Structural assessment of
an ASR-affected reinforced
concrete bridge
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ASR (alkali-silica reaction) has long been acknowledged as a key consideration when designing
concrete structures in South Africa. This study raises awareness of the influence of ASR on

the structural behaviour of reinforced concrete bridge structures. Aggregate type plays a role
in how the ASR develops over the structural life cycle. Greywacke aggregate is found to be
prominent in ASR-affected structures within the Western Cape region, and in the structure
that was investigated. ASR decreases concrete tensile strength, compressive strength, and
E-modulus over time. To develop a standardised approach that can be replicated on other
bridge structures, a simply supported rectangular reinforced concrete bridge deck slab was
analysed. The slab was modelled according to the construction drawings, including the
reinforcement detailing, to determine the ultimate shear and moment resistance according

to the code (BS 1972) used for the original design, and current Eurocode standards, for both
unaffected and ASR-affected concrete. Traffic load was determined from the relevant TMH7
standard, and from weigh-in-motion data collected at a station on the high-traffic-volume route
crossing the bridge. Due to compressive strength being the least affected material property by
ASR deterioration, the ultimate resistance to original design loads was found to be sufficient.
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INTRODUCTION
The first case of alkali-silica reaction (ASR)

in South Africa was identified in a structure

intervals. Pertinent consideration of the
overall remaining service-life of ASR-

affected structures and the influence of
in Cape Town by Oberholster and Brandt ASR on the structural behaviour is rare in
(1976). The prevalence of ASR-induced

deterioration is most pronounced in the

literature and is also not evident in liaison
with local bridge engineers. The reader is
Western Cape, primarily attributed to the referred to a compilation of cases on the
usage of reactive greywacke rocks (sourced structural effect of ASR on concrete (Blight
& Alexander 2011).

ASR affects infrastructure in general,

from the Malmesbury Group) as coarse

aggregate. It explains why ASR is a relevant
deterioration process affecting concrete and the focus of this paper is on bridge
structures within the regional infrastructure structures within the Western Cape.
network. Concrete mix design regulations According to the South African National
Roads Agency Limited (SANRAL), South
Africa has 754 600 km of integrated road

network which includes many bridges

have since been standardised, and elaborate
guidelines are given on how to either avoid
the use of reactive aggregates, or how to
appropriately proportion mix ingredients to and culverts as supporting structures.
avoid or limit the reaction in new structures To assist with managing this extensive
(refer to the latest reference documents:
SANS 50206 2015; Fulton 2021). Following

the diagnosis of ASR in a concrete structure,

infrastructure network, a bridge manage-
ment system (BMS) was adopted. SANRAL
implemented the BMS in 1998 shortly

the main focus up until now has been on after its introduction to South Africa two
addressing and supressing existing ASR years earlier by the National Rail Authority
(Nordengen & De Fleuriot 1998). Due to

many of the existing bridges predating the

development from a material perspective,
and on performing visual inspection for
recurrence of symptoms when conducting implementation of this system, accurately
routine inspection at subsequent, regular quantifying service-life, including any form
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of long-term tracking of bridges, is signifi-
cantly complicated.

Mbanjwa (2014) investigated bridge
and culvert structures within the
Western Cape. The dataset that was used
formed part of the STRUMAN Bridge
Management System and was obtained
from the Western Cape Government. The
research consisted of a total of 791 bridges
that were evaluated based on the bridge
inspection data collected through routine
maintenance conducted by certified bridge
inspectors. The data was then grouped
into various categories, including bridge
type, span length, and age. The study also
focused on the condition and priority
indices of the bridges outlined in Technical
Methods for Highways (TMH), most nota-
bly the overall condition index (OCI) and
overall priority index (OPI).

Concrete degradation due to ASR
Continued crack development due to ASR
could influence the overall structural
behaviour. Petrographic tests were con-
ducted by Saouma et al (2015) to assist
with predicting ASR development with
time. The extent of ASR correlates with the
following four stages of deterioration, also
illustrated in Figure 1(a):

M Stage 1: Micro nucleation — ASR com-
mences at the edge of the aggregate,
also known as the reaction rim, without
any expansion taking place.

B Stage 2: Development of the reaction —
expansion of alkali-rich ASR gel stored
within the micro-textures of the react-
ing aggregates commences.

B Stage 3: Surge in the rate of the reaction
and degradation process — the cement
paste starts cracking and is accompa-
nied by gel-filling, which leads to an
increase in crack width and density;
the deterioration becomes visible to the
naked eye.

B Stage 4: Significant degradation of
material — active concrete expansion
leads to severe damage and structural
failures; these failures include loss of
structural integrity, distortion, and pos-
sible rupture of rebar.

