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ABSTRACT

The external sulfate attack is a degradation process that causes expansion and cracking
in concrete structures. Due to the absence of simplified methodologies to predict the
potential damage, codes specify that sulfate resistant cement should be used whenever
the surrounding sulfate concentration surpasses a predefined limit. This may lead to
penalizing measures as the size of the element or the mechanical properties of the
concrete used are not considered. In the present work, an alternative approach is
proposed. A simplified chemo-mechanical methodology is deducted to assess the
potential damage in concrete elements exposed to sulfate rich environments. Equations
to estimate the penetration of sulfates are derived from a numerical model taking into
account sulfate consumption, acceleration of the penetration induced by cracking and
decrease in diffusivity caused by pore filling. Failure modes associated to this
phenomenon are analyzed and a set of equations to assess the risk of failure are
deducted. Finally, a parametric study with different geometries of elements and
surrounding sulfate contents is performed. The results show that the criterion included
in codes might be modified depending on the characteristics of the structure.
Keywords: Concrete; Durability; External sulfate attack; Diffusion; Failure

1.- INTRODUCTION

The external sulfate attack (ESA) is a complex phenomenon in which chemical
reactions, ionic transport and mechanical damage interact with each other, leading to
expansions and degradation in concrete structures [1-4]. The degradation progresses as
sulfate ions from the outside penetrate the element and react with compounds from the
hydrated cement paste. As a result, a multi-layered pattern is formed with an external
damaged layer and an internal sound core [5]. The mechanical interactions between
these zones play a major role in determining the damage induced by the attack.

The ESA has special relevance in underground or foundation structures in contact with
sulfate-rich soils. Such structures remain covered during most of their service life,
which compromises the early diagnostic of the attack that may only be detected after
severe material degradation has occurred. The existing tools to account for potential
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damage caused by ESA in real structures may be gathered in three main groups:
procedures included in building codes, empirical models and integrated models.

Building codes have traditionally specified precautionary measures to protect concrete
against this type of attack. The most common approach is based on the definition of
exposure classes regulated by the sulfate content in the media surrounding the structure.
Depending on the classification obtained, prescriptions of maximum water/cement ratio,
minimum compressive strength and type of cement should be followed to avoid
durability problems (e.g. Model Code 2010, BS 8500-1:2006, ACI 201.2R-08, UNE EN
206-1:2008). Notice that the size of the element under study or the mechanical
properties of the concrete used are not considered. In fact, through the application of
this criterion, practitioners are not able to predict the potential damage of the attack or
the compliance of a minimum service life. This may lead to penalizing measures and
cost overruns as a result of unnecessary use of sulfate resistant cement in some cases.

Several empirical models have been developed to quantify the spalling depth or the
evolution of expansions of concrete elements exposed to ESA. Most of them are based
on experience or accelerated laboratory tests performed with small specimens (e.g. [6-
8]). The main drawbacks associated with these models are their limited applicability
since they are only valid for elements subjected to the same conditions used in the tests.
Integrated models take into account the transport of ions, the chemical reaction and the
microstructural damage through several differential equations, whose solution
commonly require iterative procedures. At present, these models provide the most
precise assessment of the ESA. However, the complexity of the equations involved and
the high computational cost for their solution may not be accessible to practitioners and
certainly are not compatible with the philosophy of most design codes. Besides, the
majority of the integrated models from the literature are only capable of predicting the
expansion and the damage at a micro-scale level. To estimate the macro-structural
response in terms of cracking and failure, advanced structural models should be used,
thus compromising even more the straightforward assessment of the attack.

It is evident that a simplified methodology for the assessment of the potential damage
caused by the ESA compatible with the philosophy of building codes is still needed.
The objective of this paper is to propose this simplified methodology considering both
the micro and macro scale effects. First, the latest integrated models from the literature
are analyzed. Based on this, the model by Ikumi et al. [9] is selected and used to derive
straightforward equations for the reactive-transport phenomenon accounting for the
sulfate consumption, the acceleration of the penetration due to micro-cracking and the
decrease in diffusivity due to pore filling. Then, a comprehensive study of the common
mechanical failure modes associated with the ESA is presented and a set of simplified
equations to assess the failure of the structure are derived. A parametric study is
conducted to evaluate the methodology proposed for different geometries under a wide
range of realistic field conditions. Based on this study, reference values are proposed for
the aluminate content depending on the type and the dimensions of the structure.
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The methodology developed here represents a step forward on how to assess the ESA
explicitly in the design of concrete structures. It allows a more detailed evaluation of the
durability of the structures since the specific conditions and expected service life are
considered. As a result, an optimized definition of precautionary measures may be
obtained for each application.

2.- INTEGRATED MODELS
Table 1 summarizes some of the integrated models developed during the last decade.
This table does not include models that consider ettringite formation through a solid-

state mechanism since it is believed that it must occur through solution [10].

Table 1. Integrated models developed during the last decade

Authors Year  Expansion mechanism Expansive products
Tixier and Mobasher [11,12] 2003 Volume increase Ettringite

Bary et al. [13] 2008  Crystallization pressure  Ettringite and gypsum
Sarkar et al. [14] 2010 Volume increase Ettringite
Idiart et al. [15] 2011 Volume increase Ettringite
Zuo et al. [16] 2012 Volume increase Ettringite
Cefis and Comi [17] 2014 Volume increase Ettringite

Crystallization —

Bary et al. [18] 2014 pressure)//Vqume increase Ettringite
Ikumi et al. [9] 2014 Volume increase Ettringite
Nie et al. [19] 2015 Volume increase Ettringite

Controversy still exists on basic topics of the ESA, especially regarding the expansion
mechanism and the gypsum role on the expansion process [3,20]. Amongst the several
mechanisms suggested to explain how the precipitation of ettringite leads to expansion,
mainly two theories have been implemented in comprehensive models: the volume
increase and the crystallization theories.

