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Abstract

Shrinkage in hydraulic materials is a complex time-dependent process. For standard concretes, one of the most consider-
able parts of shrinkage is drying shrinkage. In fact, to predict deformations of concrete due to shrinkage, various predictive
models have been developed; most of them use many numbers of factors that can affect shrinkage such as concrete strength,
concrete age of loading, curing conditions type, ambient conditions, type of cement and aggregates, water to cement ratio,
concrete mix, member shape and size, loading duration and type. Such a number of parameters increases the complexity of
using these models and leads to some prediction imperfections; thence a new simplified model is needed. The main target
of the current paper is to formulate a novel and simplified model with a minimum of factors that affect drying shrinkage
behavior as relative humidity and volume to surface area ratio of the concrete element (V/S). To achieve this goal, a pre-
diction model based on probability density function and a small number of parameters that influence shrinkage, as well as
relative humidity and volume to surface area ratio of the concrete element, has been developed. A huge database has been
used to adjust the model’s parameters using the most recent studies and research to validate the model. The comparison of
the model predictions with experimental results reveals that the simplified model is well adapted to represent and describe
the evolution of drying shrinkage for normal, high-performance, lightweight, and self-compaction concretes, whereas there

is negligible prediction divergence as compared to other existed models.
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Introduction

To predict concrete shrinkage behavior, diverse analytical
models have been elaborated and some of them are approved
by diverse codes and recommended by famous researchers
[1].

Shrinkage is affected by multiple variables as well as con-
crete strength, concrete loading time, cement type, type of
curing conditions, ambient conditions, water to cement ratio,
concrete mix, member size and shape, aggregates type, dura-
tion, and type of loading [2]. This large number of param-
eters affecting shrinkage increases the complexity of utiliz-
ing these models and can lead to imperfections in shrinkage
predictions. It can also reduce databases exploitable results
due to the lack of one or more of these parameters. Thence,
a new simplified prediction model containing fewer param-
eters that affect shrinkage phenomena is necessary. The
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quality of the shrinkage predictive model depends on the
contribution of each parameter that conducts the phenomena
[3]. In its report 209.1R-2 [1], the American Concrete Insti-
tute (ACI) defines shrinking as the deformation measured
on a load-free concrete sample. ACI states that shrinkage
excludes changes in length due to temperature variations,
but it depends on the environment, configuration, and size
of the specimen.

Researchers must often describe and analyze phenom-
ena in diverse areas of science, with actions understood only
from laboratory observations. For this reason, the synthesis
of a mathematical model with similar behavior to the actual
phenomenon is of interest. In particular cases, with the
understanding of the model parameters and the experience
requirement of the phenomenon, researchers can suggest
a mathematical model named a deterministic model. The
exact mechanisms of the phenomenon, though, are generally
unknown. They might, therefore, formulate a mathematical
model on which they determine the parameters of measure-
ments from samples.
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The drying shrinkage in concretes is the most significant
part of shrinkage deformations [4]; it results from the reduc-
tion in pores relative humidity which increases directly the
capillary tension of pores occupied by water and in the solid
surface tension at pore walls. The data from experimental
results shows that the measured ultimate values of concrete
drying shrinkage of many specimens had a nonlinear func-
tion of ambient relative humidity [5].

This study aims to develop a representative prediction
model of drying shrinkage for hydraulic materials with fewer
affecting factors and more predictive accuracy. This manu-
script is structured in the following way: First, the relation
between drying shrinkage development and the probability
density function was exposed. A step-by-step presentation
of the demonstration that leads from mathematical density
function to a model that can describe the drying shrinkage
evolution was reviewed, these model parameters were been
estimated by using large experimental results gathered from
different databases. The obtained model was simplified to
reduce its number of parameters. Once the model is estab-
lished, we proceed to its validation and confront it with dif-
ferent types of concrete such as normal concrete (NC), high-
performance concrete (HPC), lightweight concrete (LWC),
and self-compacting concrete (SCC) as well as with most
common models and various databases. Finally, the last sec-
tion summarizes the main conclusions.

Experimental investigation

The present research is based on a vast range of experimental
results obtained in various American and European laborato-
ries by internationally renowned researchers [6, 7].

The experimental results analyzed are those that include
the most parameters influencing the drying shrinkage.

Analytical investigation

Over the past few decades, researchers have proposed about
10 shrinkage prediction models based on a big database of
experimental results.

