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This paper reports on a computational framework that assesses 
the integrity of a structure suffering from alkali-aggregate reaction 
(AAR). First, detailed field observation and laboratory tests are 
performed. Results were then interpreted in a format suitable for 
structural analysis. Then, probabilistic-based three-dimensional 
(3-D) nonlinear finite element simulations were performed. Prelim-
inary results (deformation and stress field) were completely unin-
tuitive and highlighted the complexity of the impact of AAR on a 
structural response. Results were cast in a risk-informed condition 
assessment framework through a new paradigm for AAR, based on 
work in the field of earthquake engineering. This procedure allows 
engineers to address two questions: 1) What is the anticipated level 
of damage at a given time? and 2) What is the time frame within 
which a given damage may occur? For this investigation, a major 
viaduct in Switzerland is analyzed.

Keywords: alkali-aggregate reaction (AAR); damage; fragility; residual 
expansion; uncertainty; viaduct.

INTRODUCTION
With the aging of infrastructure, alkali-aggregate reaction 

(AAR) becomes increasingly apparent as most of the struc-
tures were built at a time when the nature of the reaction was 
poorly understood, and standards for the detection of poten-
tial AAR in concrete mixtures were not well established. 
Whereas the problem has been traditionally associated with 
dams, it has also affected numerous bridges worldwide.1 In 
an early study,2 it was reported that in Denmark 600 bridges 
(roads and railways) and an unknown number of municipal 
ones are potentially AAR dangerous.

In a widely reported case, AAR expansion has caused 
rupture of the reinforcement.3 The 6th Street Viaduct in 
Los Angeles was constructed in 1932 using what was then 
state-of-the-art concrete technology and the use of an on-site 
batching plant. Yet, over the past 75 years, concrete elements 
have cracked and deteriorated due to AAR. As a result, the 
viaduct’s concrete has lost significant strength, and the struc-
ture is subject to failure under predictable seismic loads.4 
The bridge was recently dismantled and became yet another 
casualty of AAR.

Studies have mostly focused on field observations and 
assessments5-7 where not only residual expansions are 
measured but increasingly petrographic analyses are also 
performed.8-10 It has not been unusual to replace a struc-
ture on the sole basis of field/petrographic study without an 
attempt to conceptualize findings into engineering parame-
ters that can be used by structural engineers for a final struc-
tural integrity assessment.

To the best of the authors’ knowledge, there have been 
very few publications related to “science-based” numerical 

prediction of the structural response of bridges affected by 
AAR. Indeed, the FHWA Report11 does not even mention the 
term “finite element” once in its 154 pages.

Most recently, the deterministic finite element simulation 
of a viaduct12 undergoing a delayed ettringite formation (a 
swelling reaction so similar to AAR that the quasi-identical 
swelling model is adopted) was reported. Regretfully, very 
little details (if any) are provided regarding the numerical 
assumptions of the model, and how they are obtained. Huang 
et al.13 presented an interesting probabilistic-based inves-
tigation of the steel-concrete bond in AAR-affected struc-
tures. The deterministic analysis of an entire bridge, albeit 
with a rather simplified model, was reported in Wojslaw 
andWisniewski.14 It highlighted a potential deficiency in 
shear,15 where a set of parametric analyses on shear capacity 
of concrete beams and panels are performed. A multi-linear 
regression model based on Akaike and Bayesian information 
criterion is used to quantify the most sensitive parameters.

This paper studies a major precast segmental bridge 
in Switzerland (commonly referred to as the Viaduct de 
Chillon) that was recently found to suffer from AAR (albeit 
at an early stage) and as a result underwent major rehabili-
tation.16 First, the existing information on field and labora-
tory tests (petrographic, mechanical, and residual expansion 
tests) will be critically reviewed and findings reinterpreted 
in terms suitable for a finite element structural analysis (with 
wide margins of uncertainties). Then, given those uncertain-
ties, an innovative probabilistic-based model, inspired by 
Latin Hypercube Sampling (LHS), is proposed. This model 
is then applied to run a large set of analyses. Finally, predic-
tive results are presented and appropriate conclusions drawn.

RESEARCH SIGNIFICANCE
Altthough AAR has been a major concern in countless 

bridges, it has received little attention in terms of numerical 
simulation. This paper merges the expertise of material scien-
tists and the one of structural engineers who have tradition-
ally spoken different “dialects” and very seldom together.

Another novelty of this paper is the combination of funda-
mental theory, computation, probabilistic analysis, and field 
data to provide a more rational prediction for future behavior. 
Most importantly, this paper provides a novel framework for 
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a rigorous risk-informed condition assessment for structures 
affected by AAR.

