factor can be determined using electrical testing methods.  The use of electrical test methods has 253 

substantially increased in the last decade with advancements in the portability and measurement 254 

speed of hand-held testing devices and adoption for use by a number of SHA (19,29,30). 255 

Electrical measurements are an attractive test method due to their ease of use, ability to be 256 

performed rapidly, and the low cost of the testing equipment (19).   257 

 258 

The formation factor can be used to characterize the pore structure of concrete since it is 259 

dependent on the pore geometry and connectivity.  The formation factor is defined as the ratio of 260 

the resistivity of a bulk body and the resistivity of the pore solution in the body (ρo), as shown in 261 

equation 7. 262 

 263 

𝐹 =
𝜌  [Ω⋅𝑚]

𝜌𝑜  [Ω⋅𝑚]
 Equation 7 264 

 265 

 The pore solution resistivity (ρo) of a concrete is influenced by the alkali contents of the 266 

cementitious materials, the mixture proportions, and the degree of hydration of the cementitious 267 

materials.  It can be determined using several different methods as described in the following 268 



section.  These testing approaches are ranked based on the level of effort required with level A 269 

being the easiest, level B requiring more effort, and level C requiring the most effort.  While 270 

level A testing is the easiest approach, it is the least accurate and Level C requires the most effort 271 

however it is the most accurate.  The specifier should state which of these options are to be used 272 

their specification. These three approaches (Level A, B and C) are summarized below. 273 

 274 

Level A — Assuming a Constant Pore Solution 275 

The pore solution resistivity can be assumed to be a constant value.  A value that has 276 

been suggested in previous studies is ρo = 0.10  [Ω ⋅ 𝑚] (31,32) based on the values of pore 277 

solution from a wide range of concretes made in several Midwestern states.          278 

                                 279 

Level B — Estimate Pore Solution from the Constituents of the Chemistry 280 

The pore solution resistivity can be estimated using a combination of mixture 281 

proportions, chemistry of the cementitious materials, and a degree of hydration. An example for 282 

this method is provided by NIST in the form of a Web application which estimates the 283 

conductive species and the volume of pore solution (33).    The Web application provides the 284 

pore solution conductivity (o) in units of 𝑆/𝑚, which is the inverse of resistivity in Ω ⋅ 𝑚 285 

(Equation 8): 286 

 287 

𝜌𝑜[Ω ⋅ 𝑚] =
1

𝜎𝑜[𝑆/𝑚]
 Equation 8 288 

 289 

Level C — Experimentally Measure Pore Solution  290 

The pore solution resistivity can be experimentally determined using one of two methods. 291 

The first method involves extraction of the pore solution from a hardened cementitious sample 292 

(34). Specimens are placed into a high pressure die, repeatedly cycled at high pressure, and pore 293 

solution is expelled. The pore solution resistivity can be measured in a small resistivity cell (35).  294 

The second method, uses embedded sensors to measure the pore solution resistivity (36). 295 

 296 

3.3 Measuring the Electrial Resistivity (Step 1) 297 

While electrical methods have numerous benefits they can be significantly influenced by 298 

curing and storage conditions which can impact the degree of saturation, degree of hydration, 299 

sample temperature, and pore solution chemistry (37).  To date, three sample exchanges have 300 

been conducted with several states.  Sample exchanges using moist cured samples (38), sealed 301 

samples (34), and samples with embedded sensors.  These sample exchanges have been used to 302 

share best practices and characterize testing variability.  It has been shown that surface resistivity 303 

(AASHTO T 358-15), uniaxial resistivity (AASHTO TP 119-15), and embedded gages (39) all 304 

provide the same value for resistivity provide the samples have the same degree of hydration and 305 

conditioning and that geometry has been properly accounted for. 306 

 307 



Recent work has indicated that determining the formation factor for a sealed concrete 308 

element has merit and should be considered for future specifications due to the simplicity 309 

associated with testing (32).  The sealed sample can also be continuously monitored.  To relate 310 

the sealed resistivity to the saturated resistivity, equation 9 is used (40) 311 

 312 

𝜌  𝑆𝑒𝑎𝑙𝑒𝑑 [Ω ⋅ 𝑚] = 𝜌𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑   [Ω ⋅ 𝑚]  𝑆−𝑚 Equation 9 313 

 314 

where ρsealed is the resistivity of a sealed sample, ρsaturated is the resistivity of a saturated sample 315 

and m is the saturation coefficient (a unitless number generally ranging from 3 to 5).   316 

 317 

3.4 Summary  318 

 319 

This section has illustrated that the time to corrosion repair can be directly related to the 320 

formation factor using Ficks second law.  This has the advantage that the formation factor is a 321 

fundamental, specifiable property that can be determined using a rapid, low cost test like 322 

electrical resistivity.  The approach presented has the advantage that the formation factor is 323 

performance based can be adapted to different environments, considers the geometry of the 324 

problem being investigated, and can include calculations of variability directly.  325 