Shrinkage in concrete structures is the most doubtful char-
acteristic of concrete, taking into account material varieties
and modeling unpredictability. Previous research is based on
inputting determinate values of factors influencing shrinkage
in order to obtain a structural response. However, researches
on the shrinkage effects on concrete systems have become par-
ticularly important in recent years. The key factors of uncer-
tainty are the alteration of climate conditions, the disparity in
the composition and mixing of the concrete, and the variance
due to the intrinsic shrinking process. It is well known that
both of these models are mathematical or semi-theoretical
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formulas, and the parameters of these models are derived
through test-data fitting.

In this section, the most common models utilized for pre-
dicting the shrinkage deformation are quickly presented such
as the B3 model, established by BaZzant and Baweja [4, 5], the
ACI 209R-92 model, established by Christianson and Branson
[8], the GL 2000 model, established by Lockman and Gardner
[9], the CEB MC 90 model [6] in addition to the modified
CEB MC90-99 model [7], each of them established by Miiller
and Hilsdorf, and finally, the fib model [10], highlighting the
approach to understand how the shape and size of the con-
crete element and the curing conditions, as well as the relative
humidity, influence the predicted shrinkage deformations.

Whereas a factor dependent on the shape and size of the
concrete element is used in the EC2 and also fib shrinkage
models for determining exactly how shape and size influence
the prediction deformations, the member volume to surface
ratio is also used by ACI prediction model [3].

Euro code 2 shrinkage prediction model

The ultimate drying shrinkage deformation is defined by the
Euro code 2 shrinkage model as in Eq. (1).

Ecdoo =K * Ecap (n

where the basic drying shrinkage deformation is €4, and k;,
is a factor function of shape and size of the concrete element
(in millimeters).

hy=2-AJU )

In Eq. (2), A, represents the cross-section area and U is the
concrete element circumference subject to drying. The basic
drying shrinkage deformation as is mentioned in Eq. (3) is a
compressive strength function f,, where f ,=10 MPa, both
factors a4 and a , define the cement type, and the ambient
relative humidity RH.

)

—g + —
=2 f;:m()
3

Relative humidity RH is expressed by the fgy; coefficient
Eq. (4).

3
Bes = 1.55 - ll - <1§_Z)> ] )

with RH;=100%.
The drying shrinkage deformation progression is a time
function as is mentioned in Eq. (5).

Eeq0=0.85" [(220 +110 - ay, ) - exp (

gcd(t) = 6cd,0 . kh ) ﬂd‘v(t’ ts) (5)

With;
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Also, t, t, (in days) are the present age and the beginning
drying concrete age, respectively. Therefore, in the Euro
code 2 shrinkage model, the %, value is employed a couple
of times, for example in k;, factor, affecting the ultimate dry-
ing shrinkage deformation, and in S, (, t,) Eq. (6), affecting
the shrinkage deformation progress.

ACI 209R-92 shrinkage model

The ultimate shrinkage deformation for conventional condi-
tions is defined by the ACI 209R-92 Eq. (7).

Egu = 780X 1070 -y @)

where 7, is a corrective coefficient represented by seven
corrective terms are: the curing method (yg, ), the ambi-
ent relative humidity (7, ryy), the volume to surface area
ratio (y, ) or, otherwise, the concrete element thickness
(Ysn,)» the concrete slump (y, o), the fine aggregate propor-
tion (yg, y), the cement content (yy, ) and the concrete air
content (g, o)-

The shrinkage strain evolution is similar to the Euro code
2 shrinkage model Eq. (8).

(t_t6>a

Sh(”)=f+(t—tc)

* Eshu (®

where a is defined by a time-related function (a¢=1), ¢ and
t, (in days) are the present age and the beginning drying
concrete age, respectively, and f is a function Eq. (9).

[ =26 el10x142-2:(V/5)) 9)

With, V/S is the member volume to surface ratio (in mil-
limeters) to take into account the size and shape influence
on concrete shrinkage.

Similar to the Eurocode2 shrinkage model, the ACI
209R-92 model considers the size and shape impact a cou-
ple of times, for example in the correcting coefficient y, .
or yg, g» affecting yy,, and therefore the ultimate shrinkage
deformation &y, Eq. (7), and in the volume to surface ratio
VIS in the function f Eq. (9), affecting the shrinkage defor-
mation progress.