DESCRIPTION OF VIADUCT
The Viaduct de Chillon is a precast post-tensioned bridge 

spanning between 92 and 104 m (301.8 and 341.2 ft) over 
a total length of 2120 m (6955.4 ft). The French double- 
cantilever construction system was used with precast vous-
soirs. It was opened to traffic in 1969 and is a well-known 
innovative and iconic structure widely recognized17 (Fig. 1).

CONCRETE CONDITIONS
Scheduled inspections have revealed a significant increase 

in reinforcement corrosion due to chloride diffusion through 
cracks. Ensuing preliminary investigations of the deck 
(concrete compressive strength, mild and prestressing steel 
tensile strength) were performed and repairs were conducted 
from 2012 to 2013. However, poor adhesion of the repair 
overlay mortar to the subjacent concrete was observed. 
Should the concrete have been sound, this should not have 
occurred, and as such, AAR was strongly suspected. In 
2012, many samples were extracted along the nearly 2 km 
(6562 ft) length of the bridge to properly account for the 
inherent and inevitable variabilities encountered in such a 
structure. Cores were extracted from the slabs and webs 
and not from the inclined segments as their structural role 
was perceived as minimal. Tests included microscopic  
analysis (composition and microstructure, state of degra-
dation), residual expansion measurements, compressive 
strength of cores, direct tensile strength, tensile axial splitting, 
static elastic modulus in compression, and hardened concrete 
mass density. Findings18 led to the following observations.

Topological damage distribution—The central zone of the 
deck exhibited most deterioration. This may be related to 
concrete casting, storage, and curing conditions. Indeed, segre-
gation and bleeding of the fresh concrete may have caused 
microstructural weaknesses. Traffic, temperature changes, and 
exposure to deicing salts also constituted aggravating factors.

Concrete degradation—The aggregates used come from 
a mixture of silica and silicate metamorphic rocks of sedi-
mentary and crystalline nature, with a slow/late reaction 
potential. The portland cement content of the deck ranged 

from 350 to 400 kg/m3 (21.9 to 25.0 lb/ft3) (350 kg/m3  
[21.9 lb/ft3] specified).

So far, concrete has undergone relatively small expan-
sions, as it has been in a relatively dry condition (there 
were no visible signs of microcracks), and the potential for 
expansion is intact. It is estimated that present (45 years after 
construction) expansion is less than 0.1% and that future 
expansion (after an additional 45 years) should be between 
approximately 0.4 and 0.9% based on petrographic report.18

Expansion tests have not revealed a “plateau”; this is often 
the case when aggregates do also contain alkali. It was esti-
mated that the laboratory maximum rate of expansion is 0.7 
to 0.8 mm/m/y (8.4 × 10–3 to 9.6 × 10–3 in./ft/y). Based on 
Arrhenius law, it is estimated that at 11°C (52°F) expansion 
is approximately five times slower than at 38°C (100°F), 
yielding a guesstimate 0.1 to 0.2 mm/m/y (1.2 × 10–3 to 2.4 × 
103 in./ft/y) in the worst-case scenario. This in turn will result 
in 0.45 to 0.9% future expansion in the most unfavorable 
conditions—that is, wet surfaces without protection. Indeed, 
this concrete was labeled as one of the most reactive concretes 
known in Switzerland. However, it should be noted that true 
field expansion is most often a fraction of what has been 
measured in the laboratory. Correlation between the two is not 
trivial, as a slightly different reaction occurs at lower tempera-
ture and smaller RH than in the laboratory. This reduction was 
not accounted for in this study, which focused on “worst-case 
scenario” in the context of a probabilistic approach.37

Mechanical properties were obtained from 100 mm 
(3.94  in.) diameter cores and maximum aggregate size of 
32 mm (1.26 in.). Values are shown in Table 1 and corre-
sponding percentage losses (determined from concrete in 
unaffected zones) are also shown. The mechanical proper-
ties of the inclined members were not tested, as they play a 
relatively minor structural role. Besides, the concrete used in 
these components is likely to have been quite different than 
the one used in the main box girder. Finally, in anticipation 
of a possible strengthening, a crude estimate of the possible 
evolution of mechanical strength in the next 30 years has been 
attempted18 (Table 1).

Remedial
The conclusions attributing the damage to AAR, it was 

decided to strengthen the whole bridge deck by adding a 
layer of 40 mm (1.57 in.) of an ultra-high-performance 
fiber-reinforced cement-based composite (UHPFRC) mate-
rial, reinforced with steel reinforcing bars. Strain-hardening 
UHPFRC with its low permeability is an ideal sealant to 
reduce ingress of water and thus slow/stop AAR expansion.16

CONSTITUTIVE MODEL FOR AAR
The theoretical underpinning of the model used in this 

paper has been presented by one of the authors separately.19,20 
The AAR expansion is considered to be volumetric and 
formulated by the following kinetics law

	 ξ θ
τ θ

τ θ
τ θ

t

t

t
c

l

c

,
exp

exp
( ) =

− − ( )






