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Creep of concrete structures is in most cases regarded as a serviceability problem that may have impacts on maintenance and repair costs
but cannot lead to structural collapse. However, several structural collapses during the past decades have been, at least partly, attributed
to excessive creep deformations. Recent studies suggest that concrete creep may be further exacerbated by climate change. The current
study demonstrates how this effect can be quantitatively assessed. For this purpose, six different creep models (i.e, Model Code 1999,
Model Code 2010, MPF, B3, B4, and B4s models) are used under considerations of historical and future climatic conditions in
southernmost Sweden as given by a regional climate model. Furthermore, two different simulations were performed as follows: 1)
considering only climate uncertainty represented by the climate model, and 2) considering climate uncertainty, parameter uncertainty, and
creep model uncertainty. The highest impact of climate change on end of century creep coefficient is observed using model B4 where the
75" percentile of the increase in creep coefficient is found to range from ~8% to ~14% depending on the climate scenario. The results of
the assessment in this article show that the uncertainty related to climate change on creep of concrete structures (higher effect in RCP8.5
than in RCP2.6 and RCP4.5 which have very similar results) is much smaller than uncertainties resulting from creep modelling.

Keywords: Climate change, Long-term deformations, Creep, Creep models, Creep coefficient, Parameter uncertainty, Model uncertainty,
Infrastructure safety, Infrastructure performance.

1. Introduction climate change on built infrastructure have not yet been
investigated quantitatively. One of these impacts is the
potential increase in creep of concrete structures due to
climate change, see Nasr et al. (2019).

Although creep of concrete structures mainly is a

Many potential climate change impacts on built
infrastructure have been identified in recent studies (e.g.,
Nasr et al., 2019). According to the fifth assessment report
(ARS) of the Intergovernmental Panel on Climate Change . - .
(IPCC), these impacts can significantly affect the serviceability problem, it can lead to severe consequences.
performance and safety of many infrastructure elements for instan.ce, the collapse of the Koror—Babeldaqb Bridge
(IPCC, 2014, Chapter 8). Several of these impacts have 10 Palau in 1996 can be, at leasf partly, attributed to
been assessed in a quantitative manner by the research ~ CXCESSIVE creep deformations (Bazant et al., 2011). In
community, such as accelerated deterioration of Bazgnt et al. (201 1)_, 56 other brldges‘were found to show
infrastructure (Bastidas-Arteaga and Stewart, 2015; Stewart  Similar problems with creep deformations and many more
et al, 2011) and increased scouring under submerged probably exist. Th_e progressive collapse of R01ssy_ Charles
foundations of infrastructure (Dikanski et al., 2018). de Gaulle Airport is another example where excessive creep

Nonetheless, many other identified potential impacts of
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deformation have contributed to more severe consequences
affecting structural safety (El Kamari et al., 2015).

Many models for assessing creep of concrete
structures exist. Examples of these models are: Model Code
1999 model (MC99) (Eurocode model) (CEN, 2004;
FIB, 1999), Model code 2010 model (MC10) (FIB, 2010),
ACI model (ACI, 1992), GL 2000 model (Gardner and
Lockman, 2001), MPF model (Chateauneuf et al., 2014),
B3 model (Bazant and Baweja, 2000), B4 model (Bazant et
al., 2015), and B4s model (Bazant et al., 2015). It has been
noted earlier that some of the models commonly used in
practice, e.g., MC99 model and ACI model, tend to grossly
underestimate multi-decade creep, see e.g., Bazant et al.
(2012). This highlights the large model uncertainty that
characterizes creep modelling.

Under this premise the aim of the current article is
twofold. Firstly, a probabilistic approach for quantifying the
impact of climate change on the creep of concrete structures
is described and demonstrated. Secondly, the validity of the
often-unchallenged assumption that climate change
uncertainty dominates the other sources of uncertainty, e.g.,
parameter uncertainty and impact model uncertainty,
involved in assessing the impacts of climate change on built
infrastructure is investigated. The article starts by
describing four different creep models in detail as well as
their stochastic application and the climate model data used.
The following section presents an illustrative example that
demonstrates the applicability of creep models in assessing
the impact of climate change on creep. Lastly, the final
section highlights some concluding remarks.