According with the first of them, expansions are a result of the additional volume
generated by ettringite formation [11,21]. In this case, the response of the matrix and the
expansive stresses are calculated from the imposed volumetric strains. According with
the second of them, expansions are caused by the crystallization pressure exerted on the
pore walls due to the formation of a supersaturated solution within small pores [22,23].
In this case, the actual driving pressure that will be translated into strains is obtained by
different modifications of the Correns equation [24,25]. Even though the latter theory is
supported by recent publications [10,26,27], it requires a very complex chemical
approach once the evolution of phases in the pore solution has to be monitored during
the attack in terms of chemical activities. Moreover, it was shown by [13] that, despite
predicting the cracking state with a relatively good accuracy, this theory leads to
macroscopic expansions about two orders of magnitude smaller than the found in
experimental data. According to Zhang et al. [28], the reason is that the crystallization
pressure assessment is based in an elastic approach that does not account for
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microcraking and differed deformations (creep), which may play an important role in
the final strain measured.

In a recent publication [18], Bary et al. tried to solve this issue by introducing an
additional macroscopic bulk strain due to the increase of volume produced by secondary
ettringite formation. The authors used the equation derived by Tixier and Mobasher [11]
and subsequently used by many other researchers [9,14,15]. By adding this
consideration, the expansions are a result of both the additional volume generated by
ettringite formation and the crystallization pressure exerted on the pore walls by the
supersaturated solution. Free expansions calculated with this approach is similar to the
obtained in the test of specimens. Bary et al. also pointed out that the contribution of the
crystallization pressure is negligibly small compared to the bulk strain produced by
secondary ettringite formation [18], which would indicate that the volume increase is
the overriding factor in the macroscopic strain evolution.

Like Bary et al., other studies from the literature [9] also suggest that the volume
increase and the crystallization theories may be compatible as they probably represent
two different stages of the sulfate attack. When the solubility limit of ettringite is
reached due to the ingress of sulfate ions, the system always tend to return to an
equilibrium state through ettringite precipitation. When this energy cannot be released
by crystal precipitation, it is released in the form of pressure to the pore walls and the
subsequent microcracking as described in the crystallization pressure theory.
Microcraking decreases the pressure conditions in the pore, thus allowing ettringite to
precipitate near the cracks. Therefore, macroscopic free strains increase proportionally
to the amount of ettringite precipitated, being the volume increase inherent to this
chemical reaction the driving force of the macroscopic strains. In other words, the
initiation of the macroscopic strains arises mainly from the action of the crystallization
pressure, while the macroscopic free expansions are explained by the volume increase.

Considering that the aim of the present study is to generate simplified models capable of
estimating the expansive strain and the failure at a macro-structural level, an integrated
model based on the volume increase was selected. This also contributes to a more
straightforward approach since a smaller number and simpler input parameters are
required to estimate the expansions in the volume increase theory. Therefore, the
integrated model by Ikumi et al. [9] was selected as the basis to develop the simplified
methodology since it also introduces a more direct and intuitive consideration for the
damage assessment and thereby facilitate the definition of the input parameters.

It is important to remark that this model only provides the expansion and the damage at
a small-scale level. To evaluate the overall response at a macro-scale level and the
failure of the structure, Ikumi et al. [9] and other authors suggest that the expansions
estimated should be implemented in finite element models that account for the
mechanical response of the structure. This represents an important limitation found in
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practically all integrated models from the literature, which are unable to provide a
straightforward verification of the durability of the structure in terms of global failure.

3.- SIMPLIFIED METHODOLOGY

The methodology proposed in this paper is based on the application of a set of
simplified equations to assess the extent of the reactive-transport process and the
possible mechanical structural failure at a given service life. As outlined in Figure 1, the
aggressiveness of the media and the reactivity of the material define the input
parameters for the simplified reactive-transport equations that provide the maximum
sulfate penetration and the maximum expansion in the damaged layer of the element.
This information combined with the geometric and mechanical characteristics of the
element allows the verification of the most common mechanical failure modes. If no
mechanical failure occurs and the serviceability is not compromised, it is considered
that the structure will comply with the required service life.

‘ Assessment of potential failure ‘
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! % % ¥ ¥ of the element
§ E‘f E‘ » Sulfate content: Cy, | = ;A content: Cpy
A * Diffusivity: D,

= = Buffer capacity:

Simplified reactive
transport equations

S

IR

g 8 i
8
g = Max. Penetration: P,; Ps, (Table 4)
=

= Max. Expansion: ., (Eq. 1)

ULS: Simplified mechanical
equations (Table 5)

w
o

y 3

1S3

R F v Tensile core failure

i3

g v" Tensile boundary failure
=

v" Tangential boundary failure

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 1. Outline of the simplified methodology for the durability assessment of the ESA
3.1- SIMPLIFIED REACTIVE-TRANSPORT EQUATIONS

In this section, simplified equations to quantify the maximum penetration of the sulfate
front and the maximum linear micro-strains at 25 and 50 years are deduced. As these
equations are derived from the model described by Ikumi et al. [9], firstly the main
features of the model and the hypothesis adopted here are presented.