+ −
− ( )( )

( )










1

1

	 (1)

Fig. 1—General view of viaduct.18
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where τl and τc are the latency and characteristic times, 
respectively. The former corresponds to the inflexion point 
and the latter is defined in terms of the intersection of the 
tangent at τl with the asymptotic unit value of ξ (Fig. 2(a)). 
They are given by
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expressed in terms of the absolute temperature (θ K = 273 
+ T°C) and the corresponding activation energies. Ul and 
Uc are the activation energies, minimum energy required to 
trigger the reaction for the latency, and characteristic times, 
respectively. Once the volumetric AAR strain is determined, 
it is decomposed into a tensorial strain in accordance to the 
three weight factors associated with the principal stresses. 
Finally, degradation of the tensile strength and elastic 
modulus is accounted for as follows
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The model is relatively simple to implement in an 
existing finite element code and has been implemented in 
many others.21-28

In the context of this study, there are no good estimates for:
•	 What would be the ultimate AAR induced strain as 

possibly determined from reliable laboratory residual 
expansion test (not a simple task); and

•	 What is the internal relative humidity (RH) in the box 
girder.

Indeed, it has long been recognized that for AAR to 
occur, RH must be above a certain threshold.29 The effect 
of temperature and relative humidity on the kinetics of the 
reaction is illustrated by Fig. 2(a), where the decrease in RH 
results in a decrease of peak AAR strain, while a decrease in 
temperature will slow the reaction. The engineering signifi-
cance of the (sigmoid) expansion is illustrated in Fig. 2(b).30

FINITE ELEMENT MODEL
Based on the engineering report,18 three zones were iden-

tified (Fig. 3). The top deck layer T is the warmest and has 
the maximum exposure to water, and hence is assigned the 
largest volumetric expansion ε∞. The other two zones (C and 
B/S for center and bottom/side) are better protected from 
both the water and the radiant heat, and are thus arbitrarily 
(in the absence of a more rational criteria) assigned 80% and 
70% of the deck value. Two quantum values were assigned 

Table 1—Mean and minimum values of concrete properties18

Current (year 2015, age 45 years)

Property Intact Mean values degraded Minimum values degraded

Bottom Center top Loss % Bottom side Loss % Center top Loss % Bottom side Loss %

fc′, MPa 90 ± 10 75 ± 10 5 to 20 90 ± 10 0 65 30 80 10

ft′, MPa 4.5 ± 0.5 2.5 ± 0.7 40 to 45 3.7 ± 0.7 15 to 20 1.8 60 3.0 30

E, GPa 40 ± 4 32 ± 4 15 to 20 38 ± 4 0 to 5 28 30 30 15

Projected (year 2045, age 75 years)

fc′, MPa 90 ± 10 55 ± 10 35 to 40 70 ± 10 20 to 25 40 30 55 10

ft′, MPa 4.5 ± 0.5 2.0 ± 1.0 50 to 60 2.0 ± 1.0 30 to 35 1.0 60 2.0 30

E, GPa 40 ± 4 25 ± 5 30 to 35 30 ± 5 20 to 25 21 30 25 15

Notes: 1 MPa = 145 psi; 1 GPa = 145 ksi.

Fig. 2—AAR expansion curve.30
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(as opposed to a continuously varying distribution to facili-
tate numerical simulation).

Thirteen reinforcement groups are identified (Fig. 4). Eight 
mm (0.31 in.) reinforcement for the lateral reinforcement 
(x-direction) spaced at 100 mm (3.94 in.) and at 125  mm 

(4.92 in.) from the external faces, and 7 mm (0.276 in.) at 
125 mm (4.92 in.) for the rest. Also shown in the figure are 
the “index” points for which the finite element analyses will 
be recording the engineering demand parameters (EDPs) 
such as deformations and displacements.

Because the computational cost for a probabilistic-based 
nonlinear finite element analysis of the viaduct will be 
prohibitive, and as this is the first attempt to provide such a 
solution, only one segment (half, by virtue of symmetry) of 
the bridge is modeled, and it is assumed to be fully supported 
at the base (Fig. 5).

The model has 6380 nodes and 4820 eight-node brick 
elements. There are 10 elements along the z-axis; four 
elements at the web (along the x-axis) and bottom (along 
the y-axis); and six elements at the top deck (along the 
y-axis). Overall, the mesh size is approximately 0.03 x 0.15 
x 0.30 m (0.098 x 0.492 x 0.984 ft). Longitudinal displace-
ments are constrained on the front and rear faces (z-axis), 
whereas free expansion is allowed along the lateral and 
vertical directions (x- and y-axis) except along the plane of 
symmetry (constrained in the x-direction) and along the base 
(in the y-direction), as the model assumed to be supported 
vertically. There are 10 layers in the longitudinal direction, 
and the mesh is sufficiently fine by at least four layers of 
elements to properly capture flexure in all segments. The 
self-weight is applied in the first increment, and it is rapidly 
overwhelmed by the response to concrete swelling due to the 
subsequent AAR increments.