Larive model
The Larive kinematic model expresses the
ASR extent &(¢) as a normalised function of

time as:
1 - exp|-—
T
§O) = ———— @
Tl - t]
1 +exp
TC
24

Cracking of the aggregate

o Loy
N YA [

Propagation of cracks
into cement paste

/A )
S Possible
/, ! rebar rupture

Precipitation of gel
into air voids distant
from the aggregate

Expansion

N
~
™

3

Cracking of cement
paste filled with gel

0.2¢e= /

Cracking of aggregate
filled with gel

Rimming of ASR sol

Reaction rim

Micro-
nucleation

(b) Development

——» -~ pat———————————— »
Acceleration

\/

I
Time

Deterioration

Figure 1 (a) Crack nucleation inside aggregate followed by propagation inside the cement paste,
and (b) petrographic and evolutionary ASR interpretation at stages of the Larive model

(reproduced from Saouma et al 2015)

in which the time scale parameters for ASR
evolution are the latency time 7; and char-
acteristic time 7, depicted in Figure 1(b).
The ultimate expansive ASR strain & for

a particular concrete scales the extent to
ASR strain:

e45r(0) = €25p5(8) (2

The sigmoid-shaped curve is corroborated
by experimental data regression, from the
relatively low initial expansion rate char-
acterised by 7; to the reduced strain rate
beyond the inflection point captured by the
characteristic time. Both latent and charac-
teristic times are functions of temperature,
incorporating increased ASR reaction rate
at elevated temperatures (Ulm et al 2000;
Pourbehi et al 2019; Alaud & Van Zijl
2017). Jones and Poole (1986) reported that
high moisture levels are required within
the concrete for alkali-silica gel to absorb
water and expand. The internal relative
humidity levels are required to be above
75—-85%, and this can be maintained when
the concrete is exposed to continuous
wetting (as in concrete dam structures),
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periodic wetting, damp environments, or
exposure to sea spray in concrete bridge
structures.

When an affected structure reaches
the stage where the reaction has slowed
down enough, maintenance and structural
repairs can be done without subsequent
severe damage being caused by ASR.
Structural repair at earlier stages should
consider the potential structural effects of
continued expansion.

IDENTIFICATION OF AN
ASR-AFFECTED BRIDGE

The Sir Lowry’s Pass Viaduct on National
Route 2 (N2) was identified as a suitable
structure for further investigation, moti-
vated by its role as critical infrastructure
that connects the Eastern Cape and the
Western Cape. The pass originates from
nearly two centuries ago, and the most
recent addition of the widened viaduct
under consideration, shown in Figure 2(a),
was designed in the late 1970s and con-
struction was completed in 1984. Bridge
inspection reports for the viaduct confirm

Journal of the South African Institution of Civil Engineering



Figure 2 Sir Lowry'’s Pass Viaduct showing (a) the extension completed in 1984 and (b) slab
identification

localised ASR, also in the reinforced con-
crete (RC) bridge deck slabs. Upon further
research into the history of the structure,
as captured in the field inspection reports
since 1998, it was noted that the affected
elements had been identified as severely
affected more than 20 years ago during
some of the first inspections. This led to
cores being extracted from a specific slab,
denoted S7, which was the worst affected.
Petrographic test results confirmed the
presence of ASR in the element in ques-
tion, followed by remedial works in 2001.
Subsequent BMS bridge inspection sheets
reflect that the condition of the bridge

improved in the years after the remedial
work, while the inspection reports of 2012
and since indicate the return of and
increased ASR deterioration. The history
confirms the arrest of ASR evolution by
sealing intervention, but continuation once
favourable wetting by moisture penetration
recurs. For example, once waterproof seal-
ing applied during remedial intervention
deteriorates, and is not restored, the ASR
process continues.

In the following section the bridge
condition will be assessed in terms of
ASR progression from BMS inspection
reports, and the viaduct condition will be

Table 1 Remedial works on decks and slabs of the Sir Lowry’s Pass Viaduct

M Repa" aCt“"ty - “

1998 S7 Seal, repair cracks > 0.3 mm
m S7 Seal, repair cracks > 0.3 mm 15m 3 No
S1, 56, S7 Strengthening (using plates, carbon fibre, etc) 40 m?2 3 No
Seal cracks 42 m 3 No
S1,S7 Seal cracks 31 m 3 No
Apply silanes 140 m2 3 No
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evaluated in the context of the Western
Cape regional bridge infrastructure, all
towards motivating the selected case
study and deriving ASR-deteriorated
concrete strength and stiffness properties
for the structural integrity assessment of a
viaduct deck slab.

BMS report findings

The STRUMAN BMS report consists

of 21 inspection items, which include
structural elements such as beams, piers,
spans and abutments. It is accompanied
by a list of rehabilitative recommendations
to address identified problems or defects.
The report provides information on two
aspects. Firstly, it identifies problematic
sections within the structure, and sec-
ondly, it expresses the increase in remedial
work necessary to rehabilitate affected
sections. ASR was listed as a structural
defect in the viaduct in 6 of the 21 inspec-
tion categories, indicating widespread
presence in the structure. The affected
elements are classified as structural
concrete elements outlined in TMH19
(2018). A summary is presented in Table 1.
Three deck slab spans, denoted as S1, S6
and S7, showed signs of ASR degradation.
The slab layout is indicated in Figure 2(b).
Between 1998 and 2017 the degree rating
for these elements ranged from warning to
severe, the extent from more than local to
less than general, and the relevancy from
structural integrity or safety compromised
to potentially a serious impact on struc-
tural integrity and/or user safety. Cracking
was the most prevalent structural defect
noted consistently in the deck slab ele-
ments, stretching as far back as 1998 for
slab S7. Table 1 also briefly remarks on the
remedial works performed.