As reported in ACI 209R-92 model, the impact of con-
crete elements size on the ultimate shrinkage deformation
can even be taken into account by the correction coefficient
Yshvs» OF Dy the correction coefficient y, 4 for concrete ele-
ments with average thickness other than 150 mm as reported
in Eq. (10).

d=4-V/§ (10)

Furthermore to values given for yy, 4 for d <150 mm,
equations for calculating yy, 4 for 150 mm < d <380 mm are
also delivered. Therefore, contrary to the EC2 shrinkage
model, the ACI 209R-92 model is planned to be useful only
to concrete elements of restricted average thickness.

B3 shrinkage model

The predicted ultimate shrinkage strain of BaZant-Baweja
B3 shrinkage model is given as in Eq. (11).

€shoo = _5?00M (] ])
‘ T Een(r40,)

The €, factor relies on several parameters as well as the
water content w, the concrete mean compressive strength at
28 days f, 23, and constants a; and a,, the first one to take
into account the cement type and the second for the curing

condition as is mentioned in Eq. (12).

Eoo = —;8,[0.019W!f 058 4 270] x 107 (12)
The —Z%_ ragio is given as in Eq. (13)
em(ic+7g )
Emerr 1.0805 + 1.0805
Ecm(z,+1.) [ + 1] [(0.85(zy, + 1) +4)]

13)
where ¢, defines the concrete age at the drying beginning
and 7, represents the size relying on the shrinkage as is
mentioned in Eq. (14).

7y = 008550987025 [0k (v/5)] (14)

The cross-section correction shape coefficient is defined
with k (k,=1 for easier calculations) and V/S is the volume
to surface area ratio.

The development of the shrinkage deformation gg
Eq. (15) in EC2 and ACI 209R-92 shrinkage models is deter-
mined by multiplication of the ultimate shrinkage strain g,
by a time function Eq. (16) and by humidity

gsh(t7 tc) = _gshookhS(t - tc) (15)

t—1,)

S(t—1,) = tanh (16)

Tsh

dependence coefficient k, (e.g., k,= 1 — h’ for 1 <0.98, with
h is the relative humidity defined as a decimal). The size
effect on shrinkage is expressed in Eq. (15) by the volume to
surface ratio V/S for both the ultimate shrinkage deformation
and the shrinkage progress.

@ Springer
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GL2000 shrinkage model

The ultimate shrinkage deformation e, is defined by the
GL 2000 shrinkage prediction model as a function of the
mean compressive strength of concrete at 28 days f,,,s and
the shrinkage constant k as is mentioned in Eq. (17) with k
is the cement type effect factor.

1/2
g =900k< 30 ) x 1076

cm 28

a7

Both the B3 and GL 2000 shrinkage models express the
time-dependent shrinkage strain as in Eq. (18).

gsh(l‘7 tc) = gshuﬂ(h)ﬂ(t - tc) (]8)

The latter results from the multiplication of the ultimate
shrinkage strain €, and the correction coefficient Eq. (19)
function of the ambient relative humidity %, and by the time-
dependent function Eq. (20), where ¢ is the present concrete
age, t. is the concrete age at the drying beginning and V/S is
the volume to surface ratio in millimeters.

p(h) = (1 -1.18h*) (19)

) " 20
0.12(V/S)2 + (1 —1,) 0

p(t—1.) = l

The GL 2000 model does not consider the chemical
admixtures information or the concrete mineral additives
or information on the ambient curing process. Distinctly
from the ACI 209R-92 model, the B3 model, and the EC2
shrinkage model, the GL 2000 model considers the volume
to surface ratio V/S to account for the shape and size effect
of the concrete element as a time function f (¢,.) to describe
the shrinkage evolution.

Shrinkage model of fib model code 2010

The shrinkage model of the fib Model Code 2010 is strongly
associated with the CEB MC90-99 model. The fib shrinkage
model defines the notional drying shrinkage coefficient as
in Eq. (21).