Coupled with the previously described AAR model is 
a nonlinear damage-fracture constitutive model for the 
concrete31 (smeared crack model) both implemented in the 
code Merlin.32

Given that the viaduct is 45 years old, the analyses seek 
to predict the incremental response over a total of 100 years. 
A time increment that is too short will be computationally 
prohibitive, and a time increment that is too long will result 
in gross imprecision. Hence, and following some parametric 
studies, a time increment (known as Analysis Time Unit 
[ATU] in the model) of 40.56 days was selected, resulting in 
900 increments for each of the (implicit) analyses.

Selection of concrete physical properties is critical for this 
epistemic study, and they are tabulated in Table 2. The assign-
ment of the AAR properties (Table 3) was more delicate and 
had to take into account the field measurements (Table 1). 
Again, different AAR volumetric expansions are assigned 
to the T, C, and B/S regions (Fig. 3) based on their relative 

Fig. 3—Modeled section identifying T, C, and B/S regions 
(blue, green, and red). (Note: For full-color version of figure, 
please refer to online PDF of paper at www.concrete.org.)

Fig. 4—Location of index points and reinforcing bar groups.

Fig. 5—Finite element mesh.
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exposure to water. Selection of the controlling expansion (at 
the top) is discussed in the following. Likewise, different 
reduction (or degradation) factors are accordingly assigned 
based on findings summarized in Table 1.

The value of the average yearly temperature at the viaduct 
location is 11°C (52°F). Hence, laboratory values for τl and 
τc (measured at 38°C [100°F]) are adjusted per Eq. (2). As 
to the reinforcement, only the yield stress (in an elastic-per-

fectly plastic model) is considered variable and is assigned 
a normal distribution function with a mean of 248 MPa 
(36 ksi) and a range of [225, 250] MPa ([32.6, 36.3] ksi).

PRELIMINARY DETERMINISTIC ANALYSIS
A preliminary deterministic set of analyses were 

performed to assess the spatial distribution of the concrete 
properties and the corresponding computation time. As 

Table 2—Nonlinear concrete model31 parameters

Characteristics Symbol Unit Distributional model Mean/COV [min, max]

Mass density ϱ Gg/m3 Deterministic 0.0024 —

Thermal expansion coefficient α 1/°C Deterministic 9.9 × 10–6 —

Modulus of elasticity E MPa Uniform distribution 40,000 [36,000, 44,000]

Poisson’s ratio ν — Deterministic 0.2 —

Tensile strength ft MPa Uniform distribution 4.5 [4.0, 5.0]

Exponential softening GF MN/m Normal distribution 1.2 × 10–4/0.2 [9.0 × 10–51.5 × 10–4]

Compressive strength (T and C) fc MPa Uniform distribution –67.0 [–77.0, –57.0]

Compressive strength (B/S) fc MPa Uniform distribution –78.0 [–88.0, –68.0]

Compressive critical displacement wd m Deterministic –0.0005 —

Factor beta for return direction β — Deterministic 0 —

Factor e for roundness of failure surface e — Normal distribution 0.60/0.15 [0.5, 1.0]

Onset of nonlinearity in compression fc0 MPa Normal distribution –20/0.1 [–24, –16]

Plastic strain at compressive strength εcp — Deterministic –0.001 —

Notes: 1 Gg/m3 = 62450 lb/ft3; 1 MPa = 145 psi; 1 N/m = 0.06852 lbf/ft; (9/5)°C + 32 = °F; 1 m = 3.28 ft = 39.37 in.

Table 3—Characteristics of AAR model

Characteristics Symbol Unit Distributional model Mean/COV [min, max]

Maximum volumetric strain (T) (ε∞
AAR)T — Trapezoidal — [0.004, 0.020]

Maximum volumetric strain (C) (ε∞
AAR)C — Deterministic 80% × (ε∞

AAR)T [0.0032, 0.016]

Maximum volumetric strain (B/S) (ε∞
AAR)B/S — Deterministic 70% × (ε∞

AAR)T [0.0028, 0.014]

Characteristic time τc ATU Trapezoidal — [40, 75]

Latency time τl ATU Trapezoidal — [480, 610]

Activation energy associated with τc UC K Uniform distribution 5400 [4900, 5900]

Activation energy associated with τl UL K Uniform distribution 9400 [8900, 9900]

Residual reduction factor гr — Normal distribution 0.15/0.2 [0.1, 0.2]

Fraction of εt prior to reduction of AAR expansion 
due to macro cracking r — Normal distribution 0.5/0.2 [0.3, 0.7]