Diagonal cracks in soffit of triangular skew deck
Diagonal cracks in soffit of triangular skew deck

0.5-0.7 mm cracks to soffit (possible ASR)
S6: Also crack visible through road surface + 70 mm
rotation on 1.5 m H-rail parapet panel

Cracking to soffit (0.2-0.5 mm); cracking to deck
edge (0.5-0.7 mm)

Also crack visible through road surface + 70 mm
rotation on 1.5 m H-rail parapet panel

0.5-0.7 mm cracks to soffit (possible ASR)

0.6 mm ASR cracks to deck soffit
ASR product, moisture, aggregate visible
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Determining the ASR level

of expansion and structural

severity rating

An empirical relationship was established
with the Council for Scientific and
Industrial Research (CSIR) in the Western
Cape, as an approach to approximate the
level of ASR-expansion from the mean ASR-
induced crack width as follows (Putterill &
Oberholster 1985; Oberholster 2009):

€asre = 0-312w, + 0.0236 3)

with €, p being the ASR strain expressed
in % and the mean crack width w, in mm.
Measurements on concrete beams,
exposed to local Western Cape outdoor
environmental conditions, were conducted
to develop this relation. To evaluate the
reinforcement restraint to ASR expansion
and crack width, the test beams included
reinforced and unreinforced specimens.
It should be noted that Equation 3 is an
approximation to be used with care, and
crack widths used for the approximation
should exclude effects of mechanical action,
imposed drying shrinkage and/or thermal
expansion. A method to accurately establish
the actual ASR expansion in a structure
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Figure 3 Expansion of viaduct deck slab S7 over time, showing ASR expansion indices upper
limits and a Larive fit via Equations 1 and 2 with parameters, 7,= 18 years, 7= 9 years,

€55p=0.31%

does not exist yet. An alternative method
of approximation could be to extract cores
from affected and unaffected regions

from the structure, and to subject them to
accelerated ASR laboratory tests. Pourbehi
(2019) and Kongshaug et al (2022) have also
simulated original concrete mixes, cast and

tested concrete specimens for mechanical
characteristics as well as ASR expansion
in accelerated tests, and performed inverse
computational analyses of the structure
with characterised mechanical and ASR
model parameters to establish likely ASR
expansion in the affected structure by

Table 2 ASR swelling indices and structural severity ratings (reproduced from IStructE 1992)

Expansion Index

| 1l ] v \'}

€psRos < 0.06% 0.06% < £ 0,

<0.10%

0.10% < £ 4550,
< 0.15%

0.15% < £5g0,
<0.25%

€psros = 0.25%

Consequence of failure: Slight or Significant

| siight | signit | siight | signit | stight | signit | stight | signir | siight | signif |
N N N N N N N N N N

Site environment

Reinforcement
detailing class

Dry 2 N N N N N N N N N Mi

3 N N N N N N N Mi Mi Mo

1 N N N Mi Mi Mo Mi Mo Mi Mo

Intermediate 2 N N Mi Mo Mi Mo Mo Mo Mo S
3 N Mi Mi S Mo S S Vs S VS

1 Mi Mi Mi Mo Mi Mo Mo S Mo S

Wet 2 Mi Mi Mo S Mo S S S S VS

3 Mi Mo Mo VS S VS VS VS VS VS

Structural severity ratings: N = negligible; Mi = mild; Mo = moderate; S = severe; VS = very severe

Table 3 Sir Lowry’s Pass deck slab (57) information (Oberholster 2001)

Clear gel: Viscous gel that does not flow is present on fresh aggregate and
mortar fracture surfaces, as well as adjacent to cracks through aggregates

Type: Malmesbury greywacke/shale/phyllite

Size: Appears to be mainly 13.2 mm; some 19 mm
New gel: Shiny gel was present on curvature of core after removal of

Cracking (through aggregate): Many; from hairline to 0.5 mm wide J
wrapping

26 Volume 65 Number4 December2023 Journal of the South African Institution of Civil Engineering



simulating actual, monitored displacement
and cracking responses.

From Equation 3 typical ASR crack
widths in the range of 0.15 to 0.90 mm
are associated with ASR expansion of
0.07% (0.7 mm/m) and 0.30% (3.0 mm/m).
Figure 3 depicts the ASR expansion of
concrete in viaduct deck slab S7, derived
from the crack widths reported in Table 1
and substituted into Equation 3. The data
obtained from the reports was then used
to fit a curve based on the Larive model for
this specific ASR-affected structure. The
British Institution of Structural Engineers
categorises ASR expansion indices from I
to V, as summarised in Table 2 (IStructE
1992). The deterioration in the viaduct deck
slabs has evolved to index IV (Figure 3).
Given the reinforcement detail, coastal
proximity and significant consequence
of failure, the viaduct slab elements are
deemed to be in the very severe structural
deterioration rating category.