Ecao (fiom) = [(220 + 110ay,, ) exp (_adszfcm)] X107 (21)

The latter is a function of several coefficients as well as
the mean compressive strength of the concrete at 28 days
Jfem» the coefficients ay ; and a4y, both accounting for the
cement type. The progress of the drying shrinkage deforma-
tion Eq. (22) is the result of multiplying the notional drying
shrinkage coefficient e_;,(f.,,) by the factor Sy Eq. (23) in
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order to consider the impact of ambient relative humidity
RH (in %) and by the time-dependent function Eq. (24).

gcds(t’ t‘v) = €¢ds0 (f;:m)ﬂRH(RH)ﬂdsO - t.v) (22)
3
Pr(RH) = —1.55 [1 - (%) ] for 40 < RH < 99%
(23)
(r—1,) 02
(t—1) = 24
Pas(t = 1,) <o_035h2 +(r—1,) @y

The latter is a function of the concrete present age ¢, the
concrete age at the drying beginning ¢, and on the notional
size h=2 - A /U of the concrete element. Similar to the
GL 2000 model, shape and size impact in the fib shrinkage
model is just taken into account in the time-dependent func-
tion By (t — t,) by the notional size h. As reported in [10],
the time-dependent function Eq. (24) is unsure for concrete
elements with 2> 600 mm and can overrates the shrinkage
deformations after 50 years of drying. Thus, the fib shrink-
age model application is restricted by the notional size of
the concrete element. In accordance with [11], additional
investigative studies concerning the notional size coefficient
is required. The fib model does not take note of either the
period of moist curing or the curing temperature, which is
intended for estimating shrinkage deformations of moist-
cured concrete elements at normal temperatures for a period
not exceeding 14 days.

Modeling

In the present case, the drying shrinkage evolution is
described by a curvature that starts by exponential shape
thence it advances towards an asymptotic limit, as shown
in Fig. 1. In statistics, this form of shape matches with the
curve of the density probability function F (z, #,) obtained
with direct integration of the density probability function F'
(¢, ty) in function of time (¢), as seen in Fig. 2.

Figure 3 shows a reduction in the shrinkage for 14 and
28 days when the relative humidity tends to increase. By
comparison, the shrinkage initially increases significantly
for higher ages and then decreases

In this case of study, the probability density function f{z,
1) given in Eq. (25) is two parameters Weibull function [12]:

L C_]x r—1,\€ s
ex
Such that r—1,> 0, where f,, is the loading time (in days),

ft, ty) is a probability density function, and C represents the
acceleration rate of the probability density function [13].

f(t7 to) =
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Fig. 2 Probability density function F(z, t,) [9]
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Hence, Eq. (25) becomes as follows:

c (t—to)al (t—to)c
flt,1g) = X o Xexp ——— & = f(t.1,)
(l—t()) (t_to) ([—IO)
Cc-1 C
NE ]
(1—19) (1—15)
(26)
Therefore;

[t 19) = cxbx y“~ xexp (=bx y°) 7)
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Fig.3 Relative humidity RH effect on the shrinkage of concrete at
different ages [3]

The probability density function is given by:

F(tv tO) = /f(t’ tO)dt (28)
Proceed to the development of Eq. (28)
0 1
Such as F(t,1,) = / [, t)dt+ / [t ty)dt 29)
—0o0 0
0
/ f(t,t)dr=0 (30)

Replace the function f{t, ¢,) by the equation in the integral
as follows:

F(t, 1) = / (exbx(t—1)“" X exp(=b X (t — 1))).dt

0

(3D
Let:

v=bx({t—1)° 2>V =cxbx(t—1,)°"! (32)

by replacing v and v' in Eq. (29), we obtain f VXel =—e
.where

— _ b—)C |y _ b-1)C
F(t,1,) e 01 e (33)
To consider the development of the density probability
function F{(t, t,) to reach an asymptotic limit, Eq. (9) is mul-

tiplied by a nonzero positive number “a” which yields to
the final form:
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F(t,t)) = ax (1 — e?70)) (34)

In this case study, the function F(z, t,) represents the
degree of progress of drying shrinkage ¢(t, ;) where:

B(t, 1) = ax (1 — e 200" (35)

Estimation of the model parameters

To identify the model parameters, the results of tests given
by Bazant [6] were used. These test series involve 35 cylin-
drical samples of diameter 160 mm and 36 cylindrical sam-
ples of diameter 83 mm. Also, three cylindrical samples of
300 mm diameter are also measured. The length of all cyl-
inders is double their diameter.

The most appropriate and simplest method for estimating
the parameters of linear models is the least-squares method
[14]. This method consists of minimizing the differences
between the regression line and the explained variable “y”.
In other words, it reduces the sum of the squares also called
the “sum of the squares of the residues” denoted “SCR”.