 326 

 327 

4. Example 2: Specification of Time to Critical Saturation to Assess Freeze-Thaw  328 

4.1 Relating Degree of Saturation, Time to Critical Saturation, and Freeze-Thaw Performance  329 

 330 

Many of the current specifications for freeze-thaw performance (SHA and ACI 318) are 331 

based on empirical observations that relate aspects of mixture design to performance.   A 332 

sorption based model has been used to quantify the performance of concrete in a freeze-thaw 333 

environment (41,42) as shown in Equation 9. 334 

 335 

𝒕𝑺𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏 = (
𝑺𝑪𝒓𝒊𝒕𝒊𝒄𝒂𝒍−𝑺𝑴𝒂𝒕𝒓𝒊𝒙

∅�̇�𝟐
) Equation 9 336 

 337 

Equation 9 is based on a two stage sorption process where the water absorbed after a 338 

short time fills and saturates the matrix of gel and capillary pores (SMatrix represents the degree of 339 

saturation when the gel and capillary pores are filled).  After these pores are saturated, the 340 

entrained and entrapped air voids begin to fill.  S2 in Equation 9 is the change in the degree of 341 

saturation as a function of the square root of time.  The critical degree of saturation (SCritical) 342 

varies as a function of air quality (43) as described in Equation 10 which was obtained as a fitted 343 

lower bound to experimental data.   344 

 345 



𝐒𝐂𝐫𝐢𝐭𝐢𝐜𝐚𝐥 = 87 – 10 SAM Equation 10 346 

 347 

A value for SCritical of 85% has been proposed when the quality of the air is not known. It 348 

is noted that φ(from Equation 9) can be taken as 1.0 when the concrete is in continuous contact 349 

with water.  This value may be lower than 1.0 to account for drying and can be increased when 350 

deicing salt is used.  Research is still needed to determine the values for φ as related to given 351 

exposure conditions. 352 

 353 

 354 
Figure 4: Extending the performance model approach to freeze-thaw damage  355 

 356 

Thirty two samples were tested with three water to cementitious ratios (0.35, 0.40, 0.45) 357 

and a wide range of air contents and SAM numbers (44,45).  An overview of results from 358 

experimentally measured durability factors as determined in accordance with ASTM C666, air 359 

content of fresh concrete, SAM numbers, and time to critical saturation are shown in Figure 5.  360 

The S2 and SMatrix was determined by a newly developed saturation test known as the “bucket 361 

test” (45).   362 

 363 

Figure 5a plots the predicted time to reach critical saturation as a function of air content.  364 

Different symbols are used to denote the measured SAM number with filled circles noting SAM 365 

values at or above 0.20 and plus signs (“+”) having a value below 0.20.  Figure 5a illustrates that 366 

samples with higher air contents had a longer time to reach critical saturation.  All samples with 367 

high air content (> 6.5%) exhibited a time to reach critical saturation greater than 20 years and all 368 

samples with an air content lower than 4.5% had an age to reach critical saturation that was less 369 



than 20 years.  The results for these experiments indicate that the SAM test can be used to 370 

improve the understanding the performance of concrete with an air content between 4.5 and 371 

6.5% with samples with a SAM number less than 0.20 showing improved performance when 372 

compared with samples at the same air content. 373 

 374 

    375 
   (a)  (b) 376 

  377 
   (c)  (d) 378 

 379 

Figure 5 – The time to critical saturation for concrete: a) time to saturation versus air content, 380 

b) time to saturation versus durability factor, c) SAM air number versus the volume of air, and d) 381 

the durability factor versus air content 382 

 383 



Figure 5b illustrates the time to reach critical saturation as a function of the durability 384 

factor as measured with ASTM C666.  It can be noticed that for mixtures where the air was 385 

maintained above 4.5% and the SAM number was maintained below 0.20 the durability factor 386 

was greater than 60% at the conclusion of the test and the measured age to reach critical 387 

saturation was greater than 12 years with well over 80% of the mixtures demonstrating a service 388 

life of over 20 years even in continual contact with water.   389 

 390 

The relationship between the air content and the SAM number is not unique and depends 391 

on the quality of the air-void system in a given concrete.  Consider two concrete series made 392 

with a w/cm of 0.40 as shown in Figure 5c (44).  It is observed that Mixture A has a better air-393 

void distribution (lower SAM number) for the same total air volume.  As a result, to achieve a 394 

SAM number of 0.20, a total air content of 3.7% would be needed in Mix A while an air content 395 

of 6.6% is needed for Mix B.  Figure 5d illustrates the durability factor for these mixtures as 396 

measured with ASTM C666.  The experimentally measured durability factor indicates that for 397 