2. Creep Modelling

As previously mentioned, there exists many models for
predicting the creep of concrete structures. In this section,
four such models are described in detail; MC99, B3, B4, and
B4s. Although models MC10 and MPF are also used in the
next section, they are not described in this section for the
sake of brevity. Depending on the model used, creep of a
concrete structure at age t due to a compressive stress @
applied at age t' is described by either the creep coefficient
@(t,t") or the creep compliance J(¢,t"). The relationship
between @(t,t") and J(¢,t") is described by the following
expression (e.g., Bazant et al., 2015):

& () =6 t)o = (") M

Where €,(t) is the stress-dependent strain (i.e., excluding
shrinkage and thermal strains) at age t and E(t") is the
modulus of elasticity at loading age t'.

2.1. MC99 model (Eurocode model)
The MC99 model (FIB, 1999) predicts ¢(t,t") as follows:

(P(tr t’) = ‘Poﬁc (f, t’) (2)
with
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where @, is the notional creep coefficient, B.(t,t") is the
creep time development function, T is the temperature in
[°C], RH is the relative humidity in [%], h is the notional
size of the concrete member in [mm], f,, is the mean
compressive strength of concrete at the age of 28 days in
[MPa], t and t' are the age and age at loading,
respectively, in [days], t',4; is the adjusted age at loading
based on cement type and « is cement-type dependent
factor.

The factors @+ (Eq. (5)) and S (Eq. (16)) represent
the effect of temperature on the creep coefficient and on the
time development of creep, respectively. For a temperature
of 20 °C (the default temperature of the model) both factors
equal 1.0 and Eq. (4) and (13) reduce to the relative
humidity dependent factors @gy and Sy, respectively. It is
worth noting that, the adjustment of the age at loading
according to the curing temperature is not considered here
as this is not expected to be influenced by climate change.
Furthermore, the transient creep coefficient that accounts
for a sudden increase in temperature while the member is
under load (e.g., due to fire) is not considered.

2.2. B3 model

The B3 model (BaZant and Baweja, 2000) predicts J (¢, t")
(in [1/MPa]) as follows:

J(tt) = (g1 + Co(t, t") + Cy(t,t', tg)) - 107° (17)
with

Co(t,t) = q2Q(t,t") + gz In(1 + (¢t — t")*H) +

(5 (18)

—8H(t) _ ,—-8H(E\"® /
Cd(t,t,, tO) — {qs(e e 0. ) t=> t() (19)
0 t<tg
__ 600000

17 E@s)

(20)
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E(28) = 4734\/Fom @1
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1.0  Typel cement
a; = {0.85 Type 11 cement] (32)
1.1 Type Ill cement
0.75  Steam curing
a, = { 1.2 Sealed ] (33)
1.0 Curing in water
B ¢ \05
E() = E(28) (4+0.85t) G4
H(t) =1—(1—RHyS(t) (33)
S(t) = tanh /ﬂ (36)
Tsh
Tsh = kt(ksh)z 37
k. = 8.5t,7008f, “0%5. 1072 (38)
1.00 Infinite slab
1.15 Infinite cylinder
ks =1 1.25 Infinite square prism (39)
1.30 Sphere
L1.55 Cube )
to = max (t',ty) (40)

where g, is the instantaneous strain due to a unit stress,
Co(t,t") is the compliance function for basic creep,
Cy(t, t', ty) is the compliance function for drying creep, t,
is the age when drying starts (i.e., age at exposure) in
[days], g2, g3, q4, and g5 are empirical constitutive
parameters, E(28) is the modulus of elasticity at 28 days
in [MPa], ¢, w, and a are the cement, water, and aggregate
contents, respectively, in [kg/m?®], &5, is the ultimate
shrinkage strain, E(t) is the modulus of elasticity at age t,
Tp, is the shrinkage half-time in [days], RH, is the relative
humidity expressed as a decimal (e.g., 0.7 for 70% relative
humidity), S(t) is the shrinkage time function, and f,,,, h,
t,and t' are as defined previously.