Compressive strength (T/C) fc MPa Uniform distribution –67.0 [–77.0, –57.0]

Compressive strength (B/S) fc MPa Uniform distribution –78.0 [–88.0, –68.0]

Tensile strength ft MPa Uniform distribution 4.5 [4.0, 5.0]

Shape factor a — Deterministic –2 —

Reference temperature T0
°C — 10.1 —

Upper compressive stress beyond which there is no 
more AAR expansion σU MPa Deterministic –8.0 —

Reduction fraction for Young’s modulus (T/C) βE — Uniform distribution — [0.68, 0.78]

Reduction fraction for Young’s modulus (B/S) βE — Uniform distribution — [0.45, 0.60]

Reduction faction for tensile strength (T/C) βft — Uniform distribution — [0.18, 0.57]

Reduction faction for tensile strength (B/S) βft — Uniform distribution — [0.10, 0.41]

Notes: 1 MPa = 145 psi; (9/5) K – 459.67 = °F; (9/5)°C + 32 = °F.
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stated earlier, three distinct zones of AAR exposure were 
identified (Fig. 3). Three sets of analyses were performed: 
1) uniform (all concrete had the same ultimate expansion of 
1%); and 2) and 3) second and third had 1.0%, 0.8%, and 
0.7% expansion in each of the three regions (again, in light 
of varying exposure to water). While the second analysis 
had the same latency and characteristic times for all three 
regions, the third analysis had a varying set of latency and 
characteristic times.

Deformed shape, crack pattern, horizontal, and vertical 
displacements of three index points (1, 7, and 15 in Fig. 4) 
were scrutinized for all three analyses to better understand 
the impact of the nonuniform assignment of AAR properties 
(Fig. 6).

As expected, the more heterogeneous the concrete prop-
erties assigned, the more convoluted (and unpredictable) the 
deformed shape, from which one can identify zones of tensile 
and compressive stresses [Fig. 6(a), (b), and (c)], where the 
shaded surfaces correspond to the vertical displacement). In 

these analyses, the web undergoes relatively small flexure, 
and the inclined deck support appears to play an important 
role in the expansion. Induced (smeared) cracks at the end of 
the 900 increments (100 years, 1.0% volumetric strain) are 
shown in Fig. 6(d), (e), and (f). Consistent with the previous 
figures, the most realistic model (full nonuniformity) exhibits 
most cracks in the deck and the web-deck connection.

Figures 6(g) and (h) show the stress distribution along the 
center lateral top reinforcement (Group #4 shown in Fig. 4) 
in terms of time (as measured from the centerline) and loca-
tion. As one would expect, the stress increases with time 
until it reaches the reinforcing bar yield stress. Of concern 
is that the yield stress is reached within the 45 years (that is, 
presently). This finding is caused by the high assumed final 
volumetric strain of 1.0%. The uniform case has only a small 
discontinuity, while the full nonuniform case exhibits strong 
stress jumps at the deck intersection with the supporting 
components. This finding was not anticipated and may be 

Fig. 6—Comparison of uniform, partial, and fully nonuniform models. (Note: 1 MPa = 145 psi; 1 m = 3.28 ft.)
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aggravated by the high value of assumed (in the absence of 
other indicators) expansion.

Finally, Fig. 6(i) and (j) show the lateral (x) and vertical 
(y) displacements of three index points—that is, Loc.01, 
Loc.07, and Loc.15 (Fig. 4). The displacement trend of 
the partial uniform case is very similar to the uniform one 
(not shown) but with smaller values. On the other hand, the 
displacement curves for the nonuniform case are slightly 
different. While the lateral displacement follows the same 
smooth sigmoid shape, the vertical displacements exhibit a 
peak, and then a “softening.” a priori this could be attributed 
to a phase shift caused by the differences in the characteristic 
and latency times.

UNCERTAINTY QUANTIFICATION FRAMEWORK
To believe that one can perform a deterministic analysis of 

this bridge would be too presumptuous, as there are so many 
poorly quantified variables. Those are either aleatory in the 
nature of AAR, such as random distribution of pockets of 
high reactivity in the bridge, or they are epistemic because 
we do not fully know the concrete characteristic. In light of 
the aforementioned, a probabilistic investigation is under-
taken. For the finite element investigation to be properly 
carried out, a mathematical representation of the kinetics 
should be given.

Consistent with the model presented earlier, the maximum 
volumetric strain ε∞ and the degradations of the elastic 
modulus and tensile strength βE, and βft (Eq. (3)) must be 
determined in a manner consistent with the findings of the 
laboratory observations (Table 1).