Condition assessment

During a rehabilitation project on the
viaduct in 2001, two cores were taken
from an abutment and deck slab S7,
respectively. The reason for only two
cores being taken can be attributed to
scope limitations which only allowed for
a minimalist assessment approach. Points
of interest about the core taken from deck
slab S7 are summarised in Table 3. The
report concluded that ASR appeared to
have been extensive and was still active.
Cracks of up to 0.5 mm wide confirmed a
severe to very severe structural category
already in 2001.

Overall condition and

priority indices

From the BMS reports the respective
OCI and OPI ratings for the inspection
sub-items, main items, and overall struc-
ture were obtained. The OCI and OPI
indices are used to prioritise repair and
rehabilitation for bridge structures. The
indices are predetermined by the BMS
database itself from the accredited bridge
engineering inspector’s ratings, and the
values range from 0 to 100, with 100 denot-
ing a perfect condition. The condition
categories and index ratings for both OCI
and OPI are elaborated in TMH22 (2013).

Overall Condition Index

(OCl) evolution

Figure 4 shows how the Sir Lowry’s Pass
Viaduct compares to other categories

odcl

20
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Time (years)

T
1994
== City of Cape Town average == Average reference age
=0O= 5m —-999 m span average =0O= Sir Lowry's Pass viaduct

== Simply supported average

Figure 4 OCl history of the Sir Lowry’s Pass Viaduct compared to bridges managed by the City of

Cape Town (adapted from Mbanjwa 2014)
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of bridges within the Western Cape, as
expressed by the OCIs gathered from BMS
inspection reports. The dashed line repre-
senting the viaduct shows a sudden spike in
2006 and subsequent steep decline to 2012.
The upward spike is considered an anom-
aly, motivated by the fact that no record of
intervention could be found for the period
2003 to 2006, together with the low OCI
reported in the 2012 BMS report. The solid
line in Figure 4 representing the viaduct
OCI score replaces the outlying value for
2006 with the average of those for 2003 and
2012. From Figure 4 it can be seen that the
OCI of the Sir Lowry’s Pass Viaduct lags
behind the averages for bridge structures
in its category, i.e. simply supported decks
with span lengths between 5 m and 9.99 m
located in and managed by the City of
Cape Town Municipality. The latter results
are reported research results by Mbanjwa
(2014), based on BMS results of bridges
managed by the City of Cape Town. The
OCIT values of bridges in this category have
remained at an average value of 82. The
average reference age refers to the average
OCI rating for structures of the same age
(38 years) as the Sir Lowry’s Pass Viaduct.
Compared to the average reference age
rating the viaduct is in a significantly worse
condition than the average trend.

Figure 5 (on page 27) compares the OCI
evolutions for the Sir Lowry’s Pass Viaduct
decks and slabs inspection item, as well as
sub-item S7 to the viaduct overall OCI and
the City of Cape Town averages, confirm-
ing that deck slab S7 in particular is in
poor condition.

Overall Priority Index (OPI) evolution
Figures 6 and 7 show the OPI evolution
over the Sir Lowry’s Pass Viaduct life span
since 1984, compared with OPI values for
the City of Cape Town bridges reported by
Mbanjwa (2014). From these figures it can
be seen that the OPI for the Sir Lowry’s
Pass Viaduct and the structural elements
under investigation there, are lower than
those for other bridge structures in the
region in the same category. The viaduct
decks and slabs, including slab S7, have
particularly low ratings and are therefore a
concern.

Mbanjwa (2014) reported that the
average OCI and OPI for RC bridges
in the Western Cape was 81.7 and 93.8
respectively. The average OPI greater
than 75 suggests that the majority of
the structures were in a good condition.
The current condition index for the Sir
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Figure 6 OPI history of the Sir Lowry’s Pass Viaduct compared to bridges managed by the City of
Cape Town (adapted from Mbanjwa 2014)
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Lowry’s Pass Viaduct is significantly prioritisation and remedial work activi-
lower than the standard warning level of ties. The priority index for the viaduct
OCI < 70 and is indicative of the need for was found to be significantly below the
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Table 4 Comparison of the Sir Lowry's Pass Viaduct vs the Western Cape regional average

Western Cape
regional

average

@

PI 93.8

Sir Lowry’s Pass Viaduct
415 85 50.8
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Figure 8 Cls and PIs for RC bridges in the Western Cape (reproduced from Mbanjwa 2014)

regional average. The viaduct is compared
to the Western Cape region in Table 4.
Decks and slabs are severely affected, and
specifically sub-item S7 is identified as a
critical structural element that warrants
further investigation. Both the OCI and
OPI of this slab are low, with the OPI
being of particular concern.

Mbanjwa (2014) found that 103 rein-
forced or prestressed concrete bridges from
a total of 791 in the Western Cape had
an OCI of less than 70, as can be seen in
Figure 8. This places the Sir Lowry’s Pass
Viaduct at the end of this spectrum. The
OPI of 75.6 (Table 4) also places it on the
lowest 15% of the recorded 791 bridges, and
the lowest OCI value.