The effect of temperature on basic creep is accounted
for by replacing Eq. (18) with Eq. (41) as follows:

Cot,t) = Ry (4:2Q(tr, ) + g3 In(1 + (¢ — £)°1) +

ANC) @1
with

ulf1 1
Ry = 67(293 TK) (42)

tr—t' = Br(t—t") (43)
Yoot

ﬁ’;‘ =e R\293 Tg (44)

Uc - N

;: 3418w 0.27fcm054 (45)

= 615.24 w0 f,,, 0% (46)

where t; is the temperature adjusted age in [days], U. and
U, are the activation energies of creep describing the
magnification and acceleration of creep due to a
temperature increase, R is the gas constant, and Ty is the
temperature in [Kelvin]. Although it is acknowledged that
temperature also affects drying creep (see e.g., Bazant and
Kim (1992)), this effect is not considered in the description
of model B3. Similar to MC99, the adjustment of the age at
loading according to the curing temperature is not
considered.

2.3. B4 and B4s models

The B4 model (Bazant et al., 2015) predicts J(t,t") (in
[1/MPa]) as follows:

J(t,t") = qipa + Copalt,t’) + Cypalt, t’, ty)
with
Copa(t,t) = q2,54Q(t, t") + q3pa In(1 + (£ = t)1) +

(47

t
5410 (;) 8)
Capa(t,t', ty) =
{qsme_pm(t) — e PSHHEDYS > té} 49)
0 t<th
Q1,4 = e (50)
P2w
42,84 = P2 (ﬁ) -1073 1)
P3a P3w
43,84 = P342,84 (%) (0.:&) (52)
_ a\Psa ;1 w \Paw ] 3
4,84 = Pa (5) (0380) 10 (53)

E(28),Q(t,t"), Qs(t), Z(t, '), and r(t") as in model B3,
see Eq. (21), and (25)-(28), respectively.

Psa Psw . _
Gss =5 (=) (o) engonooma(to)["™ - 1073(54)

1—RH,? RH; < 0.98
ky = (55)
12.94(1 —RH;) — 0.2 098 <RH; <1
E(607)
Eshoo,pa(to) = ~Eokea " (56)
a\Pea [ w \PeW r6.50\Pec
€0 = Ecem (E) (0.386) (T) 57
Tsh,Ba = Tokm(ksh)z (58)
a\Pra w \P™ /650\Prc
To = Teem (E) (O.38c) (T) 39

E(t), H(t), S(t), and kg, as in model B3, see Eq. (34)-
(36) and (39), respectively.

where psy, D1, D25 P3, Pas Ps» P2ws P3a> P3w» Paas Paw>

Psas Psws Pse> €cems Peas> Pews Pec> Tecems Pras Prw» and Pzc
are cement-type dependent parameters (see Bazant et

al. (2015)) (u) = max (u, 0), k;, is a humidity-dependent
factor, k., and k., are aggregate-type dependent
parameters (see Bazant et al. (2015)), p is the density of

1320



Proceedings of the 31st European Safety and Reliability Conference

concrete (taken as 2350 kg/m?), and all the other
parameters are as defined previously with the subscript B4
indicating model B4.

Model B4s is a simplified version of model B4 which
depends only on f,,. In this model, the same Equations of
model B4 are used except that Eq. (51)-(54), (57), and (59),
respectively, are replaced as follows:

42,845 = S2 (/}6")5” 1073 (60)
43,B4s = S39, pas (j:f_(r)n)53}c (61)
Gumss = 53 () 1073 62)
qs,pas = Ss (&_6")5# : |kh‘€shm,B4s(t0)|p5510_3 (63)
ots = eqcem (L) (64)
To,Bas = Tscem ({f_m)STf (65)

where S5, S3, S4, Ss, Sa2fs S3f> Safs Ssf> Escem> Ts,cems Sef >
and S are cement-type dependent parameters (see BaZant
etal. (2015)), &spo0 p4s is evaluated as in Eq. (56) but with
replacing &y by &g p4s, and f,,, and ps, are as defined
previously.

