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ARTICLE INFO ABSTRACT

Keywords: Modeling the shrinkage and creep of concrete is a demanding task due to the large number and
Concrete high complexity of the parameters that contribute to these two mechanisms. A range of models
Shrinkage

have been developed to date to predict shrinkage and creep over time. Among them, this study
focused on some of the most widely used models, including those developed by the American
Association of State Highway and Transportation Officials, the American Concrete Institute, the
European Committee for Standardization, the Fédération Internationale du Béton, and the
Comité Européen du Béton. This holistic investigation aimed to provide in-depth insights into the
input requirements and prediction capabilities of the identified models. For this purpose, using
various data sets selected from the NU-ITI database, the performance of each shrinkage and creep
model was first assessed, and a calibration approach was then employed to further refine their
outputs. The calibration was performed with the objective of adjusting the short- and long-term
prediction accuracy, including the rate of shrinkage and creep development over time. The
models were evaluated side by side through comparing the outputs of each calibrated model to
data from shrinkage and creep experiments. The calibration steps explored in this study were
found to improve the performance of the shrinkage and creep prediction models by up to 20%.
This helped reduce the possibility to deviate from the expected strains and stresses. The outcome
of this detailed study paved the way to properly select and utilize shrinkage and creep models,
taking into consideration the key contributing factors for the highest accuracy.

Creep

Predictive models

Input and output parameters
Data-assisted calibration

1. Introduction

Concrete is known to exhibit time-dependent deformations mainly due to shrinkage and creep. The effects of shrinkage and creep
can directly impact the performance of concrete structures by the formation and propagation of cracks, redistribution of stresses, and
loss of prestressing forces [1,2]. Such effects are pronounced particularly in situations that large deflections due to shrinkage and creep
can cause various strength and serviceability issues [3-5]. Shrinkage and creep are, therefore, crucial factors in the design and analysis
of concrete structures, especially for long-term performance. Shrinkage of concrete is a time-dependent process that results in volu-
metric contraction with the risk of generating cracks in the presence of constraints [6]. Various types of shrinkage are commonly
observed in the concrete. Among them, autogenous shrinkage and drying shrinkage are the most critical types of shrinkage from a
structural design and assessment standpoint [7]. Autogenous shrinkage is the macroscopic reduction in dimension under a constant
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temperature without any moisture exchange with the environment [8]. It results from water consumption during the hydration re-
actions that reduce the overall relative humidity in the cementitious matrix (also referred to as self-desiccation), inducing stresses
linked to capillary depression [9,10]. Autogenous shrinkage is most critical in the concrete mixtures that have a low water-to-binder
ratio [11,12]. This type of shrinkage is prominent during the first month after casting the concrete since it is linked to the cement
hydration process. Thus, 60-90% of the concrete’s autogenous shrinkage commonly takes place within the first 28 days [7,13].

Drying shrinkage is the other main type of shrinkage that induces time-dependent volumetric changes. The volumetric changes are
primarily caused by water evaporation from the concrete’s pore spaces. Thus, the concrete’s mixture properties (in terms of water-to-
binder ratio and aggregate type, size, and shape), concrete’s microstructure characteristics (in terms of porosity, pore size distribution,
and the mean radius of capillary menisci), surrounding environmental conditions (in terms of relative humidity, temperature, and air
flow), and exposed surface-to-volume ratio are among the key parameters to consider [14]. Drying shrinkage often continues over a
much longer time period than autogenous shrinkage and is generally several times more significant than autogenous shrinkage in
conventional concretes, resulting in various performance issues [15-17]. In unrestrained reinforced concrete (RC) members, drying
shrinkage is known to cause stresses in such a way that the embedded steel reinforcement can experience compressive stresses, while
the concrete can undergo tensile stresses. In restrained members, such as multi-layer concrete composites, the drying shrinkage in-
duces tensile stresses in the restrained overlay, leading to shear (friction) and normal (delamination) stresses at the interface between
the overlay and the substrate [18,19]. The formation of tensile stresses is critical since concrete is susceptible to cracking under tension
[20]. The magnitude of such effects is dependent on the shape of the RC member, amount of embedded steel reinforcement, and
intensity of mechanical and environmental stressors [21-23].

Creep is a time-dependent property of concrete, resulting in continuous deformations over time under sustained loads. Creep strain
is stress-dependent, and thus, influenced by stress history. Specifically, the creep strain’s magnitude increases as the stress increases.
Under certain loading and structural configurations, creep can act as a stress relaxation mechanism. Creep is often quantified in one of
two ways: creep coefficient or specific creep. The creep coefficient is the ratio of creep strain to elastic strain. On the other hand,
specific creep, also known as creep compliance, is the total stress-dependent strain per unit stress. The two components of creep are
basic creep and drying creep. Basic creep is the creep measured in a condition where drying is avoided. Specifically, this creep
component can be determined based on the total strain of a sealed loaded specimen minus the instantaneous elastic strain caused by
the external load and the strain due to the autogenous shrinkage [24]. Basic creep is considered a constitutive material property
independent of geometry and environmental conditions [25]. When drying is allowed, drying creep also occurs and can be determined
by subtracting the basic creep strain, the instantaneous elastic strain caused by the load, and the shrinkage strain from the total strain.

A range of models have been proposed in the literature to predict shrinkage and creep. Empirical and physical law models have
both been used in codes and the practice. Overall, these models were established based on the fittings applied to various subsets of
experimental test data. Compared to the empirical models, the physical law models (semi-empirical) are derived from physical the-
ories, such as the microprestress solidification theory [26,27]. They can, therefore, be employed for complex shrinkage and creep
situations after proper calibration. Such calibrations are, however, proven to be challenging, mainly due to the large number of
variables that must be considered in the predictive models. Although progress has been made in modeling shrinkage and creep, past
studies have reported overestimations and underestimations [28-30]. To improve prediction accuracy, emerging data-driven analysis
approaches have been considered. Among them are deep learning models represented by convolutional neural networks [31,32],
ensemble machine learning models [33], multiscale microstructure-based models [34], and multi-objective genetic
programming-based models [35]. Despite the advances made through the data-driven models, such approaches often have a black-box
nature and are too complex for the common use of civil engineers and concrete practitioners.

To address the outlined fundamental and practical issues, this study aimed to provide holistic insights into the most common
shrinkage and creep models used for RC structures. To achieve this goal, the models developed by the American Association of State
Highway and Transportation Officials (AASHTO) [36], American Concrete Institute (ACI 209) [37], Comité Européen du Béton (CEB
MC90-99) [38], European Committee for Standardization (EN) Eurocode 2 (EC2) [39], Fédération Internationale du
Béton/International Federation for Structural Concrete (fib Model Code 2010) [40], and Bazant-Baweja (B3 Model) [26] were sys-
tematically considered. Using various data sets selected from the NU-ITI database [41,42], the performance of each shrinkage and
creep model was first assessed, and then a calibration approach was employed to further refine their outputs. The calibration was
performed with the objective of adjusting the short- and long-term prediction capabilities of the identified shrinkage and creep models,
including their rate of shrinkage/creep development over time. The shrinkage and creep models were evaluated side by side through
comparing the outputs of each calibrated model to the data from shrinkage and creep experiments. The outcome of this holistic study
provides in-depth insights into the performance of the most common concrete shrinkage and creep prediction models. Such insights
ensure the proper selection and use of such models, depending on target applications.