Starting with ε∞, and as previously mentioned, the esti-
mated present expansion is less than 0.1%, and the future 
expansion at 90 years is expected to be in the range of 0.45 
to 0.9%. Hence, for the sake of the analysis, it is assumed 
that the range of current expansion (after 45 years) is 10% 
of those values or 0.045 to 0.09%. As to the estimate of total 
expansion in the subsequent 35 (45 + 45 – 10) years (under 
most unfavorable conditions), it will be 0.45 to 0.9%. It 
should be noted that in laboratory tests, expansion follows 
a sigmoid curve (very low expansion initially, followed by a 
rapid increase), this may not be the case in the field. Further-
more, these guestimates originated from a petrographic 
examination of the concrete that may have indeed predicted 

was worst-case scenario. Finally, guesstimating for a total 
of 100 (45 + 45 + 10) years, the lower bound is maintained 
at 0.45% and the upper bound is 2.0% (again based on the 
reported 0.2 mm/m/y (2.4 × 10–3 in./ft/y) estimated from 
laboratory tests). Hence, the domain of uncertainties is illus-
trated by Fig. 7 broken in three zones: present, near, and 
far future.

Finally, having two points from current uncertainty and 
four points from the future one, eight potential expansion 
curves (marked as corner curves) are fitted, which are shown 
in Fig. 7.

At this point, a strategy must be devised on how to generate 
the random expansion curves for the Monte-Carlo simula-
tion (MCS). The curves can be defined by three points: 1) the 
origin; 2) a random point at the current time (2015); and 3) 
a random point bound by the time interval of 2050 to 2070, 
and expansion intervals of 0.45 to 0.9% and 0.45 to 2.0%. 
The approach taken is heavily inspired by the LHS-wised 
technique of MCS.33

First, nsim points are orderly identified within the (trap-
ezoidal) domain of future uncertainly and another nsim 
are randomly located within the axis of present uncer-
tainty. Then, those points are randomly paired together, 
and along with the origin provide a set of three points that 
could uniquely define the expansion curve characterized by 
Eq. (1). The end point providing the time of reaction satura-
tion and the maximum volumetric expansion ε∞, a curve is 
then passed through those points (using a simple numerical 
algorithm) and τl, τc are determined (Fig. 8(a)).

Then, the corresponding distributions of the degradations 
must be defined as a set of random variables. Starting with 
ft and E, the degradation model is given by Eq. (3) and must 
be calibrated with estimated material degradations shown in 
Table 1 defined as M ± m. Hence, three sets of nonlinear 
least-squares optimizations are run to obtain the β values. 
Results are shown in Fig. 9.

Finally, a simple approach was adopted for the degrada-
tion of the compressive strength fc, as the constitutive model 
does not currently account for its degradation. The average 
values of 67 and 78 MPa (9.7 and 11.3 ksi) (from Table 1, for 
top-center, and bottom/side, respectively) is taken as a mean 
with a range of ± 10 MPa (1.45 ksi).

So far, variables have been independently defined; 
however, there is a strong correlation among some of them. 
Unfortunately, there is no literature on what should be the 
correlation of key concrete parameters; hence, “engineering 
judgment” was exercised in assigning those correlation 
coefficients, ρ: ρ(GF ↔ ft) = 0.5 ρ(GF ↔ ft) = 0.6, ρ(fc ↔ ft) = 
0.6, ρ(E ↔ fc) = 0.6, ρ(Ul ↔ Uc) = 0.6, ρ(βE ↔ βft) = 0.7, and ρ = 
0.0 for the rest. Please note that correlation coefficient varies 
between 0.0 (no correlation) and 1.0 (full correlation). The 
subscript presents that two RVs have a degree of correlation. 
In summary, this section has detailed how the material prop-
erties have been previously assigned in Table 2 and Table 3.

AUTOMATION OF PROBABILISTIC ANALYSIS
Automation of the procedure was performed through 

developed Matlab codes that read user-defined input files 
and generate output ones. For each output parameter, results 

Fig. 7—Domain of investigation for AAR expansion (1970 to 
2015: dry and 2016 to 2070: wet condition).
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are plotted along with their 16, 50, and 84 fractiles ranges 
(Fig. 10). This figure will provide the engineer with a ratio-
nale about the conditional behavior of the viaduct. The indi-
vidual time-dependent simulations are shown with light gray 
lines, while the summarized curves are black. The vertical 
axis represents an EDP (for example, displacement, stress, 
and so on) and the horizontal axis is time (which is a metric 
for intensity).

ANALYSES RESULTS
An initial attempt to interpret results brought up an unan-

ticipated set of two responses that resulted in two drasti-
cally different deformation shapes of this complex structure. 
Hence, the next section will examine the peculiar idiosyn-
crasy of the problem, and results of the 121 analyses will be 
addressed next.

Fig. 9—Predicting degradation of E and ft based on optimization of experimental tests.