The effect of temperature in B4 and B4s models is

considered in the same way as in model B3 (see Eq. (41)-
(46)) but with two main differences. The first difference is

U, Ul
that ;” and FC are assumed to be equal and have a value of

4000 K (unless data for the given concrete is available and
better values can be estimated). The second difference is
that the temperature adjusted age t; is used in evaluating
both Cy(t,t") and C4(t,t',ty) instead of only Cy(t,t") in
model B3. The temperature adjustments of the age at
loading and age at exposure are not considered in the
context of this article as they are not expected to be
influenced by climate change.

2.4. Stochastic modelling of creep

This subsection describes the stochastic application of the
presented creep models. For modelling the parameter
uncertainty, the uncertainty factors shown in Table 1 are
multiplied by the respective parameter in each model. For
modelling the creep model uncertainty in MC99 and B3
models, the uncertainty factors shown in Table 2 are
multiplied by their corresponding equations in the same
table. Lastly, for modelling the creep model uncertainty in
models B4 and B4s, the uncertainty factors shown in Table
3 are multiplied by their corresponding equations in the
same table.

1321

Table 1. Parameter uncertainty factors; N: Normal
distribution, LN: Lognormal distribution; COV:
Coefficient of variation; The mean value for all factors

is 1.0.

Factor Cov Reference(s)

S, N) | 015 Bazant and Baweja (2000)

6. (LN) | 0.1 Bazant et al. (2015) for
distribution type, Madsen
and Bazant (1983) for COV

6w (LN) | 0.1 e.g., Hamidane et al. (2020)

da (LN) | 0.1 e.g., Hamidane et al. (2020)

6, (N) 0.1019 Tu et al. (2017)

Table 2. Modelling uncertainty factors for models MC99 and
B3; N: Normal distribution; COV: Coefficient of variation;
The mean value for all factors is 1.0; The Equation(s) column
shows the equations where these factors are multiplied.

Factor COV Reference(s) Equation(s)

Bucog (N) 0.47 | Wendneretal. | (2)
(2015)

6p31 (N) 0.366 | Bazant and (20),
Baweja (2000) (22)-(24),
for distribution and (29)

6p32 (N) 0.422 | type, Wendner | (30)
ctal. (2015) for
cov

6p33 (N) 0.281 | Bazant and (42)
Baweja (2000)

Table 3. Modelling uncertainty factors for models B4 and B4s;
LN~(Uiny, Oinyx): Lognormal distribution with the distribution
parameters [, and gy,,; COV: Coefficient of variation; The
Equation(s) column shows the equations where these factors
are multiplied.

Factor | Distribution Reference(s) Equation (s)
Opan LN~(0.01,0.35) | Wendner etal. | (50)
Opas LN~(0.09,0.67) | (2015) (51)-(52)
and
(60)-(61)
Opas LN~(0.07,0.56) (53) and
(62)
Opaa LN~(0.07,0.66) (54) and
(63)
Opas LN~(0.06,0.5) Hubler et al. (58)
Opas LN~(0.16,0.58) | (2015) (56)

2.5. Climate model projections used in the study

The climate data input to the creep modelling is taken from
the RCA4 regional climate model (Kjellstrom et al., 2016)
operated over Europe at 50x50 km grid spacing. We use
aggregated data over the southernmost county in Sweden,
Skéne, c. 11.000 km? for annual mean temperature and
relative humidity. The climate change projections involve
RCA4 downscaling nine global climate models (GCMs)
under three scenarios of future radiative forcing, the so-
called Representative Concentration Pathway scenarios
RCP2.6, RCP4.5, and RCP8.5 (Moss et al., 2010). The
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GCMs are: EC-EARTH, MIROCS, HadGEM2-ES, MPI-
ESM-LR, and NorESM1-M for all three scenarios. In
addition, CanESM2, IPSL-CM5A-MR, GFDL-ESM2M
and CSIRO-Mk3-6-0 have been downscaled for RCP4.5
and RCP8.5. All GCMs have been used in the context of
CMIPS (the fifth phase of the coupled model
intercomparison project), see Taylor et al. (2012). For a
more comprehensive description of the RCA4 climate
projections see Kjellstrom et al. (2016).