3.1.1 Hypothesis adopted based on the integrated model by Ikumi et al. [9]
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It is assumed that expansions are caused by the volume increase associated to secondary
ettringite formation, being the expansive nature of gypsum disregarded. To simplify the
model, all hydrated aluminates are considered in the form of monosulfate (C,ASH;,)
since this should be the predominant aluminate phase in hydrated Portland cement
pastes at long ages.

Sulfate and aluminate concentrations are computed through a diffusion-reaction model
based on the Fick’s second law, which takes into account the ingress of sulfate ions
under a concentration gradient and its depletion due to ettringite formation. The
effective diffusivity (D) is affected by pore filling, which reduces the paths for
additional sulfate diffusion, and micro-cracking and spalling of the cementitious matrix.
The latter increases the diffusivity as more paths towards the inner layers may be found.

The upper bound of the diffusivity reached when the material is completely damaged is
set to 1071% m?%/s. This value is slightly below the diffusivity of sulfates in free solution,
which Gerard and Marchand [29] quantified as 10° m?/s for ions able to move freely
within cracks. For the simulations performed in this paper, the value of c1 and c2
described in [9] were defined respectively as 3 and 6.93, in accordance with the
recommendation from [30]. The characteristic cracking length (I.;) is fixed at 26 mm,
following the validation by [9].

Expansions at micro scale are calculated by the additional volume generated by the
reaction product (AV /V) [21]. This calculation gives a 55% volume increase when
monosulfate is converted into ettringite. The total linear strain (g;) associated with this
expansion is computed by multiplying the expansion factor by the amount of

reac

monosulfate reacted (C, Agf,lz), as described in Eq. 1. The term M /p corresponds to the
molar volume of monosulfate and C74¢},  is expressed as a molar concentration.

Notice that the maximum expansive strain (g, .x) May be calculated with Eq. 1 by
assuming that all monosulfate react to form ettringite.

AV M 13
o= (145 CEh, —foo)  —1 M

Since ettringite precipitates within the pore network, the matrix is able to accommodate
a certain amount of expansive product without exerting any pressure to the pore walls
[11,14,31]. Consequently, not all aluminate present will generate expansions. The
expression presented by Tixier & Mobasher [11] is used to estimate the buffered
expansion. This is represented in the second term of Eq. 1, in which ¢, is the initial
porosity of the matrix and f is the fraction of this porosity that may be filled by
expansive products before expansions occur. According with Tixier & Mobasher [11], f
usually ranges between 0.05 and 0.40.
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3.1.2- Intensification effect in radial fluxes

In the majority of underground structures subjected to the ESA, the diffusion flux may
be classified as approximately linear - typical in diaphragm walls or tunnels - or radial-
typical in piled foundations. Transport processes in radial direction are subjected to flux
intensification as sulfate penetrates towards the center of the element, concentrating at a
smaller area. Conversely, no intensification occurs in a linear flux.

In a simplified methodology, it is convenient to minimize the number of equations
proposed. Therefore, prior to deriving the simplified equations, the sulfate penetration

in radial elements is compared with that from linear elements. The aim is to demonstrate
that both provide similar results for most real size structures, thus justifying the use of
the linear flux formulation for the majority of cases.

The maximum penetration depths obtained through linear and radial flux approximation
were compared for radius ranging from 5 to 50 cm. A minimum sulfate content of 1%
of the sulfate concentration in the external surface is defined as a threshold to calculate
the penetration depth. Table 2 presents the parameters used in the analysis defined
according with the literature. The material used corresponds to a concrete with 350
kg/m? of cement that contains 80% clinker and 10.8 % of CsA. Total time simulated is
fixed at 25 years. Space intervals of 0.25 mm and variable time steps were considered to
ensure stability and convergence.

Table 2. Parameters used in the preliminary study of the flux intensification effect

k DO CSO CCA f
3 . 9 [mOl/m?’water] [m0|/m300ncrete] cm f P,
[m3mol-s] [m¥s] ([o/) ([%CA]) [MPa]
34.37 112
-8 -12
Oor 10 10 (33) (10.8) 30 0.05 0.1

Figure 2 shows the penetrations depths obtained in the analysis. When no chemical
reaction is considered (k = 0), the radial and the linear flux provide approximately the
same penetration depth for radius of more than 20 cm. The flux intensification observed
in radial fluxes reduces the entrance of sulfates and decreases slightly the penetration.
This is reasonable since the rate of transfer of a substance in accordance with Fick’s
second law is proportional to the concentration gradient measured along the diffusion
direction. Once the differences in concentrations are smaller in radial fluxes due to the
intensification effect, smaller penetration depths should be expected.

When sulfate depletion caused by the chemical reaction is considered (k=108
m3/mol-s), the penetration depth is reduced approximately by a factor of 8 in both
models. This indicates that chemical reactions are the governing process in the initial
stages of the transport phenomenon. In this case, the linear flux and the radial flux
approaches provide virtually the same results.
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Fig. 2. Flux intensification effect

The analysis performed confirms the small differences between both approaches
simulated, especially when the chemical reactions are considered. Moreover, the linear
flux approximation provides a prediction of the penetration depth on the safe side given
that slightly higher values are obtained. Therefore, in this work a linear flux is adopted
for all structural typologies, thus avoiding the definition of two different formulations
and the consideration of the element size in the simplified reactive-transport equations.