2. Shrinkage and creep models
2.1. AASHTO model

The AASHTO shrinkage and creep models are empirical models that predict the shrinkage strain and creep coefficient of concrete as
a function of time [36]. Shrinkage strain in the AASHTO model is predicted based on the concrete age, time of drying, relative hu-

midity, volume-to-surface ratio, and compressive strength. Shrinkage strain according to the AASHTO model is calculated following
Eq. (1).
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Table 1
Correction factors for shrinkage strain in the AASHTO model.
Correction Factor Name Equation Variables
ks Volume-to-surface ratio factor t t = Time since the end of curing (day)
26€036(V/5) 1 ¢ | [1064 — 94(V/S) V = Volume (in®)
_t 923 S = Surface area (in?)
45+t
Kps Humidity factor for shrinkage 2.00 — 0.014H H = Relative humidity
(%)
ks Concrete strength factor 5 f'« = Concrete compressive strength (ksi)
1+fg
kg Time development factor t t = Time since the end of curing (day)
61 —4f ; +t f« = Concrete compressive strength (ksi)
Table 2
Correction factors for creep coefficient in the AASHTO model.
Correction Factor Name Equation Variables
ks Volume-to-surface ratio factor t t = Time since loading (day)
26¢936(V/5) ¢ ¢ | [1.80 — 1.77¢~054V/S) V = Volume (in%)
t 2.587 S = Surface area (in?)
45+t
ke Humidity factor for creep 1.56 — 0.008H H = Relative humidity
(%)
ks Concrete strength factor 5 f« = Concrete compressive strength (ksi)
1+fq
kea Time development factor t t = Time since loading (day)
61 —4f ; +t f'« = Concrete compressive strength (ksi)
-3
Ep = 0.48k.\kh.\k,~k,d(10 ) €5)

where ¢, is the shrinkage strain as a function of time, and ks, kg, kr, and kg are correction factors defined in Table 1.
The creep coefficient in the AASHTO model is predicted based on the concrete age, time of loading, relative humidity, volume-to-
surface ratio, and compressive strength. The creep coefficient according to the AASHTO model is defined following Eq. (2).

¢ = L% kyckpkyat; '"® 2)

where ¢ is the creep coefficient as a function of time, t;, and ks, kxc, kf, and k are correction factors defined in Table 2.

The AASHTO shrinkage and creep models are among the simplest models available in the literature. This is partly because the
models are primarily intended for use on a specific set of structures (i.e., bridges) with regulated concrete mixtures, curing regimes,
and overall geometries. Under the conditions that the models are intended (e.g., for concretes with compressive strengths of up to 15
ksi (103.4 MPa), including minimum and maximum reinforcement thresholds), the AASHTO models can quickly provide shrinkage
and creep values. However, if conditions differ from what the models are geared toward, they likely provide inaccurate predictions.
The AASHTO models lack constants with a recommended value and/or range to tune them so that they can be fitted to experimental
and/or field data. However, the models can easily be tuned to match long-term shrinkage and creep behavior by introducing factors
into shrinkage strain and creep coefficient equations.

2.2. ACI 209 model

The ACI 209 shrinkage and creep models are empirical models that predict the shrinkage strain and creep coefficient of the concrete
as a function of time [25,37]. Shrinkage strain is predicted based on the concrete age, curing method (moist or steam curing), time of
drying, relative humidity, volume-to-surface ratio, slump, fine aggregate to total aggregate ratio, cement content, and air content.
Shrinkage strain according to the ACI 209 model is calculated following Eq. (3).

(t—1.)"

eanlt 1) = mﬁ\hu

3)
where g4 (t, t.) is the shrinkage strain at a concrete age of t (in days), t. is the concrete age at the time when drying starts (in days), ais a
constant between 0.90 and 1.10 to tune the model to experimental test and/or field data, f is a constant between 20 and 130 days to

tune the model further, and &g, is the ultimate shrinkage strain. The ultimate shrinkage strain, &, is defined according to Egs. (4) and
(5).

Egu = 780y,,(107°) 4
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Table 3
Correction factors for shrinkage strain in the ACI 209 model.

Correction Name Equation Variables

Factor

Yshic Initial moist curing coefficient 1.202 — 0.2337log(t) t. = Moist curing duration (day)

Ysh.RH Ambient relative humidity 1.40 —1.02h for 0.40 <h < 0.800 h = Relative humidity (decimal)

coefficient 3.00-3.0h for 0.80<h<1.00
Yshos Member size factor (V) V = Volume (in%)
? {-012(5 | } . 2
1.2¢ S S = Surface area (in®)
Yshs Slump factor 0.89 + 0.041s s = Slump (inch)
Vshy Fine aggregate factor 0.30 +0.014y  for y < 50% ¥ = Ratio of fine aggregate weight to total aggregate weight
0.90 + 0.002y  for y > 100% (%)

Yshe Cement content factor 0.75 4 0.00036¢ ¢ = Cement content (Ib/yd>)

Ysha Air content factor 0.95 + 0.008a > 1.0 a = Air content (%)
Table 4
Correction factors for creep coefficient in the ACI 209 model.

Correction Factor ~ Name Equation Variables

Yero Age of loading factor 1.25t,"%118 for moist curing  to = Load applied (day)

1.13t5%9%* for steam curing
YerH Ambient relative humidity coefficient ~ 1.27 —0.67h for h > 0.40 h = Relative humidity (decimal)
Yews Member size factor (V V = Volume (in®)
2 (1 +1.132{70 gt ) S = Surface area (in?)

Yes Slump factor 0.82 + 0.067s s = Slump (inch)

Tew Fine aggregate factor 0.88 + 0.0024y ¥ = Ratio of fine aggregate weight to total aggregate weight (%)

Yea Air content factor 0.46 + 0.092 > 1.0 a = Air content (%)

Ysh = YsnicY shriY shvsshsVshay¥ shc¥sha )

where y, is a product of a series of correction factors. The correction factors included in Eq. (5) for the ultimate shrinkage strain have
been summarized in Table 3.

In the ACI 209 model, the creep coefficient is predicted based on the concrete age, curing method, time of loading, relative hu-
midity, volume-to-surface ratio, slump, fine aggregate to total aggregate ratio, and air content. The creep coefficient at any time is
estimated according to Eq. (6).

(t—10)"

P(t, 1) = m% (6)

where ¢(t, ty) is the creep coefficient at the concrete age of t (in days), t; is the concrete age at the time of loading (in days), y is a
constant between 0.40 and 0.80 to tune the model to experimental test and/or field data, d is a constant between 6 and 30 days to tune
the model further, and ¢, is the ultimate creep coefficient. The ultimate creep coefficient is defined according to Egs. (7) and (8).

b = 2357, %)
Ve = YewlertilexslesVeyVea (8)

where y, is the product of a series of correction factors for the ultimate creep coefficient. These correction factors for the ultimate creep
coefficient have been summarized in Table 4.

A significant benefit of the ACI 209 models is their relative simplicity while yet allowing tuning to available data. For example, the
a, f, y, and d constants from Egs. (3) and (6) can be tuned to capture the shape of the shrinkage strain and creep coefficient curves.
Additional factors can be applied to the ultimate shrinkage strain and ultimate creep coefficient to modify the ultimate values. Such
features allow the models to accurately match nearly any set of data. The models also provide recommended ranges for all the con-
stants, ultimate shrinkage strain, and ultimate creep coefficient to ensure an accurate estimate is obtained.