Mixture A an air content greater than 3.5% is needed for a high durability factor while this value 398 

needs to increase to 6% for Mixture B. 399 

 400 

Figure 6a shows the computed time to reach critical saturation for Mix A and Mix B 401 

using only Equation 9 and the experimentally measured secondary sorption (measured to be 3.4 402 

and 4.6 %DOS/year
0.5

 respectively).  Figure 6 suggests that in addition to the prediction of time 403 

to saturation, an additional criteria that describes the air-void structure (e.g., SAM < 0.25) may 404 

be useful to insure long a high level of performance based on ASTM C666.  Figure 6b shows the 405 

same data shown in Figure 6a, however Figure 6b only shows the time to reach crticial saturation 406 

for mixtures where a SAM air number exceeds 0.25 and the air content exceeds 4.5% (these are 407 

suggested production quality limits).  When these criteria (SAM > 0.25 and Air > 4.5%)  are 408 

applied, the time to reach critical saturation is predicted to be greater than 25 years for both 409 

mixtures.  The implication of Figure 6b is that concrete in continuous contact with water would 410 

be expected to reach 25 years before freeze and thaw is observed which correlates with these 411 

mixtures having an ASTM C666 durability factor greater than 80%.   412 

 413 

4.2 Measuring Degree of Saturation for Mixture Acceptance and Quality Control 414 

 415 

While the time to reach critical saturation has benefits as it relates a concrete mixture to 416 

performance under given exposure conditions, current methods to determine the time to reach 417 

critical saturation require standardization.  Current test methods like ASTM C1585 can be used 418 

to measure the rate of absorption; however they require modification to determine the degree of 419 

saturation.  The research team has examined a test called the “bucket test,” which still requires 420 

standardization.  The bucket test is performed by placing three concrete cylinders (cylinders that 421 

have been previously stored in a sealed condition) in a 5 gallon bucket of either lime-saturated 422 

water or a lime-saturated simulated pore solution.  The mass of the sample is recorded at various 423 



times, with the mass of the sample at 5 days being used to determine the SMatrix parameter and 424 

measurements of mass between 10 and 60 days being used to determine S2.  After 60 days, the 425 

sample is oven dried and the mass is determined.  The sample is vacuum-saturated and the mass 426 

again determined.  It should be noted that vacuum saturation is heavily dependent on the level of 427 

vacuum drawn, and it is recommended that a vacuum of at least 50 Torr is needed to saturate a 428 

sample (46).  429 

 430 

  431 
    (a)  (b) 432 

 433 

Figure 6 – a) Time to reach critical saturation and b) time to reach critical saturation with SAM 434 

number<0.25and air greater than 4.5% 435 

 436 

This paper has focused on freeze-thaw damage of the hydrated cement paste and has not 437 

addressed aggregate-related freeze-thaw distress (e.g. D-Cracking).  This approach does not 438 

address the chemical reaction that can occur between the matrix and certain deicing salts (MgCl2 439 

and CaCl2) as described elsewhere (47).  440 

 441 

5.0 Summary  442 

 443 

It is the premise of the authors that a performance specification can be developed for 444 

concrete durability that relates test methods, material properties, limit states and the service life 445 

of a concrete in a given environment. A framework has been provided that others can follow to 446 

help establish, validate, and extend this current effort.  Two specific examples have been 447 

provided to illustrate how this framework can be applied. 448 

  449 

First, the formation factor was used with Fick’s second law to estimate chloride ingress 450 

and subsequent initiation and progression of corrosion to predict the time to repair for a 451 



reinforced concrete structure. A procedure was shown that could determine the formation factor 452 

using electrical resistivity which can be used as a quality control method. 453 

 454 

Second, time to critical saturation was used to predict the time to freeze-thaw damage 455 

under continuous exposure to moisture.  The time to reach critical saturation was determined 456 

based on the matrix saturation, the secondary rate of sorption and the critical degree of 457 

saturation.  The results show that a time to critical saturation of 25 years is consistent with a 458 

required air volume of at least 4.5% with a SAM value of at most 0.25.  The total air volume, 459 

SAM number and a measure of consistency like formation factor can be used as quality control 460 

tools to demonstrate compliance with a specification. 461 

 462 

These examples show that this approach to developing a procedure to test, predict 463 

performance, and ultimately specify concrete for durability is not only practical but possible 464 

today.  This framework provides a path to illustrate how performance based specifications can 465 

evolve, tying themselves to the mechanisms of deterioration to predict the long-term 466 

performance of concrete. While additional work is needed to refine and calibrate these efforts, 467 

these promising findings should encourage SHAs that performance based specifications, based 468 

on simple tests that evaluate the mechanisms of damage, can be implemented to help them 469 

produce more durable concrete.  Furthermore, these efforts can be extended other durability 470 

mechanisms.   471 

 472 
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