3.1.3- Definition of input parameters

To derive the simplified transport equations, penetration depths obtained through the
model by [9] are fitted to a straightforward numerical formulation. Since several
parameters are needed in the model by [9], the first step to obtain simplified equations is
to detect which of the parameters are the most relevant. For that, a sensibility analysis is
conducted with the values defined in Table 3, which are based on recommendations
from the literature and found in practice. The range defined for the aluminate content
(Cc,) correspond to a concrete with 350 kg/m? of cement that contain 80% of clinker
and from 4% to 12% of CsA. The reference value is equivalent to cement with 8% of
CsA.

Table 3. Ranges of parameters and penetration front variation in sensibility analysis

Parameter Minimum Reference  Maximum Penet_raFlon depth
variation [cm]

Cso [Mmol/mBuaerd ([9/1]) 6.25 (0.6) 34.37(3.3) 62.5(6.0) 1.4
Dy [m?/s] 1012 5.1012 101 1.4
fI] 0.0 0.1 0.4 0.8
Cca [Mol/m3eoncrete] ([%C3A]) 41 (4) 83 (8) 124 (12) 0.8
®o 0.08 0.10 0.14 0.3
fem [MPaQ] 20 30 40 0.1

In practice, the kinetics of the reactions (k) and the temperature might affect the
penetration of sulfates. However, nowadays no widely accepted test to quantify this
parameter is available. Therefore, it does not seem reasonable to leave the selection of k
to the final user. For that reason, k is not considered as a variable in this study. Instead,



302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332

333
334
335
336
337
338
339
340

a constant k of 10-8 m3/mol-s was selected for all analyses given that other authors
traditionally assume values that range from 10-10 to 10-6 m3/mol-s [32].

In the sensibility analysis, a linear flux was simulated considering the same time steps
and mesh size of section 3.1.2. Simulations were performed by varying parameters one
by one between the maximum and the minimum values, whereas the other parameters
were kept equal to the reference values. This procedure is repeated for all parameters
from Table 3. In each case, the difference between the penetration depths estimated with
the maximum and the minimum values is calculated and presented in Table 3.

The sulfate content and the initial diffusion coefficient are the most influencing
parameters. Conversely, the compressive strength and initial porosity show a smaller
influence over the penetration depth. Based on these results, Cgo, Dy, f and C., are
considered explicitly as input variables of the simplified reactive-transport equations.
On the other hand, f.,, and ¢, are assumed constant and equal to their reference values
for the estimation of the equations that govern the reactive-transport phenomenon
(notice that £, is a variable in the equations developed in later sections to assess the
risk of failure).

3.1.4- Proposal of equations

A new study with the model by Ikumi et al. [9] was conducted to derive the simplified
reactive-transport equations. At this time, simulations were performed with multiple
combinations of the most influencing parameters with several values within the ranges
listed in Table 3. More than 2000 simulations were completed at 25 and 50 years. Once
a sufficiently big database of penetration depths was obtained, a nonlinear numerical
regression was applied to derive the simplified equations that yield the best fit with the
numerical results. The final formulations obtained to estimate the penetration depth at
25 and 50 years (P,5 and Ps,) are presented in Table 4.

Table 4. Simplified reactive-transport equations

Service Life Simplified reactive transport formulation Kos
[years] [cm] [cm]
25 Pys = (7€10D, + 0.035Cso) exp (SEH2ITT 20 f) (2) 065

50 Pyy = 1.26P,5 (3) 0.86

The initial diffusivity (D,) is introduced in m?/s, whereas the aluminate content (C,) is
expressed in mol per cubic meter of concrete. The sulfate content (Cgp) is expressed in
mol of sulfate per cubic meter of water. As these equations are deduced from the model
described by Ikumi et al. [9], sulfate consumption, acceleration of the penetration due to
cracking and decrease of diffusivity due to pore filling are indirectly considered. Figure
3.a and 3.b depict the correlation between the penetration depths obtained through the
integrated model by [9] and with Eq. 2 or Eq. 3. Correlation coefficients of 0.91 and
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0.90 were obtained, respectively. Notice that both equations are applicable as long as
the input parameters remain within the ranges defined in Table 3.
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Fig. 3. Correlation between penetration obtained with integrated model and simplified
equation (a and b); Gumbel distribution to assess error of estimation (c and d)

Even though the simplified reactive-transport equations provide a fair approximation of
the integrated model, in some situations it might be necessary to use estimations on the
safe side. Therefore, a statistical analysis was performed in order to assess the error of
prediction of Eq. 2 and Eq. 3. As shown in Figures 3.c and 3.d, the frequency of the
error of estimation was fit to a Gumbel distribution (minimum extreme value type 1).
Then, the distribution was used to assess the minimum penetration depth that had to be

summed to the obtained with the simplified equations in order to assure a 95% of

probability of achieving values above the calculated with the integrated model by [9].
This additional value (Kog) is shown in Table 4 and should be directly added to Eq. 2
and Eq. 3 in case a safer estimation is required.

For the chemical reaction rate (k) considered in the literature, it has been demonstrated
that the aluminates of the exterior layers are rapidly consumed by the ingressing sulfates
[9]. This means that the maximum expansive strain (g; ax) 1S rapidly reached at the
surface layers of the element. Once the aluminates are consumed, the sulfates advance
at a higher rate to the inner layers, reacting with new aluminates present. Hence, an
abrupt variation of the expansion should occur close to the penetration front.

Figure 4 shows in continuous lines the typical strain profiles due to ESA in structures

under symmetric (sulfate insource from all sides) or asymmetric sulfate exposure
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conditions (sulfate insource from only one side). To simplify the structural
consideration of the ESA, the strain profile depicted with the red discontinuous line is
used instead. It assumes that ¢; ,,,,, €stimated with Eq. 1 occurs along the whole
penetration depth obtained with Eq. 2 or Eq. 3, which is a hypothesis on the safe side.