2.3. B3 model

The Bazant-Baweja (B3) model is a hybrid of empirical and theoretical models that predict the shrinkage strain and creep
compliance of concrete as a function of time [26]. This model provides ultimate values of shrinkage strain and creep compliance, while
distinguishing between the basic and drying components of creep. Shrinkage strain in this model is predicted based on the concrete
age, curing method, time of drying, relative humidity, concrete strength, cement type, water content, cross-section shape, and
volume-to-surface ratio. Shrinkage strain according to the B3 model is defined following Eq. (9).
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Table 5
Factors and constants for shrinkage strain in the B3 model.
Correction Factor Equation Variables
kn 1-h forh < 0.98 h = Relative humidity (decimal)
-0.2 for h =1.00
12.74 —12.94h for0.98 < h < 1.00
. _ 3
E500 @102 [0.02565W2 f,mzs —0.28 +270} (1075) w = Water content (Ib/yd>)

fem2s = Concrete compressive strength at 28 days (psi)
o 1.00 for Type I cement —
0.85 for Type II cement
1.10 for Type III cement
ay 0.75 for steam cured -
1.00 for cured in water
1.20 for sealed curing

Ecmy) E ( t )05 Ecm(28) = Modulus of elasticity at 28 days (psi)
m28)\410.85¢ t = Age of concrete (day)
ks 1.00 for infinite slab -
1.15 for infinite cylinder
1.25 for infinite square prism
1.30 for sphere
1.55 for cube
Table 6
Factors and constants for creep compliance in the B3 model.
Correction Factor Equation Variables
Q1 0.6/Ecmas Ecmps = Modulus of elasticity at 28 days (psi)
q2 86.814(1076)c05fmas*° ¢ = Cement content (Ib/yd®)
fem2s = Mean concrete compressive strength at 28 days (psi)
qs3 0.29(w/c)*q, w/c = Water-to-cement ratio
qa 0.14(107°5)(a/c) 7 a/c = Aggregate-to-cement ratio
qs 0'757f£m2871 ‘Em(los){*"-ﬁ fem2s = Mean concrete compressive strength at 28 days (psi)

& = Factor from the shrinkage model

Q(t,to) Qs(to) \ ) 7 V/r) Q(to) = Defined below.
Q(to) {1 + (m) ] Z(t,ty) = Defined below.
r(tp) = Defined below.
Q(to) 2 4 to = Age of loading (day)
[0.086(t0)9 + 1.21(t0)9]
Z(t,to) (to) ™n[1 +(t — to)"] to = Age of loading (day)
m=0.5
n=0.1
r(to) 1.7(t)%'% + 8 to = Age of loading (day)
anlt, 1) = EnooknS(t — 1) 9)

where g (t, t,) is the shrinkage strain at the concrete age of t (in days), ¢ is the concrete age at the start of drying (in days), &, is the
ultimate shrinkage strain, kj, is a humidity dependence factor as defined in Table 5, and S(t —t.) is the time curve. The time curve is
calculated following Eqgs. (10) and (11).

(t — lc)

Tsh

S(t—1t.) = tanh (10)

Tsh = 190~8tr7(mx cm28 0 [2k:(V/S) }2 (1 1)

where 7y, is the shrinkage half-time (in days), fcmas is the concrete mean compressive strength at 28 days, k; is a factor to account for the
member shape as defined in Table 5, and V/S is the volume-to-surface ratio. The ultimate shrinkage strain is defined according to Eq.
(12).
E(‘IYI
Eshoo = E.moﬂ (12)

Ez‘m(!( +Ton)
where &, is a constant as defined in Table 5, and Ems07) and Eep, ++,,) are the elastic moduli at their corresponding times, as defined in
Table 5.

Creep compliance in the B3 model is predicted based on the concrete age, curing method, time of drying, time of loading,
compressive strength, relative humidity, cement content, water-to-cement ratio, aggregate-to-cement ratio, cross-section shape, and
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Table 7
Factors and constants for shrinkage strain in the CEB model.

Correction Factor Equation Variables

ags = Defined below.

Ecaso (femzs) fom2s | 25
_ ”as( femo ) (10 5) femo = 1450 psi
6

+fﬂ fem2s = Mean concrete compressive strength at 28 days (psi)
femo
Ecdso (femas) [(220 +110ag )~ wafenzs femo | (106) ags1 = Defined below.
agsz = Defined below.
femo = 1450 psi
fem2s = Mean concrete compressive strength at 28 days (psi)
Ogs, Ods1, Ods2 Cement Qgs Ads1 Ads2 —
SL 800 3 0.13
NorR 700 4 0.12
RS 600 6 0.12
Pas(t) £\%° t = Age of concrete (day)
1—8[702<E) } t =1day

Pr(h) h\® h = Relative humidity (decimal)
~1.55|1— (] | for0.4<h<0995, ho = 1.0

ho
B = Defined below.

0.25 for h > 0.996
Ps1 3.5fcmo o1 femo = 1450 psi
femos <10 fem2s = Mean concrete compressive strength at 28 days (psi)

volume-to-surface ratio. Creep compliance according to the B3 model is defined following Eq. (13).
J(t,t0) = q1 + Co(t,10) + Ca(t, 10, 1.) 13)
where J(t, tp) is the creep compliance at the concrete age of t (in days), t, is the time of loading (in days), q; is a constant defined in

Table 6, Co(t,to) is to account for basic creep, and Cy(t, to, ) is to account for drying creep. Co(t,tp) and Cq(t, to, t;) are defined ac-
cording to Egs. (14) and (15), respectively.

Colt,t0) = @20(t,t0) + qsIn[1 + (¢ — £5)" ] + quln(t/1,) (14)

Calt, 1o, 1) = gs [0 — ¢ $0)]'2 (15)

As presented in Table 6, the multiplying functions, i.e., g2, g3, and g4, represent the nondimensionalized forms of the aging
viscoelastic compliance, nonaging viscoelastic compliance, and flow compliance, respectively. Function Q(t, t,) can be calculated from
an approximate explicit formula presented in Table 6. The empirical parameter n is taken as 0.1, and H(t) and H(t,) are spatial averages
of pore relative humidity, which can be obtained from Egs. (16) through (19).

Hit)=1-(1-h)S(t—1.) (16)
H(t)) =1—(1—h)S(to —1.) a7
t—t. 1/2
S(t —t.) = tanh <T—‘> (18)
sh
o — 1.\
S(ty — t.) = tanh < . ‘) (19)
sh

where h is the relative humidity, S(t —t.) and S(tp —t,) are time curves, and 7y, is the shrinkage half-time (in days).

The B3 models offer advantages due to their ties to theory. For example, basic and drying creep, as well as specific components of
shrinkage, are calculated separately. Additionally, the B3 models are well suited for general use over a wide range of parameters that
can affect shrinkage and creep. However, the B3 models do not provide a significant advantage over simple empirical models when
calibrating a model to experimental test and/or field data. The models are also relatively complex, especially in comparison to the ACI
209 or AASHTO shrinkage and creep models.

2.4. CEB model

The CEB MC90-99 offers empirical shrinkage and creep models that predict the shrinkage strain and creep compliance of concrete,
respectively, as a function of time [38]. Similar to the B3 model, the CEB model differentiates between autogenous and drying
shrinkage. Additionally, the creep compliance function is calculated from a creep coefficient. Shrinkage strain in this model is pre-
dicted based on the concrete age, time of drying, relative humidity, volume-to-surface ratio, cement type, and compressive strength.
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Table 8
Factors and constants for creep compliance in the CEB model.
Correction Factor Equation Variables
bo bru()P(femas) Blto) ¢rer(h) = Defined below.

P(femas) = Defined below.
B(to) = Defined below.

bru(R) 1—h/hy h = Relative humidity (decimal)
1t e |2 hy =1.0
VO-1[(V/S)/(V/S)o] o
(V/S) = Volume-to-surface ratio (in)
(V/S)y =2in.

a; = Defined below.
ay = Defined below.
a {3_5fmo 0.7 femo = 1450 psi

femas fem2s = Mean concrete compressive strength at 28 days (psi)
a2 {3-5fm 02
fcm28
a:
’ 3.5fumo
fcmzs
B(femzs) 5.3 fem2s = Mean concrete compressive strength at 28 days (psi)
V/fem2s [femo
Blto) 1 to = Age of concrete at loading (day)
0.1+ (to/t1) t; = 1 day
Pu 1.20\"*1 (v/$) h = Relative humidity (decimal)
1 1+(——— 2 <1
50|1+( e ) } (]S, * 250 < 15003 ho — 1.0
(V/S) = Volume-to-surface ratio (in)
(V/S)y =2in.

a3 = Defined below.

Shrinkage strain according to the CEB model is defined following Eq. (20).
Ssh(ta t(‘) = Ecas (t) + Ecas ([7 tz‘) (20)

where ¢4 (t, t,) is the total shrinkage at the concrete age of t (in days), t. is the concrete age at the start of drying (in days), €. (t) is the
autogenous component of shrinkage, and e.4;(t, t.) is the drying component of shrinkage. The autogenous component of shrinkage is
defined according to Eqgs. (21) and (22).

ems(t) = Ecaso (fcm28 )ﬁas (t) (21)

Pul) =1—c {70'2 <_)} @2)

where &40 (fcng) is the notional autogenous shrinkage coefficient defined in Table 7, f,(t) is the time development factor for
autogenous shrinkage, and t; is equal to one day. The drying component of shrinkage is defined according to Eqs. (23) and (24).