Fig. 8—Latin Hypercube-based sampling method.
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Effect of kinetics
Scanning all 121 analyses results, two major deformation 

trends emerged, Fig. 11(a) and (b) (with colored shaded 
contour corresponding to the volumetric AAR expansion), 
tagged as Class I and II, respectively. In the first one, note 
the great “distortion” of the section with much flexure in 
both the flanges but also the web. In Class II, the vertical 

elongation of the web is clearly dominant, resulting in 
smaller curvatures in the web. Examining the corresponding 
(randomly generated in the context of the performed Monte-
Carlo simulation with Latin Hypercube sampling) input 
data for each class of response, the cause was immediately 
attributed to the set of latency and characteristic times and 
the corresponding activation energies rather than with the 
values of ε∞ associated with different regions. From this set 

Fig. 10—Interpretation of results based on summarized curves.

Fig. 11—Identification of two distinct structural responses attributed to delayed AAR expansion. (Note: 1 MPa = 145 psi; 
1 m = 3.28 ft.)
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of analyses, the importance of differential kinetics properties 
(used in Eq. (2)) was highlighted.

This cause was confirmed by Fig. 11(c) and (d), where 
the time lag in expansion among components is much more 
accentuated in the second, hence prioritizing the vertical 
expansion of the web in Class II. The displacements of the 
deck center line (Loc01) and edges (Loc15) in the y- and 
x-directions further illustrate this response (Fig. 11(e)). 
Time-wise, the vertical displacement of the deck center line 
in Class I moves downward for the first 25 years, and then 
with the stress release caused by cracking (Fig. 12(c)) it 
reverses and displaces upward.

The reinforcing bars (located at the bottom and across the 
deck) in Class I yield entirely after approximately 30 years 
(Fig. 12(a)). Again, locations are from the deck centerline. 
However, in Class II, reinforcing bars only partially yield in 
the vicinity of the center line. This is confirmed by the high 
curvature in the center part of the deck in Fig. 11(b). On the 
other hand, throughout most of the life span of the structure, 
the bottom reinforcement stress (away from the centerline) 
is very small for Class II (Fig. 12(b)). This finding is further 
supported by the absence of cracking in the corresponding 
part in Fig. 12(c), where in addition the crack initiation 
corresponds to discontinuity in stress diagram. In this figure, 
the crack initiation and propagation correspond to the solid 
circle and square points shown in stress time history curve 
(Fig. 11(f)).

PROBABILISTIC-BASED ASSESSMENT
The initial batch of 121 simulations yielded a set of 13 

(approximately 10%) nonlinear analyses, which terminated 
prematurely due to lack of convergence. This was attributed 
to a randomly generated combination of (possibly) incom-
patible variables, which exhausted the capabilities of the 
models. Otherwise, CPU times ranged from 4 to 187 hours 
each, with a mean of 15.2 hours. Thus, the complete set of 
analyses required approximately 2 months of computations.

Following the earlier classification of analyses into two classes 
(I and II), 59 fell into the first and 49 into the second group. Out 
of the 30 index points with identifiable results (Fig. 4), only 
three EDPs are reported (Fig. 13(a)): the lateral (x) displace-
ment at the edge of deck (Loc15), vertical displacement at the 
deck center line (Loc01), and the corresponding σxx stress. The 
maximum anticipated horizontal and vertical displacements 
are 43 and 30 mm (1.69 and 1.18 in.), and remain relatively 
small compared to the dimensions of the voussoir. The corre-
sponding median 16th and 84th fractiles for each set of curves 
is also shown. Again, consistent with previous observations, 
the vertical displacements are higher for Class II, while they 
have lower lateral displacements. Finally, the stress reversal 
for Class II is worth noting. In all cases, the maximum tensile 
stress is capped by the ≅4 MPa (0.58 ksi) tensile strength spec-
ified. On the other hand, the compressive stresses are nearly 
negligible compared with the compressive strength of 67 MPa 
(9.7 ksi).

Fig. 12—Reinforcing bar spatial and temporal stress distributions and cracking for two identified structural responses. (Note: 
1 MPa = 145 psi; 1 m = 3.28 ft.)
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Risk-informed condition assessment
This probabilistic-based analysis of a major infrastructure 

suffering from AAR can now serve as a vehicle to finally 
define the risk-informed condition assessment (RICA) of 
similar structure. Although this paradigm is not entirely 
new,34 it has seldom been used in the context of evaluation of 
structures suffering from AAR. First, a few terms commonly 
used in earthquake engineering will be introduced.

Stressor, S—1) an incrementally increasing, cyclic, or 
time-dependent load (or displacement, acceleration, or pres-
sure); or 2) an incrementally decreasing resistance parameter 
or degradation of strength properties. In earthquake engi-
neering, S is typically called an intensity measure (IM) param-
eter. In the present paper, however, S is time. It is the increase 
in time that causes aging/deterioration of the concrete.