(a) Pas orPsg (b) P35 or Psg
(Table 4) (Table 4)
o ..7- o -
2 | 2
= ' =
w | =)
o |t S
= -

A o N\ 5
50, S07 0},
AT > < N/

~~ oS N ‘

Fig. 4. Strain profiles for symmetric (a) and asymmetric (b) sulfate exposure
3.2- SIMPLIFIED MECHANICAL EQUATIONS

Although expansion due to ettringite formation is concentrated in the surficial layers,
strains also appear in the sound core of the element to maintain compatibility. In fact,
the sound core acts as a restriction that reduces the expansion calculated with Eq. 1. An
auto-balanced tension state is generated, leading to possible mechanical failures outside
the zone directly affected by the sulfate penetration and by the attack. Three failures
modes are distinguished: tensile failure of the sound core, tangential failure and tensile
failure in the boundary between the surficial layers and the sound core.

Micro-cracks in the external layers of the element due to high compressive stresses are
usually developed prior to any failure mode. Generally, the micro-cracking is localized,
affecting only a few millimeters closer to the surface. Therefore, it is not considered a
failure mode as it does not imply the macro-structural failure of the element. The
superficial micro-cracking modifies the local mechanical properties and the sulfate
diffusion coefficient. This phenomenon is taken into account in the simplified
methodology by a degradation of the elastic modulus and an increase in the diffusion
coefficient in the zone directly affected by the sulfate penetration. Notice that
interactions with other elements in contact with the structure directly under attack (such
as external loads or strain constraints in specific directions) could modify the stresses
profile and affect the failure. However, these considerations cannot be included in a
simplified methodology as they will vary depending on each study case.

3.2.1- Tensile failure of the sound core

The expansions of the outer layers along the length of the element are restrained due to
the stiffness provided by the sound inner core. This causes normal compressive stresses
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(o.) at the surficial layers, while normal tensile stresses (o;.) appear at the sound inner
core. If o, reaches the tensile strength of concrete, the inner core might crack, reducing
significantly the restrains applied to the external layers. This might produce a release of
the restricted strains and an abrupt displacement of the structure. In Figure 5, such
situation is represented before and after cracking for elements under symmetric and
asymmetric sulfate exposure conditions.
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Fig. 5. Normal stress distribution in symmetric (a) and 1 face (b) sulfate exposure.

As an approximation, it is assumed that the Navier-Bernouilli hypothesis applies to the
cross-section of the element. This means that the original cross-section (before any
expansion occurs) should remain plane after the expansions take place. Consequently,
the final strain (&.) of the cross-section should follow the profile depicted as a
discontinuous line in Figure 5. By imposing equilibrium in a simple sectional analysis
(EQ. 4 to 6), it is possible to assess g, and o;,.

N=0= f E(x) - (e.(x) — g(x))0Area 4)
M=0= f E(x) - (e.(x) — &(x))xdArea (5)
Area
g(x) =e.(x=0)+{x (6)

The term ¢ (<<1) represents the curvature of the cross-section. The stress level is
calculated with Eq. 7 by multiplying the elastic modulus of the material (E’) and the
difference between the total strain (¢.) and the non-mechanical strain (g;).
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o(x) = ECx) - [ec(x) — & ()] )

The value of E is affected by the damage induced by the ESA, varying along the cross-
section. In this sense, the sound core presents an elastic modulus E, that should be
higher than the elastic modulus E, of the external layer affected by microcracking. To
account for this effect on the structural formulation, E,, is assumed constant along the
external layer, whereas E, is set constant in the sound core. Even though no consensus
exists in the literature on the quantification of the degradation of mechanical properties,
most studies suggest that the strength loss for specimens may range between 10-50%
[33,34].

Creep deformations were not considered in the simplified methodology proposed here
as this implies an iterative calculation that would compromise the straightforwardness
of the approach. Notice that creep deformations would reduce the internal stress level of
the structural element, allowing the accommodation of part of the expansions.
Therefore, disregarding creep effects is a simplification on the safe side since it would
lead to the calculation of higher stresses than the expected in reality. However, this
assumption also affects the assessment of the displacements and the verification of the
serviceability limit state since smaller strain levels than the expected in reality would be
obtained with the formulation proposed here. If high precision is required in the
assessment of the displacement, differed strains should be taken into account.

By solving Eqg. 4 to 6 for different structural typologies and sulfate exposures, Eq. 8 to
10 are obtained to predict the maximum tensile stresses acting at a certain time in the
cross-section (see Table 5). In the case of piles, R represents the total radius of the
cross-section and R; is the radius of the sound core given by the difference between R
and the penetration depth P calculated with Eq. 2 or 3. In the case of diaphragm walls or
tunnels, b represent the half thickness of the element.

Table 5. Simplified equations to predict the maximum stresses due to ESA

Struct. Sulfate Tensile failure of the . . Tensile
Tangential boundary failure .
typology  exposure sound core boundary failure

Piles

. EoEq&;(R*—R?
(linear Full 0y = —EoEetRERE)
Ee(R?=R)+EoR;
elements)

gE.P
R;

(8) T, = EOEEEZ(RZ_RiZ)Riﬂr

Brl —
" 2(Eo(R?-R?)+EoR;%) tanh (T) 13) o =

an

Diaphragm ©)
walls or
EogEc€Pb;
tunnels Ty = g oop ;f;l(b li)
e (A
(surface Eq&;P(3P2—9Pb+8b2)
1 face Ope = 2———""2(10
elements) te b3 (10)

_ EoE.gP
2 faces Ote = EoP+Eo(b—P)

tanh (£) (14) ;

All equations included in Table 5 are able to assess mechanical failures at any time, as
long as the penetration of sulfates are provided. The different mechanical failure modes
considered and the corresponding stresses are treated separately in this paper. Even
though a certain interaction might occur, it was assumed that one of the failure modes
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would happen because of the predominant stress. In case a more accurate prediction of
the structural failure is needed, stresses from different mechanisms should be treated in
a coupled way and more advanced simulations should be performed, for instance with
coupled FEM.