Ecd:(ta tc) = Ecdso (fcm28 )ﬂRH (h)ﬂd.\'(t - tc) (23)

(t — IC)/II
ﬂd.\ — )= 3 (24)
o \/350[(V/5)/(V/S)o} +((t=1)/1)

where .40 (femas ) is the notional drying shrinkage coefficient defined in Table 7, gy (h) is to account for relative humidity as defined in
Table 7, f4(t —t.) is the time development factor for drying shrinkage, V/S is the volume-to-surface ratio, and (V/S), is 2 in. (5.08 cm).

Creep compliance in the CEB model is predicted based on the concrete age, time of loading, relative humidity, volume-to-surface
ratio, cement type, and compressive strength. Creep compliance according to the CEB model is defined following Eq. (25).

1 _ 1 )
It t0) = Ecog In(to) + ¢as(t,0) ] = Ecmto * Ecnog (25)

where J(t,ty) is the creep compliance at the concrete age of t (in days), ty is the time of loading (in days), Egmzs is the modulus of
elasticity at the age of 28 days (in psi), Ecmio is the modulus of elasticity at the time of loading (in psi), #(to) is the ratio of Egnag t0 Ecmo,
and ¢yg(t, tp) is the 28-day creep coefficient. The 28-day creep coefficient is calculated according to Eqs. (26) and (27).

bas(t,10) = PoB.(t — t0) (26)
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Table 9
Factors and constants for shrinkage strain in the EC2 model.
Correction Factor Equation Variables
ho 2Ac A, = Cross-sectional area
(u) u = Perimeter of the member in contact with atmosphere
kn 1.0 forhy =100 hy = Defined above.

0.85 for hy = 200
0.75 for hg = 300
0.70 for 500 < hg
Pas(t, ts) (t—t5) ho = Defined above.
((t —t) + 0.04\“/h—0)

fomas, RH - _
€edo (femzs, R 0.85((220 + 110(ld51)exp( - a,,szf;ﬁ»(lo ©)Brur
cmo

aga and ags; = Defined below.
Pry = Defined below.

fem2s = Mean concrete compressive strength at 28 days (MPa)

fimo = 10 MPa

Pry RH\? RH = Relative humidity (%)

1.55(1 — (Rﬁ) ) RH, = 100%
Ags1 3 for cement class S —

4 for cement class N

6 for cement class R
Ads2 0.13 for cement class S —

0.12 for cement class N

0.11 for cement class R
€ca.00 (fekas) 2.5 fekos —10] (107°) fekos = Characteristic concrete compressive strength at 28 days (MPa)
Pas(t) 1 — exp( — 0.2t%%) -

(t— 1) /0 }0.3
piu—w = [ ST @

where ¢, is the notional creep coefficient, §.(t —to) is a coefficient that accounts for the time development of creep, and f accounts for
relative humidity as defined in Table 8. Similar to the B3 model, the CEB model differentiates between basic and drying creep. The CEB
model also allows for modifications to capture unusual temperatures and stress levels.

2.5. EC2 model

The EC2 proposes two approaches to predict shrinkage and creep [39]. First is a simplified approach to estimate time-dependent
deformations where high accuracy is not required. The shrinkage and creep coefficients are extracted from empirical graphs and tables
mainly based on the concrete strength class, humidity, nominal size, and type of cement. In the second approach, which provides
improved accuracy, a set of equations to determine the drying shrinkage strain and creep coefficient are presented as a function of
time, similar to the other presented models. Shrinkage strain in the detailed model is predicted based on the concrete age, time of
drying, relative humidity, volume-to-surface ratio, cement type, compressive strength, and temperature. Shrinkage strain according to
the EC2 model is defined following Eq. (28).

ecs(t,t5) = €cq(t,15) + E0a(1) (28)

where e.(t, t;) is the total shrinkage at the concrete age of t (in days), t; is the concrete age at the beginning of drying (in days), e.4(t, t;)
is the drying component of shrinkage, and ¢(t) is the autogenous component of shrinkage. The drying component of shrinkage is
calculated according to Egs. (29) and (30).

ecq(t,t5) = €cao(fomns, RH)knf (2, 1) 29
_ (t—1,)
Pulint) = ((z = 1,) +0.04/hy ) 0

where eq (fom2s, RH) is the basic drying shrinkage coefficient defined in Table 9, B4(t,t;) is the time development factor for drying
shrinkage, and hy is the notional size of the cross-section defined in Table 9. The autogenous component of shrinkage is defined ac-
cording to Egs. (31) and (32).

€ea(t) = Ecaco (feras)Pus (1) -
Bus(t) = 176[70_2(005] .

where £cq.0 (f) is the notional autogenous shrinkage coefficient defined in Table 9, f,(t) is the time development factor for autog-
enous shrinkage, and f is the characteristic compressive strength of the concrete.
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Table 10
Factors and constants for creep compliance in the EC2 model.
Correction Factor Equation Variables
PRy 1 — RH/100 RH = Relative humidity (%)
1+——————fc < 35MPs
+ 0.1%ho or fem < 4 ho = Defined below.
RH
' 100
(1 +0.1\3/}_1€a1>a2 for fom > 35MPa
P(femzs) 16.8 femos = Mean concrete compressive strength at 28 days (MPa)
/fema2s
B(to) 1 to = Age of concrete at loading (day)
(0.1 4 16°2)
ho 2A, A, = Cross-sectional area
(u) u = Perimeter of the member in contact with atmosphere
pe(t. to) (t—to) 3 t—ty = Non-adjusted duration of loading (day)
- E— o ) Py = Coefficient of relative humidity and notional member size
Pu 1.5(1 + (0.012RH)"®)hg + 250 < 1500 for fum < 35 MPa RH = Relative humidity (%)
1.5(1 + (0.012RH)'®)hy + 250a3 < 1500 for f, > 35 MPa
ay Q‘BS )0‘7 fem2s = Mean concrete compressive strength at 28 days (MPa)
cm28
s <f35 )o.z
cm28
as 935 >o.5
cm28
Table 11
Factors and constants for shrinkage strain in the fib model.
Correction Factor Equation Variables
€cbso (femas) 0.1fmas \*° . 6 ay; = Defined below.
T %\6+01  femas (107 fem2s = Mean concrete compressive strength at 28 days (MPa)
Bs (£) 1 — exp( — 0.2t%%) -
Aps 800 for cement class 32.5 N —
700 for cement class 32.5 R and 42.5 N
600 for cement class 42.5 R, 52.5 N, and 52.5 R
€cdso ((220 + 110045 )exp( — @gsafemzs))(1076) ags1 = Defined below.
ags2 = Defined below.
fem2s = Mean concrete compressive strength at 28 days (MPa)
st 3 for cement class 32.5 N —
4 for cement class 32.5 R and 42.5 N
6 for cement class 42.5 R, 52.5 N, and 52.5 R
Ads2 0.13 for cement class 32.5 N —
0.12 for cement class 32.5 R, 42.5 N
0.12 for cement class 42.5 R, 52.5 N, 52.5 R
Pru(RH) RH\3 RH = Relative humidity (%)
—1.55(1 - (== for 40% < RH < 99%
100
0.25 for 99% < RH
Pas(t —t5) 05 t —t; = Duration of drying (day)
(t—t;) + 0.035k2 — Pelined below.
Ba ([35 )0'1 femes = Mean concrete compressive strength at 28 days (MPa)
<1
cm28 -
h 2A. A. = Cross-sectional area
(u) u = Perimeter of the member in contact with atmosphere

Creep compliance in the EC2 model is predicted based on the concrete age, time of loading, relative humidity, volume-to-surface
ratio, cement type, compressive strength, and temperature. According to this model, the creep coefficient at the concrete age of t (in
days) is estimated following Eqs. (33) and (34).