N
SCR = )’ &2 (36)
i=1

With, g; =y; — J;: error at the point f between the meas-
ured and calculated value.

The f§ estimation is the value of g which renders the
expression (36) minimal

Vi = Po+ Bixy + Poxy; + - + By + € 37
The matrix form of this expression is:
N = XNk-ﬁk +éey (38)

The system (38) resolution allows the determination of
the f estimator.

p=(x'X)"'x.y (39)

The degree of validity of a regression model is based on
the following conditions [13]:

e The 1_32 must be as high as possible.

e Student’s and Fisher’s tests must provide acceptable
results.

e The standard deviations of the coefficients must be the
lowest for the estimated values of the coefficients.

From the set of observations on the model variables
selected during this present study, several expressions by
multiple regressions giving the parameters of the model have
been proposed in Eq. (35); the expressions retained are given
by the relations (40), (41), and (42).

V/S
a=pi+ fr.(RH) + p; (é) (40)
b= B+ f(V/S) + L5 @1
4TS RH
¢ = p;+ Bs((V/S.(RH)) (42)

With: V/S =volume to surface area ratio of concrete ele-
ments in (mm), and RH =relative humidity in (%).

The test’s parameters of model coefficients a, b and ¢ are
given in Tables 1, 2, and 3.

Improvement of the model
Adjusting the parameter «a»

The parameter «a» represents the limit value of drying
shrinkage. This parameter is influenced by the relative
humidity conditions RH and by the V/S ratio of the element
[3]. The relative humidity is one of the most essential factors
affecting the final shrinking of the concrete.

Figure 4 discusses the influence of the V/S ratio on the
shrinkage measured for various concrete ages. The higher
the V/S ratio, the lower the shrinkage.

A statistical analysis founded on experimental results
given by [7] shows that the values of the parameter «a» are
mostly between (300 and 600 um/m) as illustrated in Fig. 5.

Table 1 «a» Parameter tests

Model coeffi- Standard deviation Student’s test Fisher’s test Correlation coef-
cients ficient

TStudcnt P(S)* TFishcr P(F)** R2 Ez
B 1.25004 0.0155 80.640 0.00 682.51 0.0000 0.9572 0.9558
B —0.8423 0.0267 —-30.828 0.00 682.51 0.0000 0.9572 0.9558
B3 —0.0012 0.0001 —-9.6071 0.00 682.51 0.0000 0.9572 0.9558
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Table2 «b» Parameter tests

Model coefficients Standard deviation

Student’s test Fisher’s test Correlation coef-

ficient

TSludenl P(S)* TFisher P(F)** R2 ﬁz
By 0.236297 0.0027 85.8150 0.00 1071.38  0.0000 0.9723 09714
ps  —0.00400 8.7E—-05 —-45.890 0.00 1071.38  0.0000 0.9723 09714
Bs  0.002927 0.0004 6.0662 0.00 1071.38  0.0000 09723 09714

Table 3 «c» Parameter tests

Model coefficients Standard deviation Student’s test Fisher’s test Correlation coefficient

TStudcnt P(S) * TFishcr P(F) ok R2 EZ
B 0.540896 0.0037 144.6832 0.0000 682.517 0.0000 0.7901 0.7202
Ps 3.13E-05 8.9E—-06 3.5082 0.0127 682.517 0.0000 0.7901 0.7202

P(S)*: probability of significance of each estimated coefficient

P(F)**: probability of significance associated with Ty, value

Adjusting the parameter «c»

The variation of the «c» parameter is a relative humidity RH
and V/S ratio function as reported in Table 4. Note that the
«c» parameter values vary little and are close to 0.5.

Adopting ¢=0.5, the equation yielding the progression
of the drying shrinkage is reduced to an expression with
two parameters:

—H(t—t 0.5
B(t,15) = ax (1 — e 2707 (43)
—m— 10 day
—0— 40 day
500 4\ —A— 90 day
< —v— 150 day
1 \ 250 day
_ < —4— 400 day
40 v 4\4
R
S 300+ \ \ \
) \ v <
= { e A. A\v
£ e \A\V
% 2 \o \A\
o
1 n .\ \'A
~
100 4 — .\.
| |
\_\.\.
0 T T T T T
20 40 60 80 100
V/S (mm)

Fig.4 V/S ratio effect on the shrinkage of concrete at different ages

(3]

Validation of the model

To check the proposed model accuracy, we first compare
the model predictions with normal concrete (NC), high-
performance concrete (HPC), lightweight concrete (LWC),
and self-compacting concrete (SCC) as well as with most
common models by means of available databases.