3.2.2- Tangential boundary failure

Experimental studies show that mortar prisms exposed to ESA tend to present a layered
spalling of the surface [5,15]. One of the possible mechanisms responsible for this
phenomenon is depicted in Figure 6.
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Fig. 6. Tangential stress distribution in symmetric (a) and 1 face (b) sulfate exposure.

Even though at intermediate sections the normal stresses distribution described in
section 3.2.1 guarantees the compatibility of the deformation, at the top free cross-
section of the element the compatibility has to be achieved through alternative
mechanisms since no normal stresses exist. The difference in terms of vertical
displacement creates tangential stresses between the surface layers affected by the ESA
and the sound core. These should guarantee the compatibility of displacements at the
extremities of the element. If the tangential stresses reach the tangential strength of the
material, cracks might appear leading to the failure of the structure.

In this study, an analogy with the classical Mixing Theory for short fibers is applied
[35-37] in order to deduct the equations to assess the tangential stresses. By imposing
equilibrium and compatibility, Eg. 11 is obtained to estimate the tangential stresses (z;)
between the sound core and the surface layers at the position y along the axis of a pile.
In this equation, [ is the length of the element, (3, is a coefficient given by Eq. 12 and G
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is the elastic shear modulus of concrete, which may be estimated from the elastic
modulus. The maximum tangential stresses are located at the extremities of the element
so that y should be substituted by 0 in Eq. 11. This gives Eq. 13 (see Table 5) for the
assessment of the maximum tangential stresses in piles.

FuecRif, sinh |8 (3 -)]
2 cosh ([3 %)

() = (11)

(12)

Analogous deductions may be performed for diaphragm walls or tunnels. Eq. 14 is
obtained for such elements exposed to sulfates at 2 faces (see Table 5). The parameter g
should be calculated according with Eg. 15. The same formulation is also adopted when
elements are exposed to the sulfate ingress only in one face. The curvature introduced
by the asymmetric load increases the macroscopic strain in the external damaged layer
and reduces the compressive stresses in this region. Therefore, the tangential stresses
transmitted to the sound core are reduced, leading to an assessment on the safe side.

_ G (15)
B= E,(b — P)P

It is important to remark [ only affects the assessment of the tangential stresses if the
length of the element is below a critical value (around 1 m for most structures). For
bigger values of [, the maximum tangential stress at the extremities of the element will
remain approximately constant. Therefore, the parameter [ would not affect the stresses
calculated in most structures.

3.2.3- Tensile boundary failure

In linear structures exposed all around to sulfates, the layered spalling may also be
caused by a tensile boundary failure. As shown in Figure 7, tensile stresses (o) are
induced by the restrictions of the sound core to the expansions experienced by the
affected layer in the cross-sectional plane. Cracks appear if the stresses reach the tensile
strength of concrete.

Since the penetration depth tend to be significantly smaller than the radius of the
element, an analogy with the thin-walled cylinders subjected to internal pressure may be
made. The affected external layer would tend to present an expansion &; ,,,,, due to the
ESA. This would generate stresses in the interface with the inner core, which would
deform by €., along the diameter of the element. The restriction generates compressive
stresses at the external surface affected by the ESA equal to E, (&) jmax — €ce)-
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Fig. 7. Side view (a) and top view (b) of tensile stresses due to restrain of expansions in the cross-
sectional plane

These compressive stresses should be balanced by the tensile stresses o, acting in the
interface with the sound core, as shown in Figure 7.b. By imposing equilibrium of the
in-plane forces, Eq. 16 is obtained. Maximum tensile stresses occur when the external
surface of the element is totally restrained by the sound core, that is, €., equals 0. This
gives Eq. 17, which should be used for the assessment of o, (see Table 5).

PEe(Sl.max - ‘gce)

Oty = (16)

4.- PARAMETRIC STUDY

A parametric study is performed to evaluate the results provided by the simplified
methodology under a wide range of realistic conditions found in practice. Different
sulfate concentrations in the media, aluminate contents and size of elements were
evaluated. The results obtained are compared to those calculated with the integrated
model by [9] and to the criteria from structural codes.

Table 6 shows the ranges and the reference values assumed for the two parameters
considered in the study. All sulfate concentrations (Cs,) evaluated correspond to
moderately or highly aggressive exposure classes according to UNE EN 206-1. The
range defined for the aluminate content (C4) correspond to a concrete with 350 kg/m?®
of cement that contain 80% of clinker and from 4% to 12% of CsA. The reference value
is equivalent to cement with 10% of CsA. Initial diffusivity and the buffer capacity of
the matrix are initially fixed at 1022 m?/s and 0.15, respectively. The length (1) of the
structural element is fixed at 5 m, which is above the critical length for the assessment
of the tangential stresses. This means that the results derived from the parametric study
also apply to elements with bigger values of . The additional input parameters required
in the integrated model by [9] are fixed at the reference values adopted in section 3.1.3.
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Table 6. Range of parameters in the parametric study

Parameter Minimum Reference Maximum
Cso [9/1] 0.6 3.0 4.2
Cea [% CsA] 4 10 12

The compressive strength and the elastic modulus of concrete are fixed at 30 MPa and
28000 MPa, respectively. The elastic modulus was considered the same at the sound
core and at the superficial layer affected by ESA. This consideration is on the safe side
since it provides higher internal stresses in the equations from Table 5. The tensile
strength (f;) of the material is approximated through the formulation included in the
Model Code. The formulation proposed by Kaneko et al. [38] is used to estimate the
shear strength, which gives a t,,,,, 0f 7.1 MPa. This value is in agreement with
experimental tests performed by Djazmati [39].