P(t:10) = Pobe(t, 10) (B33
B (t— 1) 0.3
e = [ oo

where ¢, is the notional creep coefficient, j, (t, to) is a coefficient that accounts for the time development of creep, ty is the concrete age
at the time of loading (in days), and f is to account for relative humidity as defined in Table 10. The EC2 model also allows for
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Table 12
Factors and constants for creep compliance in the fib model.

Correction Factor Equation Variables
Boe (fem) 1.8 fem2s = Mean concrete compressive strength at 28 days (MPa)

fomas®”
Pre (t, & 2 to.aqi = Adjusted age of concrete at loading (day)

he(ts10) ln((30 +o.035> (t—to) + 1) 0ag = AC 8 g tday
tﬂ,adj

Pac(fem) 412 fem2s = Mean concrete compressive strength at 28 days (MPa)

fcmzsl'4
B(RH) 1 - RH/100 RH = Relative humidity (%)

R h h = Defined below.
0.1(-—)
100

h % A, = Cross-sectional area

(u) u = Perimeter of the member in contact with atmosphere
Bac(to) 1 to.qqj = Adjusted age of concrete at loading (day)

(0.1 + t9.0¢°2)
Bac(t: to) (t—ty) \"® 7(to) = Defined below.

(ﬂH Tttt ) Py = Defined below.
7(to) 1 to.«qj = Adjusted age of concrete at loading (day)

3.5
23+ )
v/ to,adj
Pu 1.5h + 250¢;,, < 1500q,, ay,, = Defined below.
U 035 )0-5 fem2s = Mean concrete compressive strength at 28 days (MPa)
om28

modifications to account for unusual temperature ranges.
2.6. fib model

In the fib model, a set of equations are presented to determine drying shrinkage strain and creep coefficient as a function of time
[40]. Shrinkage strain in this model is predicted based on the concrete age, time of drying, relative humidity, volume-to-surface ratio,
cement type, compressive strength, and temperature. Shrinkage strain according to the fib model is defined following Eq. (35).

Ecs (t’ ts) = Ecds (t7 ts) + Ecps (t) (35)

where e.(t, t;) is the total shrinkage at the concrete age of t (in days), t; is the concrete age at the beginning of drying (in days), €.4s(t, t;)
is the drying shrinkage component, and ¢4(t) is the basic shrinkage component. The drying component of shrinkage is defined ac-
cording to Egs. (36) and (37).

Ecas (1, 15) = €cds 0 (femas ) Brur (RH) By (1 — 1) -
) (1) 05
But—1,) = <m> .

where €.4;0 (fﬂng) is the notional drying shrinkage coefficient, fzy;(RH) is the coefficient of ambient relative humidity defined in
Table 11, p4(t—t;) is the time development factor for drying shrinkage, and h is the notional member size defined in Table 11.
The basic component of shrinkage is defined according to Eqgs. (38) and (39).

Ecbs (t) = Ecbs,0 (fcmZS )ﬂb:(t) (38)

ﬂbs(t) = lie[—n_z(,)os] (39)

where &40 (fcm) is the notional basic shrinkage coefficient defined in Table 11, and f(t) is the time development factor for basic
shrinkage.

Creep compliance in the fib model is predicted based on the concrete age, time of loading, relative humidity, volume-to-surface
ratio, cement type, compressive strength, and temperature. The creep coefficient at the concrete age of t (in days) is determined
according to Eq. (40).

D(t,10) = baot, 10) + by (8, 10) (40)

where ¢(t, tp) is the total creep coefficient at the concrete age of t (in days), to is the concrete age at the beginning of drying (in days),
¢dqc(t, to) is the drying creep coefficient, and ¢ (t,to) is the basic creep coefficient. The drying and basic components of the creep
coefficient are defined according to Eqs. (41) and (42), respectively.

10
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Table 13

Overview of the input parameters used in various shrinkage and creep prediction models.
Input AASHTO ACI B3 CEB EC2 fib
Age at the start of drying . . . . . .
Age at the start of loading . . . . . .
Curing method . . . . .
Relative humidity . . . . . .
Volume-to-surface ratio . . . . . .
Water content .
Slump .
28-day mean compressive strength 0 . . . .
Fine aggregate ratio .
Total aggregate content .
Cement type . . . . .
Cement content . .
Temperature . . .
Air content .
28-day modulus of elasticity . .
Specimen shape .

bac(t:10) = Pac(fom)BRH)B . (t0) Bac (1, 10) (41)
Goc(t:10) = Pyc(fom)Bpe (£, 10) (42)

The coefficients of compressive strength, B4 (fon) and S (fom), relative humidity, (RH), and time development, f,(t,t;) and
P (t,to), are listed in Table 12. Similar to the B3, CEB and EC2 models, the fib model differentiates between basic and drying creeps.
The fib model also allows for modifications to account for unusual temperature ranges.

3. Comparison of model variables
3.1. Model Inputs

A summary of the input parameters required for each of the presented models is provided in Table 13. The age of concrete at the
start of drying and loading, relative humidity, and specimen volume-to-surface ratio are the common input parameters directly
considered by the six models investigated in the current study. Moreover, all models, except the CEB model, take the curing method
into account. Despite overall similarities, there are also differences between the input parameters of these models. Specifically, the
models start to differ in their accounting of the water contained in the concrete mixture. The amount of water affects the fresh state
properties, microstructural porosity, hardened state performance, and thus, the time-dependent behavior of the concrete. The B3
model is the only model that directly receives the water content as an input. In fact, water content, slump, and strength are all related.
Hence, all the models, except ACI 209, account for water content through the 28-day mean compressive strength of the concrete. The
ACI 209 model, however, considers water content by taking the slump value as input.

The aggregate properties (e.g., type, shape, size, and content) are known to affect the concrete’s shrinkage and creep behavior
through various mechanisms, such as restraining volumetric change, causing excessive water absorption, while changing the mixture’s
elasticity and stiffness. Among the six models investigated in the current study, only two models directly consider aggregate content
and size as inputs. The fine aggregate ratio and total aggregate content are the inputs specifically taken into consideration in the ACI
209 and B3 models, respectively. Focusing on binders, the properties of cement, including particle size distribution, setting time, and
strength, play a pivotal role in the concrete’s time-dependent properties. Except for the AASHTO model, all models directly take the
type of cement into account, among which ACI 209 and B3 models consider the cement content as well. In addition to relative hu-
midity, the temperature is an environmental stressor, mostly impacting the drying shrinkage behavior. The temperature effect is taken
as input by the CEB, EC2, and fib models. The modulus of elasticity and specimen shape are specific inputs only considered in the B3
model. The ACI 209 model is the only model that takes into consideration the impact of air content.

Reviewing the number of inputs required for each model sheds light on the overall complexity and possible flexibility of that model.
Among the six models investigated, the AASHTO model is the simplest model, requiring only six input parameters to predict both
shrinkage and creep. The only input for the AASHTO model that represents the concrete mixture is the 28-day mean compressive
strength. The CEB, EC2, and fib models require 8 inputs, among which only three inputs of 28-day mean compressive strength, cement
type, and 28-day modulus of elasticity are linked to the concrete mixture. This still makes them seemingly simple models. The ACI 209
model utilizes 10 inputs to predict shrinkage and creep. This model includes 5 inputs related to the concrete mixture, i.e., slump, fine
aggregate ratio, cement type, cement content, and air content. Lastly, the B3 model requires the most inputs, i.e., 12 inputs, including 6
inputs related to the concrete mixture, i.e., water content, 28-day mean compressive strength, total aggregate content, cement type,
cement content, and 28-day mean modulus of elasticity. Concerning the number and variety of inputs that each model requires, it can
be inferred that the ACI 209 and B3 models are the most robust models among the models considered.