3. Illustrative Example
3.1. Description

For demonstrating the applicability of the described models
in assessing the impact of climate change on concrete creep,

the example presented in Bazant et al. (2015) based on test
data from Nasser and Al-Manaseer (1986) is considered.
The following properties are given: 1) ASTM type |
cement (corresponds to Class N, see Bazant et al. (2015));
2) t' = 28 days; 3)t, = 28 days; 4) f,, = 27.6 MPa;
5) h =38.1 mm; 6) ¢ = 219.3 kg/m?; 7) %z 0.6; 8) % =17.0;
9) ¢ = 11.03 MPa. It is assumed that the structure is an
infinite slab built in 2020 in the southern county Skéane in
Sweden, the curing is done in water, and the aggregate type
is unknown. The slab is exposed to evolving climate
conditions over 81 years until the end of 2100 when the
creep coefficient is evaluated. Relative humidity and
temperature data for these 81 years according to the
different RCP scenarios (see, Figure 1) were used to assess
the creep coefficient at 2100. Furthermore, the creep
coefficient at 2100 was also assessed based on the historical
(i.e., 1961-1990) climate data (see, Figure 1).
0 T -

a0 1 1
RCP 26| |
RCPA4S

BB | 18 ——RCPES |

Relative humidity|{%)
@
5]

&

76

74

T2

0

Temparalure (°C)

2020 2040 2060

‘fear

1960 1860 2000 2060 2100

2020 2040 2100
Year

0
1960 1580 2000 2060 2080

Fig. 1. Annual mean relative humidity and temperature as projected by RCA4 for Skéne, Sweden; multiple lines for each scenario
represent different climate projections (five different climate projections for RCP2.6 and nine different climate projections for RCP4.5
and RCP8.5) and the bold lines represent the average of all climate models for each scenario.

3.2. Results and discussion

For assessing the impact of climate change on creep, two
Monte Carlo simulations were performed as follows: 1)
considering only climate uncertainty (based on the different
climate projections shown in Figure 1), and 2) considering
climate uncertainty, parameter uncertainty, and model
uncertainty. In both simulations, the temperature and
relative humidity data in each year were fitted to normal
distributions and the results of MPF, B3, B4, and B4s
models were converted to ¢ (t,t") using the relationship in
Eq. (1) for reasons of comparability.

Figure 1 shows that there is large interannual
variability in both relative humidity and temperature
according to the climate model. For relative humidity there
is virtually no trend in the projections for future climate
while for temperature a continued warming is seen in
particular in the strongest scenario RCP8.5. RCP4.5 and

RCP2.6 are seemingly relatively similar in their temperature
evolution but it should be noted that the number of global
climate models differ. RCP2.6 with stabilizing forcing
towards the end of the century shows the weakest increase
in temperature.

Figures 2 and 3 show the probability distributions of
the resulting end of century creep coefficients using the
different creep models under the different climatic
conditions (i.e., historical, RCP2.6, RCP4.5, and RCP8.5)
in the first and second simulations, respectively. Figure 2
shows that, when the other sources of uncertainty (i.e.,
parameter uncertainty and creep model uncertainty) are
disregarded, climate change can have an observable impact
on concrete creep. The results of models B4 and B4s show
the highest percentile increase in end of century creep
coefficient compared to the historical climate, while the
results of model MPF show the lowest percentile increase
(see Table 4). It can also be noted that model MPF gives the
highest creep coefficient while model B3 gives the lowest

1322
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estimate of the creep coefficient. On the other hand, when
parameter and creep model uncertainties are included in the
simulation (see Figure 3), the different probability
distributions of end of century creep coefficients overlap
and the effect of climate change becomes harder to observe.

1323

This indicates that parameter and creep model uncertainties
dominate over climate uncertainty.

B3 model
0.05- I - [JHstorical
J [_Jrcp26
| ROP 45
i : [Jrcres
14 16 18 2 22 24 26 28 3 32
B4 model
005 |
| _/\M !
14 16 18 2 22 24 26 28 3 32
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005 |
2 | AN\
B 14 15 18 2 22 24 26 28 3 32
g MPF model
8 005 T
L
| . M
14 15 18 2 22 24 26 28 3 32
mi
005 | O
| /\1?'\\
14 15 18 2 22 24 26 28 3 32
WC10
005 | mosel:_
. | A& | |
14 16 18 2 22 24 26 28 3 32

Creep coefficient ¢ (81 .lD,Tb

Fig. 2. Probability distributions of the end of century creep coefficients using the different creep models under the different climatic
conditions (historic climate, RCP2.6, RCP4.5, and RCP8.5) considering only climate uncertainty.