4.1.- INFLUENCE OF Cso

Figure 8 shows the penetration depth at 25 and 50 years obtained with the integrated
model by Ikumi et al. [9] and with the simplified equations (Eq. 2 and 3) for different
sulfate concentrations. The curves corresponding to the simplified equations with the
95% probability (Ky5) are depicted in dotted lines. At both ages, the simplified
equations derived in this study provide a good fit of the penetration front. The use of
Kys yields penetration depths above the expected values, ensuring conservative results.
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Fig. 8. Penetration depth for different sulfate concentrations

To evaluate the risk of mechanical failure, the maximum linear expansions (&; qx) are
calculated with Eqg. 1, assuming that all aluminate react to form ettringite. This gives a
& .max OF 8.7-104. Simplified equations presented in Table 5 for piles under full sulfate
exposure are applied to calculate the tensile stress in the sound core (o;.), the tangential
stress (z,) and the tensile stress (o;;) between the damaged and undamaged areas. Only
penetration depths obtained through the simplified equation are evaluated. The ratio
between each stress and the corresponding strength is calculated through Eqg. 18 to 20 to
make the risk of failure comparable for the different modes analyzed. The failure occurs
if any of the ratios become bigger than 1.
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Yrensite core = atc/ft (18)
(19)

)
lpTangential - /Tmax

wTensile boundary = O-tb/ft (20)

Figure 9 shows the stress/strength ratios at 25 and 50 years for piles with 90 cm, 40cm
and 30 cm of diameter under different sulfate exposure conditions. In these figures, the
limit of failure is depicted with a discontinuous line.
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Fig. 9. Stress/strength ratio for different sulfate concentrations

Results for piles with 90 cm of diameter (Figures 9.a and 9.b) indicate no mechanical
failure for any sulfate concentration below 4.2 g/I. The highest ratios are found for
lpTangentiala followed by lpTensile core and lpTensile boundary- In piles with 40 cm of
diameter, Yrangentia: are the highest for low sulfate exposure conditions, while
Wrensite core DECOME critical in severe sulfate exposure conditions. In fact, a tensile
failure of the sound core may occur for sulfate concentrations above 3.4 g/l at 50 years
(Figure 9.d). Likewise, for piles with 30 cm of diameter, failure occurs according with
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the same mechanism for sulfate concentrations above 2.6 g/l and 3.3 g/l at 25 and 50
years, respectively (Figures 9.e and 9.1).

Results suggest that, for low sulfate concentrations, failure is likely to occur due to
tangential stresses that causes surface delamination. Conversely, for higher sulfate
concentrations, failure is likely to occur due to the tensile stresses at the sound core that
causes cracking at the cross-section. This distinction is relevant since delamination of
exterior layers may be accepted as long as it does not compromise the safety of the
structure or the protection of the steel rebar. On the contrary, cracking of the cross-
section should be taken with care especially in piles subjected to moments or to tensile
forces.

Notice that according to the European standard UNE EN 206-1, the 10% CsA cement
used in this parametric study is not allowed for sulfate concentrations above 0.6 g/l,
regardless of the size of the pile. The estimations performed indicate that the limit
established in the codes may be modified depending on the size of the element, the
cement content and the mechanical properties of the concrete used in each application.

4.2.- INFLUENCE OF C3A CONTENT

Penetration depths predicted with the integrated model by Ikumi et al. [9] and with the
simplified equations derived in this work are compared in Figure 10 for different CsA
contents at 25 and 50 years. Again, the simplified equations provide a good fit of the
penetration depths at both ages. As described in section 4, the aluminate content has
minor influence on the penetration front. However, it is one of the main parameters that
define the magnitude of the maximum expansion in Eq. 1.
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Fig. 10. Penetration depth for different aluminate contents

Figure 11 presents the stress/strength ratios for several CsA contents in piles with 90
cm, 40cm and 30 cm of diameter at 25 and 50 years. All curves present a similar trend,
showing no failure for low contents of CsA. Once a threshold content is reached, all
stress/strength ratios increase abruptly, indicating a high risk of failure. This trend is in
agreement with the criteria included in structural codes, which establish a limiting CsA
content for sulfate resistant cements (usually 5% to 6%). Below this limit it is assumed
that no unacceptable damage will take place. The fact that this criterion has been
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successfully applied in many structural elements worldwide suggests that the simplified
formulation proposed here is capable of reproducing the general behavior of concrete
structures subjected to sulfate attack.

Results in piles with 90 cm of diameter indicate failure due to tangential stresses for
CsA contents above 12%. In piles with 40 cm and 30 cm of diameter, a tensile core
failure is predicted for CsA contents around 10%. It is evident that the CsA threshold
depends on the size of the element, the cement content and the mechanical properties of
the concrete.
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Fig. 11. Stress/strength ratio for different CsA contents
4.3.- INFLUENCE OF BUFFER CAPCITY (f)

Figure 12 shows the thresholds obtained for different pile diameters, buffer coefficients
and sulfate exposure conditions at 25 and 50 years. Values above 12% and below 4%
are not depicted since are beyond the range used to deduct the simplified formulation.