11
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3.2. Model outputs

The outputs of all the models are similar, as they all calculate shrinkage strain and creep compliance or creep coefficient as a
function of time. Since creep compliance and creep coefficient are related, this does not constitute a significant difference between the
models. The models also share some notable limitations with respect to their outputs. First, they predict a mean value for shrinkage
strain. The drawback to this approach is disregarding the fact that shrinkage varies throughout the cross-section of a concrete member.
This means that internal strains caused by differential shrinkage are not accounted for in the models. Another limitation shared by all
the models is that their creep predictions are valid for relatively low stress levels, i.e., around 40% or less of the concrete compressive
strength at the time of loading. Furthermore, the models predict creep only under a constant sustained load. Loads that vary with time
are not captured by the discussed models.

In addition to predicting shrinkage and creep as a function of time, all the models, except for the AASTHO model, provide ultimate
values of shrinkage and creep. Regarding shrinkage, only the CEB, EC2, and fib models break down the calculation of shrinkage into
autogenous and drying shrinkage. For creep, only the B3 and fib models break down the calculation of creep into two components of
basic creep and drying creep. Since all the models share certain limitations that can influence the accuracy of the predictions, the use of
data-enabled prediction strategies is recommended. Such models take into consideration a range of inputs, especially those associated
with mixture properties, and build on a set of testing and training to determine the variables that contribute the most. It should be
noted that the current study covered investigations and side-by-side comparisons of six shrinkage and creep prediction models pri-
marily utilized in the United States and Europe. There are, however, other capable prediction models available. Among them are the B4
model [43], GL2000 model [44], and JSCE model [45]. While the referenced models were not included in this study, they are worthy of
consideration for the prediction of shrinkage and creep effects.

4. Data selection and model calibration

There is an abundance of shrinkage and creep experiments that have been performed and published to date. Among them, this
study utilized experimental test data from the NU-ITI database [41,42] to calibrate and analyze the introduced six models. This
database, formerly known as the RILEM database, was established 40 years ago and currently hosts a suite of data from shrinkage and
creep tests. Over its life, this database has been expanded in collaboration with the ACIL, CEB, and RILEM and is now maintained by the
Northwestern University Infrastructure Technology Institute. The expanded database hosts data for (approximately) 490 shrinkage
tests and 620 creep tests, along with their supporting references [41,42]. The primary purpose of the referenced database is to evaluate
prediction models, making it suitable for calibrating and comparing the models explored in the current study. Given the wealth of data
available in the NU-ITI database, a set of selection criteria must be employed. For concrete mixtures, the current study focused on Class
A concrete specified by AASHTO [36]. This concrete class was a suitable choice, as it is commonly used for a wide range of structural
elements (with only a few exceptions, e.g., for concrete directly exposed to saltwater). Hence, this class is deemed as the most inclusive
class of concrete, which can be made with any conventional cement (regardless of the source/origin). For curing, the datasets were
selected from the concrete specimens that had been subjected to moist curing for at least two full days. For relative humidity, the
selected experiments had been performed at a relative humidity of 50%— 80% and at a constant temperature of around 20 degrees of
Celsius.

A number of shrinkage and creep experiments were evaluated to ensure meeting the selection criteria, while providing appropriate
statistical representations. The shrinkage models were investigated for unrestrained shrinkage by utilizing available experimental test
data from the NU-ITI database. Ten experiments from the NU-ITI database were selected to calibrate the shrinkage models with
experimental conditions presented in Table A.1. The average 28-day compressive strength of all selected specimens for shrinkage
calibration and analysis was 4.88 ksi (33.7 MPa). The concrete’s average age at the start of drying was 6.2 days. Additionally, all
selected shrinkage experiments had been performed at a relative humidity of 65%. The creep models were also assessed for
compressive creep by utilizing available experimental test data from the NU-ITI database. Twenty experiments from the NU-ITI
database were selected to calibrate the creep models. The properties of each experiment selected are presented in Table A.2. The
selected specimens for creep calibration and comparison had an average 28-day compressive strength of 4.86 ksi (33.5 MPa). The
average age of the concrete at the start of loading was 22.6 days. The selected creep experiments had an average relative humidity of
57%. As the NU-ITI database does not report the concrete slump, which is needed for the ACI 209 model, a uniform slump of 3.5 in.
(8.9 cm) was assumed for all the experiments considered.

The performance of each shrinkage and creep model was first investigated with no model calibration. Then, to further refine the
outputs, a calibration approach was employed such that each model was calibrated to the data obtained from the NU-ITI database. This
approach introduced 2 calibration factors for each model. Among the six models, only the ACI 209 model provided direct guidance for
this type of calibration. To determine the calibration factors for shrinkage and creep models, the calibration process was performed to
first adjust the long-term shrinkage/creep behavior and then the rate of shrinkage/creep development over time. For this purpose, a
single factor was first applied to the ultimate value of shrinkage/creep strain in each model. This factor was adjusted for each model to
best match the model to the experiments. For example, if a model was found to predominantly underestimate the shrinkage recorded in
the experiments, this factor was set to a value higher than unity to improve the model. A second factor was then applied to the time
development component of each model. This second factor modified the shape of the shrinkage/creep curve for each model. As an
example, if the long-term predicted shrinkage/creep of a model closely matched that of the experiments but the rate of shrinkage/creep
development differed notably, this factor was set to values different than unity to alter the rate at which shrinkage/creep development
was predicted. The ACI 209 model had two well-defined, built-in coefficients that serve as this second factor. Similarly, in the EC2

12
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Fig. 1. Performance of the six uncalibrated shrinkage models.

model, a calibration procedure was allowed, in which a parameter for the amplitude and a parameter for the kinetics can be adjusted
for each component of shrinkage and creep. In this study, Eq. (43) was utilized as the main expression for the calibration process:

Y = UXp(t —1)"

(43)

where Y is the calibrated value, X is the original value predicted by the model (uncalibrated), U is the ultimate calibration factor, f is
the time development function included in each model, and T is the time development calibration factor. The required factors were
calibrated such that each model had only one value for each factor that covered every experiment. Those values were obtained through
an iterative approach to achieve the best match between the models and recorded test data. The following section provides the
calibration factors and the prediction performance of the introduced shrinkage and creep models.
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Fig. 2. Performance of the six uncalibrated creep models.
Table 14
Performance of the uncalibrated shrinkage prediction models.
AASHTO ACI B3 CEB EC2 fib
Coefficient of determination (R?) 0.72 0.81 0.77 0.66 0.69 0.83
Residuals Overestimate (%) 62.14 49.29 24.29 66.43 70.00 77.86
Underestimate (%) 37.86 50.71 75.71 33.57 30.00 22.14
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Table 15
Performance of the uncalibrated creep prediction models.
AASHTO ACI B3 CEB EC2 fib
Coefficient of determination (R?) 0.61 0.84 0.75 0.71 0.78 0.78
Residuals Overestimate (%) 7.85 35.15 83.96 88.40 82.25 79.52
Underestimate (%) 92.15 64.85 16.04 11.60 17.75 20.48
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Fig. 3. Performance of the six calibrated shrinkage models.

15



C. Shurbert-Hetzel et al. Case Studies in Construction Materials 19 (2023) e02406

Table 16
Calibration factors and performance of the calibrated shrinkage prediction models.
AASHTO ACI B3 CEB EC2 fib
Coefficient of determination (R?) 0.77 0.86 0.89 0.83 0.84 0.84
Residuals Overestimate (%) 56.40 47.90 48.57 76.43 65.71 74.29
Underestimate (%) 43.60 52.10 51.43 23.57 34.29 25.71
Calibration factor (Uy,) 0.92 1.31 1.10 1.53 1.20 1.02
Calibration factor (T;) 0.98 0.83 1.05 0.75 0.81 0.95

mAASHTO ®mAClI mB3 =CEB mEC2 =fib
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Fig. 4. Comparison of the coefficient of determination (R?) of the calibrated shrinkage prediction models in different time periods.