REDUCTION OF MATERIAL
PROPERTIES

Empirical ASR-induced concrete
strength and stiffness reduction
From the results of an extensive experi-
mental research programme on ASR
expansion, consequential microscopic
damage, and mechanical strength and stiff-
ness reduction, Sanchez et al (2017) pro-
posed the ASR-induced concrete deteriora-
tion categories presented in Table 5. These
five categories are not dissimilar to the

five Severity Index categories in Table 2.
Notably, the categories are presented inde-
pendently from the concrete strength class,

aggregate type, or binder composition,

Table 5 Classification of the damage degree in concrete due to ASR (adapted and reproduced

from Sanchez et al 2017)

Reference
expansion
level (%) 2

Classification

of ASR damage
degree (%)

Assessment of ASR

Stiffness:
loss in elastic
modulus %

Tensile
strength loss %

Compressive
strength loss %

Negligible 0.00 - 0.03 = -
Marginal 0.04 £0.01 5-37 0-15 15 - 60
Moderate 0.11 £ 0.01 20 -50 0-20 40 - 65
High 0.20 + 0.01 35-60 13-25 45-80
Very high 0.30 £ 0.01 40 -67 20-35
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implying that the deterioration in strength
and stiffness is related to ASR-induced
swelling, and not to the particular concrete
composition.

The lower and upper limits of the
ASR deterioration categories in Table 5
are depicted in Figure 9, also showing the
test data points from the elastic stiffness
(E-modulus), compressive and tensile
strength tests performed (Sanchez et al
2017). The averages between the upper and
lower bounds are plotted as dashed lines
on the graphs and are proposed as first
estimate of reduction in concrete mechani-
cal properties based on ASR expansion
estimated from Equation 3. This does not
replace meticulous structural assessment,
but informs the infrastructure management
process. Once a decision is made to apply
remedial structural strengthening and/or
stiffening, appropriate characterisation
tests should be performed on the actual
structural concrete. In a structural reli-
ability approach, a characteristic value of
strength reduction could be determined
and used together with appropriate material
resistance factors. This requires sufficient
strength and stiffness test data, from which
for a normal distribution the ninety-fifth
percentile characteristic reduction factor
RF, is calculated from the average RF,,, and
standard deviation RF,, ,,, as follows:

RF, = RF,,, + 164RF 4, @)

Estimated strength and

stiffness reduction in the

Sir Lowry’s Pass Viaduct

The 2017 ASR expansion in viaduct deck
slab S7 is estimated to be 0.242% (see
Figure 3), based on recorded ASR crack
widths in the slab (Table 1) and Equation 3.
Subsequent BMS inspection reports are
not available to confirm to what level ASR
expansion progressed since 2017 to 2022 at
the date of this research. An estimate pre-
sented in Figure 3, using Equations 1 and 2
with parameters 7; = 18 years, 7, = 9 years
and % = 0.31% reasonably fits the ASR
evolution of S7. It must be noted that these
parameters remain to be confirmed for the
viaduct concrete, whether by appropriate
standardised ASR expansion tests, or from
more recent BMS site inspection reports
including ASR-induced crack widths. From
the empirical relation in Equation 3, a
crack width of 0.92 mm is associated with
the asymptote ultimate swelling strain of
0.31%.

29



(a) Reduction in E-modulus

1.0
0.8 1
L
=]
o
c
L
S
v
=]
°
(]
o
O N T T T
0 0.1 0.2 03 04
Expansion (%)
(b) Reduction in compressive strength
1.0
0.8
2
S 06
c
.2
kY]
=]
]
(]
o

04
Expansion (%)
(c) Reduction in tensile strength
1.0
(o)
2 0
o
S g
2
]
=]
S
(]
o
O </ T T T
0 0.1 0.2 0.3 04
Expansion (%)
=O== Top boundaries ==O== Bottom boundaries =« « Average of categories
Figure 9 ASR-induced reduction in concrete: (a) E-modulus, (b) compressive strength and
(c) tensile strength (reproduced from Sanchez et al 2017)
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Figure 10 illustrates the determination
of the 2022 ASR-induced reduction factors
for strength and stiffness, and collates
the ASR evolution for S7 from Figure 3
and the reduction factors for E-modulus,
compressive strength and tensile strength of
Figure 9. Note that average reduction factors
(RE,,)
and stiffness reduction data become avail-

are used. Should sufficient strength

able by extraction of cores and testing of
ASR-affected infrastructure, characteristic
reduction factors (RF,) may be derived as
proposed by Equation 4. For 2022, the aver-
age reduction factors are shown to be 0.25,
0.52 and 0.625 for compressive strength,
E-modulus and tensile strength respectively.