Comparison of model predictions with normal
concrete experimental values [6] given by Bazant

Figure 6a shows the contribution of the drying shrinkage for
a constant volume to surface area ratio V/S=152 mm and
variable environmental relative humidity RH (40%, 60%,
and 80%), as well as constant environmental relative humid-
ity of RH=65% and variable V/S ratio (76; 152; 304 and
610 mm) in Fig. 6b.

Curves in Fig. 6a show the influence of relative humidity
RH for constant V/S ratio on predicted drying shrinkage.

5% 5%

[200-299](um/m)
[300-399](;tm/m)
[400-499](jtm/m)
[500-599](stm/m)
[ 1
[ ]
[ ]

B [600-699](um/m)
 [700-799](um/m)

800-899](m/m)

Fig.5 Proposals of the values by intervals of the parameter «a»
(um/m)
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Table 4 «c» Coefficient values

. V/S (mm) RH (%) c V/S (mm) RH (%) c V/S (mm) RH (%) c
estimated by the “SCR” method
76 20 0.591 102 20 0.536 152 20 0.599
76 50 0.443 102 50 0.508 152 50 0.576
76 75 0.511 102 75 0.525 152 75 0.653

This influence is less nuanced at younger ages to around
120 days, but it clearly appears at advanced ages. It is even
observed on the curves of Fig. 6a that the amplitude of
both drying shrinkage models increases inversely with the
decrease in the relative humidity RH. The curves in Fig. 6b
illustrate the influence of the V/S ratio. It is noted that the
effect of this latter is more marked. It seems that the drying
shrinkage decreases with increasing V/S ratio of specimens.

Confronting drying shrinkage model
evolution of high-performance concrete (HPC)
with experimental results of vahid [15]

Drying shrinkage leads to cracking of high-performance
concrete (HPC), thereby reducing its strength and durability.

Regardless of the benefits of HPC in comparison with
standard concrete, the mineral additives existence in HPC
can enhance the risk of early age cracking that may reduce
the lifetime of the concrete structures. Furthermore, for large
surface area concrete buildings, drying shrinkage is critical
and may decrease the durability and concrete strength due
to cracks development [16].

As described above, the concrete drying shrinkage
deformations were predicted by several developed mod-
els. Nevertheless, it is generally known that the mentioned

4009 RH=40%

—O— B4MODEL
—e— MODEL
3004  RH=60%
B4MODEL
MODEL
2004 RH=80%

—w— B4MODEL

100
V/S=152mm

Drying shrinkage (um/m)

T T T T T
1 10 100 1000 10000 100000

Time (days)
(@

characteristics are rated as the most unpredictable concrete
behavior. The comparisons between the model’s predicted
values and drying shrinkage experimental results given by
[15] are presented in Fig. 7.

The results of 03 mixes with different fiber-reinforced
concretes as well as SF10GGBS30 (The Silica Fume SF and
Ground Granulated Blast-Furnace Slag GGBS were added
as cement replacements for the amounts of 10% and 30% of
cement weight, respectively), 0.6HE (Hooked-End steel fib-
ers with 0.6% fiber volume fraction), and 1.2DHE (Double
Hooked-End steel fibers with 1.2% fiber volume fraction)
have been confronted to different models predicted values.
Figure 7 illustrates that all those models present a compara-
ble curve with the measured experimental results.

As Fig. 7 illustrates, both ACI and Euro code 2 models
considerably over-predict the drying shrinkage of all the
three mixes chosen in this comparison. However, the devel-
oped model under predicts the early age shrinkage of con-
cretes and over predicts it beyond 150 days of drying as well
as the fib model presents the same trend beyond 100 days for
the mix 1.2 DHE. Both fib and the developed model present
a good concordance with experimental results for the mix
0.6HE and some divergence was observed in the final drying
shrinkage rate for the mix SF10GGBS30.