Table 17
Residuals of the calibrated shrinkage prediction models.
Stage AASHTO ACI B3 CEB EC2 fib
Residuals < 30 days Overestimate (%) 45.00 33.33 53.33 100.00 68.33 96.67
Underestimate (%) 55.00 66.67 46.67 0.00 31.67 3.33
> 90 days Overestimate (%) 56.36 58.18 40.00 50.91 58.18 45.45
Underestimate (%) 43.64 41.82 60.00 49.09 41.82 54.55

5. Results and discussion
5.1. Original uncalibrated models

For each of the six models, data from the selected experiments were plotted against the predicted values of the original uncalibrated
models. A graphical comparison of the uncalibrated shrinkage and creep models to data from the NU-ITI database is presented in
Figs. 1 and 2, respectively. A predicted data point perfectly matches the experimental value if it lands on the line with a slope of one
beginning from the origin. Residuals were calculated for each point by subtracting the experimentally measured shrinkage values from
the predicted values. When the residual value is positive, the model is overestimating, and when it is negative, the model is under-
estimating. The coefficient of determination (R%) was also used to measure the performance of the models by quantifying the corre-
lation between the predicted and recorded values for each model. Tables 14 and 15 present the R? values and residuals in each of the six
shrinkage and creep models, respectively. Considering the overall performance of the uncalibrated models in shrinkage and creep
prediction, the ACI 209 model outperformed other models with the R? values of 0.81 and 0.84 for the shrinkage and creep models,
respectively. This superior performance can be attributed to the large variety and number of parameters (10 inputs), as well as the
built-in tuning time-ratio constant included in the ACI 209 model.

5.2. Calibrated shrinkage models

Following the approach described in Section 4, each of the six models was calibrated and their performance was studied. A
graphical comparison of the calibrated models (i.e., models with a single value for each calibration factor) to data from the NU-ITI
database is presented in Fig. 3. Table 16 presents the R? values, residuals, and calibration factors for the ultimate shrinkage strain
(Ug) and time development (Ty,) in each of the six model. Overall, The B3 and ACI 209 models were found to perform the best of all the
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Fig. 5. Performance of the six calibrated creep models.
Table 18
Calibration factors and performance of the calibrated creep prediction models.
AASHTO ACI B3 CEB EC2 fib
Coefficient of determination (R?) 0.87 0.88 0.87 0.89 0.89 0.88
Residuals Overestimate (%) 39.25 46.42 54.95 53.92 52.22 43.00
Underestimate (%) 60.75 53.58 45.05 46.08 47.78 57.00
Calibration factor (U,,) 1.34 1.13 0.84 0.75 0.79 0.53
Calibration factor (T,,) 0.99 0.99 1.11 0.99 1.01 0.97
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Fig. 6. Comparison of the coefficient of determination (R2) of the calibrated creep prediction models in different time periods.

Table 19
Residuals of the calibrated creep prediction models.
Stage AASHTO ACI B3 CEB EC2 fib
Residuals < 30 days Overestimate (%) 5.67 19.15 53.19 53.90 47.52 41.13
Underestimate (%) 94.33 80.85 46.81 46.10 52.48 58.87
> 90 days Overestimate (%) 72.48 66.97 58.72 53.21 56.88 42.20
Underestimate (%) 27.52 33.03 41.28 46.79 43.12 57.80

shrinkage models with the R? values of 0.89 and 0.86, respectively. This can be supported by the fact that these two models incorporate
more parameters related to the concrete mixture, resulting in higher accuracy. On the other hand, the AAHTHO model had the lowest
prediction accuracy with the R? value equal to 0.77. Previous studies showed similar findings/trends for the original uncalibrated form
of these prediction models. Therefore, it can be inferred that even the calibration of shrinkage rate and ultimate values cannot
completely compensate for the shortage of model inputs, revealing the pivotal role of relevant input parameters in selecting appro-
priate models. Considering the residuals calculated for each model, it can be noted that the AASHTO, CEB, EC2, and fib models tend to
overestimate the shrinkage strain values. The ACI 209 and B3 models, however, exhibited a more balanced distribution between the
positive and negative residuals and were considered the best performing models.

Additionally, R? and residual values were calculated over a set of time periods for each model. This allowed insights into how the
models behave during just the early-age period or the long-term period of shrinkage. The early-age period considered was the first 30
days of a specimen being exposed to drying and the long-term period considered was any time after the first 90 days of being exposed to
drying. As shown in Fig. 4, during the early-age and long-term periods, the B3 and ACI 209 models outperformed other models. This
observation was consistent with their overall performance over the entire time. For the early-age period, which is crucial to shrinkage
sensitive structures, all models except the CEB model, performed comparable to the B3 model with an average R? value of 0.95,
compared to the R? value of 0.99 in the B3 model. Although the result obtained from the CEB model demonstrated a high R? and
balanced distribution between the positive and negative residuals in long term (> 90 days), it was observed that this model tends to
overestimate the shrinkage strain in the first 30 days (as reflected in Table 17), resulting in the lowest R? at the early-age period. This
can be associated with the fact that the CEB model predicted a higher shrinkage rate in the early stage than actual values. The lowest
calibration factor for the rate of shrinkage (Ty,) corresponded to the CEB model (Table 16), justifying the need for applying a lower
shrinkage rate to this model. As presented in Table 17, the fib model mostly overestimated the shrinkage strain values in early stage (<
30 days). Overall, after the first 90 days of being exposed to drying, all the six models showed a more balanced distribution between the
positive and negative residuals compared to that of the first 30 days.

5.3. Calibrated creep models

Similar to shrinkage-related investigations, data from the selected creep experiments were plotted against the predicted values of
the calibrated models (i.e., models with a single value for each calibration factor). A graphical comparison of the calibrated models to
data from the NU-ITI database is presented in Fig. 5. As with the shrinkage model analysis, the R? value was used to measure the
performance of the models by quantifying the correlation between the predicted values and recorded values for each model. Residuals
were also calculated for each point by subtracting the experimentally measured creep values from the predicted values. Table 18
presents the R? values, residuals, and calibration factors for the ultimate creep strain (U,.,) and time development (T,) in each of the six
model. Overall, the performance of all calibrated creep prediction models was similar, having the R? value in the range of 0.87-0.89.

18



C. Shurbert-Hetzel et al.

fib

EC2

fib

EC2

ACI

B3

CEB

ACI

B3

CEB

Case Studies in Construction Materials 19 (2023) e02406

=8 Original model

-=@--Calibrated model

=@ Original model

—@-Calibrated model

Fig. 7. Comparison of the performance between the original (uncalibrated) and the calibrated shrinkage prediction models.

The calibration factors that influenced time development (T,) were found to barely differ from unity among the models. All calibrated
models, except the AASHTO model, indicated almost a balanced distribution between the positive and negative residuals. Thus, it can
be inferred that the calibrated creep prediction models provided higher accuracy and less dispersion compared to the shrinkage

prediction models.

R? and residual values were also calculated over various time periods for each model. The R? values for each creep model are
presented in Fig. 6. Despite having similar overall R?, creep predictive models show different performances in the early-age and long-
term periods. The ACI 209 and AASHTO models exhibited almost the same accuracy at both early age and long term (R? between 0.85
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Fig. 8. Distribution of residuals for the original and calibrated shrinkage prediction models. Positive and negative values represent the percentage of
overestimated and underestimated shrinkage effects, respectively.

and 0.89). However, over the early-age period, the AASHTO and ACI 209 models had a notably lower R? values of 0.87 and 0.91,
respectively, compared to the other models with the average R? values approaching 0.95. It is important to note that the ACI 209
shrinkage model relies on slump as its only input regarding the concrete water content, making it the only model considered in this
study that does not utilize the 28-day mean compressive strength to account for water content. Since this factor affects the magnitude
and rate of shrinkage and creep, the constant slump of 3.5 in. (8.9 cm) assumed in the current study required the ACI 209 model to
utilize the same water content for all the experiments, while the other models were able to consider the actual water contents recorded
for each experiment. However, even with this situation, the ACI 209 shrinkage model compared reasonably well with the other models.