In lieu of characterised data, the viaduct
S7 concrete design mechanical strength is
assumed based on the class 35 MPa con-
crete specified on the construction draw-
ings. In the South African context, this is a
characteristic compressive cube strength.
The nominal E-modulus and charac-
teristic tensile strength associated with
this compressive strength class is 32 GPa
and 1.94 MPa, respectively (EN 1992-1-1)
(EN 2004). Although it is known that
concrete strength and stiffness typically
increase beyond the 28-day compressive
strength classification, the nominal values
are used here for illustrative purposes.
Table 6 summarises the original and cur-
rent ASR-deteriorated mechanical proper-
ties for viaduct deck slab S7.

BRIDGE TRAFFIC LOADING

ON THE VIADUCT

Bridge design guidelines and standards
CPA (1977) and TMH?7 (1981) have been
used in South Africa, with the latter being
the current standard. More recently, traffic
load models have been proposed based on
weigh-in-motion (WIM) data collected
from various WIM stations across South
African road networks (Lenner et al 2017;
Van der Spuy 2020). WIM data has been
recorded on South African roads for more
than a decade, guided by Committee of
Transport Officials South Africa (COTO)
guidelines and standards (TMH14 2013;
TMHS 2014; TMH3 2016). WIM-based
traffic load models indicate significantly
increased bridge loads compared with CPA
(1977) and TMH7 (1981).

The investigation of structural integrity
of the Sir Lowry’s Pass Viaduct considered
resistance models and traffic load models
used at the time of design, as well as cur-
rent approaches. The authors acknowledge

Journal of the South African Institution of Civil Engineering
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Figure 10 (a) Reduction in compressive strength (fc), E-modulus (E) and tensile strength (ft) determined from the Larive curve for viaduct S7 and
(b) the average ASR-induced reduction factors (Sanchez et al 2017)

that remaining structural service life and
cost considerations complicate design
considerations for existing infrastructure,
which, together with human safety, are
significant factors in the determination of
reliability indices and calibration of partial
factors for structural design (Steenbergen
et al 2015; Way et al 2022).

Maximum bending moments and shear
forces in a representative rectangular,
simply supported, 9.2 m span RC slab of the
viaduct were determined with commercial
grillage software MIDAS Civil (2022)
according to the CPA (1977), the TMH7
(1981) and WIM traffic load, as proposed
by Van der Spuy (2020). The worst affected
viaduct deck slab S7 has a triangular shape
accommodating the intersection with a rail

Table 6 Reduced mechanical properties due to ASR degradation

Viaduct nominal
characteristic value

Parameter

f. 35 MPa
E 32GPa
A 1.9 MPa

underpass, complicating the illustration. A
neighbouring rectangular solid RC slab S4
was considered instead, with a simply sup-
ported span of 9.2 m, thickness of 0.650 m,
and width of 8.425 m to accommodate a
shoulder and two traffic lanes for vehicles
travelling in the north-westerly direction
towards Cape Town.

Table 7 CPA (1977) and TMH7 (1981) permanent and transient loads summary

Average ASR reduction

Reduction factor in 2022 Reduced value in 2022

0.25 26 MPa
0.52 15 GPa
0.625 0.7 MPa

CPA and TMH?7 traffic loads
Standard procedures were followed to
determine maximum traffic loads on the
considered deck slab. The summarised
dead, superimposed dead and transient
loads and load factors for CPA (1977) and
TMH?7 (1981) in Table 7 were applied
systematically in a MIDAS grillage model

I TR R IR BT
TMH7
CPA (1977) (1981)
1 1.2 1.1 12

E DL concrete 1 1 1400r1.0 1400r10 DL concrete 1 1

E DL steel 1 1250r1.0 1.250r1.0 DL steel 1 1 1 1.1 1 1.1
E SDL 1 1 1400r1.0 1400r1.0 SDL 1 1 1 1.2 1.05 1.2
= HA 1 0.85 1.75 14 NA 1 1 = 1.5 13 =
% HB 09 0.85 14 13 NB 1 1 - 1.2 11 -
,-_'! HC 09 0.85 13 1.2 NC 1 1 - 1.2 1.1 -

*An additional ULS combination factor of 1.1 is prescribed by TMH7

NA “Represents normal traffic loading. It consists of either a
combination of distributed lane and nominal axle loading or two
nominal wheel loads."

HA “Represents normal traffic loading. It consists of either a combination of
distributed lane and knife-edge loading or a single-wheel loading.”

HB “This load shall consist of an indivisible unit of two bogeys each of two

axles, each axle containing four wheels at one metre centres.” NB “A unit loading representing a single abnormally heavy vehicle."

NC “Aloading representing multi-wheeled trailer combinations (or
self-propelled multi-wheel vehicles) with controlled hydraulic
suspension and steering intended to transport very heavy
indivisible payloads.”

HC “This load shall consist of two loaded areas in longitudinal alignment,
each area 5 m wide and of length 5-20 m; the closest distance between
the loaded areas to vary between zero and 25 m and the intensity of load
to be 30 kN/m2."
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Figure 11 Grillage model illustration for the Sir Lowry’s Pass Viaduct solid RC slab, for application
of CPA (1977), TMH7 (1981) and WIM model permanent and transient loads to

determine the maximum internal forces
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Figure 12 Working loads for: (a) shear force and (b) bending moment (based on Van der Spuy 2020)

of the deck slab shown in Figure 11. From
the table similarities in vehicle categories
are apparent, and differences in partial
factors for both permanent and transient
vehicle loads. The standards have the

same categories of notional lanes based on
the carriageway width. The 8.425 m wide
viaduct slab under consideration falls in the
width range of 7.4 — 11.1 m for which three
notional lanes must be considered.