Response, R—As the name implies is merely the response 
of a structure to a stressor S. R may be either scalar or 
vectoral (single or multiple) damage variable (DV), such as 
drift or displacement. A limit state (LS) may be assigned to 
a DV and thus define a damage index (DI); for example, a 
stress (DV) should not exceed the strength (LS) according 
to a simple strength-based DI (otherwise, the result will be 
failure). In earthquake engineering, R is often referred as 
an EDP.

Capacity function—Relationship between S and R.
Fragility function—Continuous function showing the 

probability of exceedance of a certain LS for specific level of 
IM. This important concept was first introduced by Kennedy 
et al.35 and is mathematically expressed as

	 Fragility LS IM= =[ ]P im| 	 (4)

where P [A|B] is the conditional probability that A occurs 
given that B is equal to a particular im.

Figure 14(a) illustrates this concept typically used in 
earthquake engineering: What is the probability of a LS 
exceeding a certain value in terms of the seismic excitation, 
and what would be the corresponding level of damages? 
Similarly, for structures affected by AAR, Fig. 14(b) would 
be a corollary that gives the probability of a volumetric 
expansion exceeding a specified tensile strength with time.

Following these definitions, attention is returned to the 
problem previously analyzed. The DV is considered to be 
the vertical displacement (Fig. 13(a)) and an LS of 50 mm 
(1.97 in.) is assumed based on engineering judgment (that is, 
should the vertical displacement exceed 50 mm [1.97  in.], 
then the structure is considered to have locally failed). Then, 
as in Fig. 10, the temporal distribution of the DI is shown 
in Fig. 15(a), where six points are identified: the intersec-
tion of the 16th, median, and 84th fractiles with: a) a vertical 
line corresponding to the year 2040; and b) a horizontal 
one corresponding to a DI = 0.2 (or displacement of 10 mm 
[0.4  in.]). These values are arbitrarily selected for illustra-
tive purposes. In actuality, they would be defined by the 
structure owner.

Two conditional assessments are then extracted: 1) 
time|DI; and 2) DI|time. The former is associated with the 
time needed for a given DI to occur (horizontal line), and the 
second the likelihood of a given DI occurring at a given time 
(vertical line) (Table 4).

From three fractiles, one can estimate the mean μ and the 
log-normal standard deviation β36

	 µ time|DI time= ( )ln %50 	 (5)

Fig. 13—Individual probabilistic-based simulations and 16, 50, and 84% fractiles. (Note: 1 MPa = 145 psi; 1 m = 3.28 ft.)
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	 βtime|DI time time≈ ( ) − ( )( )1
2

84 16ln ln% % 	 (6)

which result in μtime|DI = 3.99 and βtime|DI = 0.34. From these 
values, the lognormal probability density function (PDF) 
and corresponding cumulative distribution function (CDF) 
are constructed (Fig. 15(b)). This last curve, for all prac-
tical purposes, is the fragility curve of the bridge assessed 
in terms of the DI of a potentially excessive displacement.

Similar curves could then be determined from other sets of 
quantities and engineers could meaningfully and rationally 
answer such basic and important questions as: a) how long 
would it take for a certain degradation to occur? or b) what 
is the degradation likely to occur at a given time? This is the 
essence of RICA presented in this paper for AAR.

CONCLUSIONS
Borrowing from the earthquake engineering literature, this 

paper presented a new paradigm to scientifically assess the 
integrity of structures affected by AAR. It is clearly a more 
palpable approach to regulators than the deterministic ones 

that are too often reported, and is relatively simple to perform. 
Indeed, this was made possible by the increased compu-
tational power available, and our ability to perform mean-
ingful Monte Carlo simulation with sufficient reliability.

Another result that emerged from this investigation is the 
importance of properly modeling the kinetics of AAR in an 
incremental nonlinear analysis, and not limiting oneself to 
simply applying the maximum expansion. This analysis has 
highlighted the near impossibility to use intuition or “engi-
neering judgment” to estimate the deformed shape (and thus 
location of stress concentration) given the idiosyncrasy of 
the complex model (nonuniform expansion, nonlinear time- 
dependent analysis, complex geometry). It should be pointed 
out that the main focus of this paper is not to make an accu-
rate and reliable prediction of the future expansion (in light 
of the lack of reliable laboratory expansion measurements), 
but to use this bridge as a vector to introduce the paradigm 
of risk-informed assessment of structures affected by AAR.
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Table 4—Central fractiles for two conditional 
assessments of Class I case; number inside 
parentheses represents absolute date

Conditional assessment

Central fractiles

16 50 84

time|DI [years] 40 (2010) 54 (2024) 79 (2049)

DI|time 0.17 0.36 0.56

Fig. 15—Engineering interpretation of results.

Fig. 14—Fragility curves.
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