Apart from these two models, other models showed higher accuracy during the early-age period (i.e., first 30 days), achieving R?
values above 0.94. However, during the long-term period, they showed lower R? values compared to the early stage and overall
performance. This can be associated with the fact that the early-stage creep strains are mainly affected by the creep rate, and all the
studied creep models exhibited a close correlation with experimental creep rate values and did not require significant calibration. This
is reflected in the T, calibration factors, which were found to be close to one (Table 18). However, these creep models struggle with an
accurate prediction of ultimate creep strain, which, in turn, adversely affects their long-term performance, despite the calibration
factors introduced. As presented in Table 19, all calibrated models, except the AASHTO and ACI 209 models, provided an almost
balanced distribution between the positive and negative residuals in both early-age and long-term stages. The AASHTO and ACI 209
models, however, mostly underestimated the creep strain values in the early stage (< 30 days).

5.4. Improvements introduced by calibration factors

Using the same database, the performance of the models calibrated in this study was compared to their original uncalibrated forms.
Fig. 7 shows that the calibration approach used in this study enhanced the performance of the shrinkage prediction models and
increased their R? values. Specifically, the improvement was highest for the CEB model, increasing its R? from 0.66 to 0.84 (i.e., 27%
growth). On average, the R? value improved by 13% upon calibrating the shrinkage rate and its ultimate value. Comparing the original
and calibrated models, the distribution of residuals was also evaluated, as shown in Fig. 8. It can be noted that the employed calibration
approach decreased the tendency of all the models, except the CEB model, to either overestimate or underestimate the shrinkage strain
values.

Fig. 9 shows the impact of calibration on the creep prediction models. Similar to the trend observed in the shrinkage prediction
models, the calibration approach improved the performance of the creep prediction models and increased their R? values. Specifically,
it had the highest positive impact on the performance of the AASHTO model, increasing its R? from 0.61 to 0.87 (i.e., 43% growth). On
average, the R? value increased by 19% upon calibrating the creep rate and its ultimate value. It must be highlighted that, although
original creep models showed various performance levels with a broad range of R? values (i.e., from 0.61 to 0.84), their calibrated
forms exhibited almost similar accuracy. The original and calibrated models were also compared in terms of the distribution of re-
siduals, as shown in Fig. 10. It can be observed that the employed calibration approach successfully decreased the tendency of all the
models to either overestimate or underestimate the creep strain values. The calibrated creep models almost showed a balanced dis-
tribution between the positive and negative residuals.

6. Conclusions

A set of shrinkage and creep models were systematically examined to determine their prediction capabilities and limitations. The
investigated models included some of the most commonly used models, including AASHTO, ACI 209, B3, CEB, EC2, and fib models. All
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Fig. 9. Comparison between the performance of the original (uncalibrated) and the calibrated creep prediction models.

these models share the same fundamental basis. Thus, the preference for using a specific model heavily relies on its accuracy and
simplicity (especially if only limited input parameters are known/available). In the absence of any similar holistic study in the
literature, the performance of each model was quantified in the current study by comparing the model outputs to the experimental test
data from the NU-ITI shrinkage and creep database. Calibration factors were then introduced for each model to improve their per-
formance. Based on this investigation, the following conclusions were drawn:

e Considering the overall performance of the uncalibrated models in shrinkage and creep prediction, the ACI 209 model was found to
outperform the other five models. This performance can be attributed to the large variety and number of parameters (10 inputs), as

well as the built-in tuning time-ratio constant included in the ACI 209 model.
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The calibrated B3 and ACI 209 models were generally identified as the most performant models with the R values of 0.89 and 0.86,
respectively. Furthermore, they exhibited a balanced distribution between the positive and negative residuals (overestimated and
underestimated values). However, for the early-age period, which is crucial to shrinkage sensitive structures, all the other cali-
brated models, except the CEB model, performed similar to the B3 model with the average R? value of 0.95, compared to the R?
value of 0.99 obtained for the B3 model.

Concerning creep, the investigated calibrated models provided the R? values in the range of 0.87-0.89, with no model lagging
significantly behind the others. The calibration factors that influence time development were found to barely differ from unity
among the models. All calibrated models, except the AASHTO model, indicated an almost balanced distribution between the
positive and negative residuals. Overall, it can be inferred that the calibrated creep prediction models offer higher accuracy and less
dispersion compared to the shrinkage prediction models.

The calibration approach used in this study enhanced the performance of the shrinkage and creep prediction models by increasing
their accuracy and decreasing their tendency to either overestimate or underestimate strain values. On average, the R? values
increased by 13% and 19% upon calibrating the studied shrinkage and creep prediction models, respectively.

Another factor to consider when selecting shrinkage and creep models is the simplicity of the models. Comparing the top two
performant models, i.e., ACI 209 and B3, the former was clearly the simpler model. While maintaining the second-highest number
of inputs, the ACI 209 model required fewer steps and simpler calculations compared to the B3 model, which had the highest
number of inputs. In this regard, the ACI 209 model was found to be a well-suited model for the purpose of shrinkage and creep
analyses in practical applications.

With a side-by-side review and comparison of various shrinkage and creep models, the outcome of this study offers fundamental

and practical insights to properly select and utilize shrinkage and creep models, taking into consideration their key contributing factors
for maximum accuracy.
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Appendix

Table A.1
Experiments selected from the NU-ITI to calibrate and compare the shrinkage models (w/c is the water-to-cement ratio, a/c is the aggregate-to-
cement ratio, and VS is the volume-to-surface ratio).

Database w/c a/c Cement (kg/m3) femog (MPa) 2VS (mm) to (day) Humidity (%)
e.100.01 0.48 5.429 350 33.2 42 7 65
€.100.02 0.48 5.429 350 33.2 80 7 65
€.100.03 0.48 5.429 350 33.2 150 7 65
e 01103 0.45 5.392 345 35.3 100 7 65
e 069_03 0.45 5.405 353 23.9 75 7 65
e 07102 0.50 - 350 40.7 75 3 65
e 07103 0.50 - 350 37.5 75 3 65
e 08401 0.48 5.428 350 33.2 41.5 7 65
e 08402 0.48 5.428 350 33.2 80 7 65
e 08403 0.48 5.428 350 33.2 150 7 65
Table A.2

Experiments selected from the NU-ITI database to calibrate and compare the creep models (w/c is the water-to-cement ratio, a/c is the aggregate-to-
cement ratio, and VS is the volume-to-surface ratio).

Database w/c a/c Cement (kg/m3) femas (MPa) 2VS (mm) to (day) Humidity (%) Stress (MPa)
c_011.08 0.45 5.392 345 35.3 100 28 65 14.22
c 01701 0.49 4.814 350 33.9 35 7 50 4.91
c_ 01702 0.49 4.814 350 33.9 35 21 50 4.91
c_017_05 0.49 4.814 350 33.9 35 7 50 9.81
c_017_06 0.49 4.814 350 33.9 35 21 50 9.81
c 01707 0.49 4.814 350 33.9 35 28 50 9.81
c_017_26 0.49 4.814 350 33.9 35 28 35 9.81
c 01727 0.49 4.814 350 33.9 35 28 50 9.81
c 01728 0.49 4.814 350 33.9 35 28 75 9.81
c_043_02 0.41 5.587 332 40.9 100 28 65 9.40
c_044 01 0.40 5.595 343 27.9 75 28 50 8.83
c_058_01 0.50 6.300 300 29.2 75 28 60 14.71
c_058_03 0.44 5.266 360 37.8 75 7 60 17.66
c_058_04 0.47 5.232 375 39.0 75 17 60 17.66
c_058_07 0.50 6.300 300 29.2 75 28 60 14.71
c_058_08 0.50 5.314 350 33.6 75 28 60 9.81
c_058_09 0.47 5.232 375 39.4 75 7 60 17.66
c_ 05812 0.40 4.525 400 38.9 75 28 60 15.70
¢_069_05 0.45 5.405 353 23.9 75 28 65 6.77
c_069_06 0.45 5.405 353 23.9 75 28 65 12.32
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