Weigh-in-motion traffic loads
Data from the Kinkelbos east-bound WIM
station, located between Grahamstown
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and Port Elizabeth in the Eastern Cape,
was used to set up the vehicle load models
for the transient load cases. The WIM site,
number 3106, is located on the N2 in the
Eastern Cape, essential for transporting
goods and services between the Eastern
and Western Cape, passing over the Sir
Lowry’s Pass Viaduct. The Kinkelbos
WIM station is permanent and has been in
operation since the end of 2015. It consists
of two lanes running in both travel direc-
tions and has a speed limit of 120 km/h.

A notional lane width of 3 m proposed
by Van der Spuy (2020) was adopted for the

Volume 65 Number4 December 2023

WIM approach. Three lanes were therefore
used for the viaduct, with a slow outer lane
load assumed to predominantly carry the
heavy vehicle loads. The WIM-based traf-
fic load model suggests simplification in
transient load modelling by using a unified
traffic load model for normal and abnormal
vehicles, although this is the focus of con-
tinued research (Van Rooyen 2023; Van der
Spuy et al 2019). Lane factors are applied
(Van der Spuy 2019), acknowledging the
heavy vehicles in the outer lane with unit
factor (1.0), and lower factors in the other.

Two load categories were considered,
namely working and characteristic loads.
Working loads were measured from the
WIM station and represented the load
induced by the actual traffic. This was
done by sorting the data represented by
every vehicle measured at the WIM station
and creates a convoy based on the speed
and distance between the vehicles. This
was subsequently passed over various
spans of bridges to obtain the maximum
daily values for sagging and hogging bend-
ing moments, and shear force, obtained by
statistical extrapolation to characteristic
values. For this study, the simply supported
bridge deck with span length of 9.2 m
was specified, and the daily maxima were
determined for this data set by statistical
extrapolation.

For characteristic loads the dataset
used for working loads was extrapolated to
a return period of 975 years with extreme
value theory. This theorem states that
if a function is continuous on a closed
interval, then the function must have a
maximum and a minimum on the interval.
The Weibull distribution was used for the
extrapolation by fitting the distribution to
the extreme tail of the available data.

Figures 12 and 13 illustrate the
applied vehicle loads for the working and
characteristic loads respectively, showing
combinations of point loads representing
heavy vehicle axle loads and uniformly
distributed load (UDL), as proposed by Van
der Spuy (2020).

It should be noted that these models
differ from the TMH7 industry standard
where the axle loads are lower at 10 kN/
axle and the UDL is higher at 30 kPa. The
reason for this is that load models comprise
a balance between the axle loads and UDL.
The 150 kN used in the proposed models
were calibrated by Van der Spuy (2020).

Wheel impact and bridge dynamic
response amplify vehicle loads. To simpli-
fy engineering design, the dynamic vehicle
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force from the WIM is calibrated to an
equivalent static load. The DAFs depend
on span length, the traffic convoy charac-
teristics including speed and vehicle type,
as well as typical pavement roughness
and settlement of the bridge approach.
From the simple span-length-dependent
DAF relation proposed by Van der Spuy
and Lenner (2019), a DAF of roughly
1.3 (taken from Figure 14) applies to the
short 9.2 m viaduct deck span considered
here. The DAF concept is included in the
CPA (1977) and TMH7 (1981) traffic load
models.

Finally, lane factors of 1.0, 0.68 and
0 were assigned to traffic loads in the
three notional lanes of the viaduct slab
to account for the reduced probability of
extreme vehicles simultaneously in all
lanes, based on Van der Spuy (2020) for
determination of the maximum sagging
bending moment, from the outermost slow
lane, inwards. For determination of the
maximum shear force, lane factors of 1.0,
0.62 and 0.16 were applied. These lane fac-
tors emanate from multiple lane measure-
ment of traffic loads in South Africa.

From multiple permutations of the
loads described in Table 7, and the WIM
load traffic model, the final maximum
sagging bending moments and shear forces
obtained from applying the CPA (1977),
TMH7 (1981) and WIM models to the
9.2 m viaduct deck are summarised in
Table 8. The WIM working and character-
istic bending moments exceed the maxi-
mum of CPA and TMH7 ULS value by 9%
and 25% respectively, while the WIM shear
forces are 7% and 18% higher.