The results show that the increase in the diameter of the pile leads to an increase of the
CsA threshold. Nevertheless, the main parameter governing the CsA threshold is the
buffer coefficient (f). According with Tixier and Mobasher [11], f may vary between
0.05 and 0.40. However, the results obtained suggest that values above 0.20 are not
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realistic, as the matrix is able to accommodate enough expansive products without any
macro-structural damage for all exposure conditions considered. Therefore, a buffer
capacity around 0.10 is proposed in the present study.
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Fig. 12. C3A threshold for different pile diameters and buffer coefficients

4.4.- PROPOSED CsA THRESHOLD FOR PILES

Reference CsA threshold values calculated with the simplified model are presented for
different exposure conditions and dimensions for service lives of 25 and 50 years. Table
7 corresponds to radial elements —piles-, whereas Table 8 and Table 9 correspond to
elements such as walls under full or partial exposure, respectively.

Table 7. Proposed % CsA threshold for a service life of 25 years and 50 years (in

brackets).
Pile diameter [cm)]
Cso [g/1] 20 ”
0.6 |8.8(8.4) 9.4(9.0) 10.0(9.6) =>12.00(11.5)
1.8 7.1(6.8) 7.8(7.4) 8.4(8.0) 9.8 (9.4)
30 |6.6(6.4) 7.0(6.8) 7.5(7.1) 8.9 (8.6)
42 |63(6.2) 6.7(65) 7.0(6.7) 8.5 (8.0)
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Table 8. Proposed % CsA threshold for a service life of 25 years and 50 years (in
brackets) in surface elements with.2 faces exposed.

Surface element width [cm]
20 30 40 90
0.6 10.0 (9.6) 11.0(10.4) 11.9(11.2) =>12.0(>12.0)
1.8 8.5(7.9) 9.1 (8.7) 9.6 (9.2) 11.5(10.9)
3.0 7.4(7.1) 8.3(7.8) 8.8 (8.5) 10.3 (9.8)
4.2 7.0 (6.7) 7.6 (7.2) 8.2 (7.7) 9.6 (9.2)

Cso [9/1]

Table 9. Proposed % CsA threshold for a service life of 25 years and 50 years (in
brackets) in surface elements with.1 face exposed.

Surface element width [cm]

30 40 90
0.6 9.4(8.6) 11.0(10.1) 11.9(11.2) =>12.0(>12.0)
1.8 72(6.9) 7.9(7.5) 8.6 (8.0) 11.5 (10.9)
3.0 6.7 (6.5) 7.1(6.8) 75(7.2) 9.8 (9.0)
4.2 6.4(6.3) 6.7(6.5) 7.1 (6.8) 8.7 (8.1)

Cso [0/1]

The values recommended in Tables 7 to 9 are applicable to concretes with 350 kg of
cement per cubic meter, an f equal to 0.10, the sulfate diffusivity and concrete
mechanical properties considered in the parametric study. Once more the values confirm
that the CsA threshold depends on the dimensions of the element and the exposure
conditions. It is also observed that for equivalent conditions the threshold for piles tends
be smaller than that obtained for walls or tunnels. This is the result of the bigger ratio
between exposed surface and the total volume found in piles.

In case a different cement content is used, the values from all tables should be
multiplied by 350 and divided by the actual content in kg per cubic meter of concrete.
Moreover, in case an f equal to 0.05 should be considered, the values from Tables 7, 8
and 9 should be multiplied by 0.63, 0.66 and 0.60, respectively.

5.- CONCLUSIONS

A simplified methodology that considers the transport-reaction and the damage at a
macro-structural level due to the ESA was proposed. This methodology allows a direct
and simple assessment of the risk of failure for elements (piles, walls and tunnels)
exposed to a sulfate rich environment, considering the conditions found in each
application. The following conclusions may be derived from this study.

e Flux intensification effect of the sulfate ions in radial elements plays a minor
role in the maximum penetration depth for the typical size of real structures.
Therefore, unidirectional flux is adopted for all structural typologies, thus
avoiding the use of different formulations and the consideration of the element
size in the simplified reactive-transport equations.
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Sulfate and aluminate concentration, initial diffusivity and the buffer coefficient
are the most influencing parameters for the estimation of the penetration front.
Changes in the compressive strength and initial porosity display a smaller
influence on the penetration depth.

According to the results obtained, buffer capacities above 0.20 of the initial
porosity are not realistic. Therefore, buffer capacities between 0.05 and 0.20
should be used.

For lower sulfate concentrations and bigger pile diameters, failure is likely to
occur due to tangential stresses that causes surface delamination. On the other
hand, for bigger sulfate concentrations and lower pile diameters, failure is likely
to occur due to the tensile stresses at the sound core that causes cracking at the
cross-section.

The simplified methodology suggests the existence of a CsA threshold above
which a high risk of structural damage occurs. This trend is consistent with the
philosophy used in structural codes and validated in practice. The CsA threshold
increases with the increase of the size of the element and with the reduction of
the sulfate concentration.

Reference values are proposed for the CsA threshold depending on the exposure
conditions, type and dimensions of the structure. In case a more precise
assessment is required, the equation included in the simplified methodology may
be used to estimate the CsA threshold. The procedure followed for this
estimation requires the use of the formulation included in Tables 4 and 5, being
compatible with the durability assessment found in building codes.
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