Table 4. 25" and 75" percentile of the increase in end of century creep coefficient compared to the historical climate under
different climate change scenarios using different creep models in the first and second simulations; highest and lowest values in
each row are boldfaced and italicized, respectively.

Scenario | Simulation | Percentile B3 B4 B4s MPF MC99 MCI10
1 25t 2.1% 7.0% 5.6% 1.1% 1.7% 1.8%

RCP2.6 75t 3.1% 8.5% 6.8% 1.3% 2.9% 2.9%
: ) 25t 1.5% 5.9% 4.6% 1.1% 1.7% 1.8%

75t 3.4% 10.3% 9.6% 1.4% 2.9% 2.9%

1 25t 1.7% 6.8% 5.4% 1.1% 1.3% 1.4%

RCP4.5 75t% 2.8% 8.4% 6.7% 1.3% 2.5% 2.5%
: 2 25t 1.1% 5.7% 4.4% 1.1% 1.3% 1.4%

75t 3.0% 10.2% 9.47% 1.4% 2.5% 2.5%

1 25t 2.8% 10.0% 8.0% 1.5% 2.3% 2.5%

RCPS.5 75t 3.9% 11.7% 9.4% 1.8% 3.5% 3.6%
: 5 25t 2.0% 8.3% 6.4% 1.6% 2.3% 2.4%

75t 4.4% 14.3% 13.4% 2.0% 3.5% 3.5%
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Fig. 3. Probability distributions of the end of century creep coefficients using the different creep models under the different climatic
conditions (historic climate, RCP2.6, RCP4.5, and RCP8.5) considering climate, parameter, and creep model uncertainty.

The results in Table 4 further support this finding.
Table 4 shows that, for all climate scenarios in both
simulations, the highest percentile increase of end of
century creep coefficient in comparison to the historical
climate is found using model B4 while the lowest is found
using model MPF. It is evident from this Table that the
spread of the results across the different creep models for
each scenario is significantly larger than across the different
scenarios for each creep model. Table 4 also shows that the
largest percentile increase in end of century creep
coefficient is found for RCP8.5, while RCP2.6 and RCP4.5
give very similar results (with RCP2.6 slightly higher than
RCP4.5). It should be noted, however, that RCP2.6 is not
easily comparable to the other two scenarios due to the
difference in the number of projections (five projections for
RCP2.6 and nine projections for the other two scenarios). It
is interesting to note, that the percentile increases in models
MC99 and MC10 are very similar. Considering the previous
results, it should be noted that in Wendner et al. (2015)
model B4 was found to be the most accurate of all
considered models excluding model MPF which was not
considered in their study (followed by B4s, MC10, B3, and
MC99, respectively).

4. Conclusions

Climate change can have potentially severe impacts on the
safety and performance of infrastructure. One of these
potential impacts is the increase of creep of concrete
structures. Although creep is traditionally considered a
serviceability issue, a number of structural collapses in the
previous decades have been linked to excessive creep. This
article describes and demonstrates how the effect of climate
change on concrete creep can be assessed. For this purpose,
six different creep models are used, namely: Model Code
1999, Model Code 2010, MPF, B3, B4, and B4s models. It
is found that model B4 results in the highest percentile
increase of end of century creep coefficient in comparison
to the historical climate while model MPF results in the
lowest percentile increase. Furthermore, the percentile
increase is highest for RCP8.5 scenario with RCP2.6 and
RCP4.5 resulting in very similar percentile increases. The
increase is slightly higher in RCP2.6 than in RCP4.5 despite
the fact that the forcing is smaller, we note, however, that
the number of projections differ so that RCP2.6 is not easily
comparable to the other two scenarios. An important finding
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is that non-climate uncertainties (i.e., parameter and creep
modelling uncertainties) dominate climate uncertainty in
modelling the impact of climate change on creep of concrete
structures. This is in contrast to the common belief that
climate change uncertainty overshadows problems of
climate change impact assessment.
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