Bending moment and shear

force resistance

Table 8 also presents the design and
ASR-deteriorated bending moment and
shear force resistances of the investigated
viaduct deck slab. These values were cal-
culated from the design and ASR-reduced
compressive strengths in Table 6, reinforc-
ing steel characteristic yield strength of
410 MPa at the time (BS 1972; CPA 1977)
and as-built steel reinforcement detail for
the viaduct deck slab. The ultimate resist-
ances in the table represent the regions of
maximum reinforcement, which coincide
with the positions of maximum bend-

ing moments and shear force obtained
from the MIDAS analysis in the previous
sections. In the position of maximum
bending moment, which is in the slow
outermost lane, the total compressive

(a) 150 kN 150 kN 150 kN

30 kN/m
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v

E E %/ 10 kPa
—
1.2m

(b) 150 kN 150 kN 150 kN
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Figure 13 Characteristic loads for: (a) shear force and (b) bending moment (based on Van der

Spuy 2020)
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Figure 14 Dynamic amplification factors (Van der Spuy 2020)

and tensile steel cross section area is

1 884 mm?2 and 4 899 mm? respectively,
comprising 12 mm, 16 mm and 32 mm
diameter bars. The specified cover depth
was 60 mm. Vertically placed, high-tensile
strength stirrups of 16 mm diameter
encaged the longitudinal steel and pre-
sented shear reinforcement of highest con-
centration in the heavily loaded slow lane.
For current relevance, the resistances were
also calculated according to Eurocode
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(EN 1992-1-1) (EN 2004). Both CP 110

(BS 1972) and Eurocode use RC flexural
models based on the compressive block
concept, and minor differences lead to the
differences in bending moment resistance
calculated from the two design standards
in Table 8. A more significant difference
was found for maximum shear resistance,
with lower resistance calculated from
Eurocode roughly 88% of the CP 110 shear
resistance.
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Table 8 Maximum design and resistance bending moment and shear force comparison for the
viaduct 9.2 m deck span

g’ —E CPA 6914 ULS
52

& x TMH 692.2 ULS
2 e

&g 7536 Working
R wim

o E 855.3 Characteristic
. CPA 409.3 ULS
gz

< < IR 386.0 uLs
&Y

25 436.1 Working
B wim

483.6 Characteristic

From Table 8 it is apparent that the
ASR-reduced bending moment and shear
capacity meet the CPA, TMH7 and WIM
working load internal bending moment and
shear force demand. However, the bending
moment resistance of the original and the
ASR-affected viaduct deck slab are lower
than the characteristic internal bending
moment demand from the WIM model
reflecting current traffic loads, which
raises concern.

It should be noted that full resistance
of the reinforcing steel is considered in the
calculation of the resistances in Table 8,
despite the coastal proximity and known
ASR-induced cracking in the RC deck. The
emphasis here has been on ultimate resis-
tance, for which the standardised flexural
and shear resistance models consider the
compressive strength but ignore concrete
tensile strength. From literature, and in
Table 6, it is clear that tensile strength
is worst affected by ASR. E-modulus is
also significantly affected, warranting
scrutiny of deck short-term and long-term
deflection, and likely significantly altered
dynamic response.

CONCLUSIONS

Several bridge structures in the Western
Cape are affected by ASR. This paper
studied an affected reinforced concrete
viaduct on the N2 highway, given access
to as-built drawings and field inspection
reports for the last two decades. The rel-
evant original and current design stand-
ards were used, together with a recently
proposed traffic load model for South
African bridge design based on weigh-in-
motion data. The following conclusions
are drawn:
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Reduced Reduced
capacity capacity

788.8 776.2 800.8 7927

947.5 915.5 828.8 801.8

B The strength and stiffness of ASR-

affected reinforced concrete bridges
are reduced. The tensile strength and
elastic modulus are reduced more than
compressive strength. Structural analy-
sis is required to determine whether
sufficient structural resistance to loads
acting on the structure is retained.

B In addition to the constructed geometry

and reinforcement, several material
parameters are required for structural
analysis. Given the long-term process of
ASR deterioration, cost and restricted
accessibility of bridge infrastructure
carrying high traffic volumes, empirical
models for condition assessment are
invaluable. Empirical correlation between
ASR-induced crack width and ASR
swelling enable estimation of ASR extent.
Ranges in reduction factors of ASR-
affected concrete strength and stiffness
enable first estimates of structural resist-
ance, and planning of condition assess-
ment and strengthening interventions.

B Field inspection reports containing

recorded measurements of crack widths
of ASR-affected concrete bridges pro-
vide the link for estimating ASR swell-
ing and reduction in concrete strength
and stiffness. For the Sir Lowry’s Pass
bridge deck investigated, ASR-induced
reductions of 62.5%, 52% and 25% are
estimated for tensile strength, elastic
modulus and compressive strength,
respectively, from reported crack width
evolutions and empirical correlation.

B The ASR-reduced compressive strength

in the RC viaduct deck slab consid-
ered here results in reduced bending
moment and shear resistance, but the
internal force demand as per the origi-
nal design standard is met. However,

Volume 65 Number4 December 2023

the internal bending resistance is found
to be lower than the bending moment
in the viaduct based on weigh-in-
motion data collected from a station on
the relevant highway (N2), according
to recent research culminating in a
proposed WIM traffic load model for
South African bridges.

It is emphasised that empirical approaches

have been followed as first estimate of

the condition of the viaduct studied here.

Condition assessment to determine the

actual condition from appropriate testing

programme is recommended.
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