V/S=76mm
400 4 —o— B4 MODEL
—e— MODEL
V/S=152mm
E 300+ B4 MODEL
g MODEL
< V/S=304mm
ﬁb 200 4 —v— B4 MODEL
< —/— MODEL
£ V/S=610mm
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Fig.6 Predictions of drying shrinkage curves as a function of varying V/S ratio and humidity confronted to B4 model given by Bazant [6]
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Fig. 7 Confrontation of models predictions and experimental results of drying shrinkage [15] for different mixes: a 0.6DHE, b 1.2DHE, ¢

SF10GGBS30

It was, furthermore, noticed that the developed model
provides the highest accuracy between the compared models
when predicting concretes shrinkage with different fibers
admixtures. The higher accuracy of this model can be inter-
preted by the fact that the quality of the shrinkage predictive
model depends on the contribution of each parameter that
conducts the phenomena as well relative humidity RH and
volume to surface area ratio V/S. However, the impact of
cement substitution with mineral admixtures and the fibers
incorporation has not been considered by this model as well
as by other models. Hence, the inaccurate predictions of the
ACI and Euro code 2 models can be explicated by the lack
of aforementioned parameters in its equations.

Confronting drying shrinkage model predictions
with lightweight concrete (LWC) experimental
results

Short-term comparison

In the global construction industry, the need for modern
innovation in the production of lightweight concrete has
increased. Research into alternative lightweight concrete
systems for structural applications are therefore more often
needed. Foamed concrete (FC), likewise called cellular con-
crete, acquires important focus from researchers all around
the world. FC offers special qualities namely acoustic and
thermal isolation, thermal attack and fire resistance, lowers
building costs, and delivers low weight characteristics.
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Figure 8 demonstrates the confrontation between the
drying shrinkage deformations of structural fibred-foamed
concrete SFFC containing different foam volumes of poly-
propylene PP (SFFCO0.75PP and SFFC1.5PP) provided by
[17] with models predictions.

Figure 8 illustrates the influence of PP fibers on the
shrinkage predictions of FC specimens with different foam
volumes along the drying time. The incorporation of a large
volume of polypropylene PP fibers conspicuously reduced
the drying shrinkage value.

The predicted drying shrinkage deformations of ACI,
the developed model, and fib model for the SFFC0.75PP
sample were between 1200 (um/m) and 1400 (um/m) after
175 days of drying with a correlation factor coefficients R?
0f 0.967, 0.981, and 0.978, respectively. After augmentation
of the foam volume of polypropylene PP from 0.75 to 1.5%,
the drying shrinkage prediction values of the SFFCO0.75PP
sample had prominently decreased to around 900 (um/m).
Nevertheless, the ACI, developed model and fib model are in
a narrow range of structural fibred-foamed concrete drying
shrinkage deformations for both mixes.

Long-term comparison

Figure 9a presents the comparison between the lightweight
concrete drying shrinkage results provided by [18] and those
predicted by ACI, fib, and the developed model.

The final average shrinkage of the ACI, fib, and the
developed model was 753 um/m, 818 pm/m, and 846 um/m,
respectively. The final shrinkage values of all prediction
models were different. The shrinkage of fib model was
higher than the two other models at early age to around
20 days when both achieved identical shrinkage rates. After
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40 days, the curves show that the shrinkage rate of the ACI
model tends to decrease, while the developed and fib model
does not present similar progression throughout the drying
period, which leads to larger gaps between shrinkage models
predictions and LWC data.

The results from the thinner shrinkage samples with
V/S=6.08 mm were used for comparative analysis. The
lower V/S enhances water diffusion, speeds up drying and
hence drying shrinkage. The contrasts between the experi-
mental results and the predictions of the shrinkage mod-
els are shown in Fig. 9b. It is mentioned that the efficiency
of both models is reduced when predicting the shrinkage
of the thinner samples (V/S=6.08 mm) compared to the
thicker samples (V/S=20 mm). As shown in Fig. 9b, the
best shrinkage predictions for the LWC experimental results
are from the developed model with R%2=0.961, fib model
with R*=0.867, and then the ACI model with R*=0.853,
respectively.

In addition, the water motion from the lightweight aggre-
gate (internal curing) may, furthermore, clarify the distinc-
tions between the shrinking deformation development of the
two sample sizes. Water loss was smaller in V/§=20 mm
samples than that in V/S=6.08 mm samples. Thus, internal
curing impact for V/S =20 mm specimens was more perti-
nent, which leads to more efficient cement paste hydration;
this leads to lower hydrated cement paste porosity and per-
meability and consequently lower water diffusion, as previ-
ously observed.

The efficiency reduction in the model in Fig. 9b can be
linked to the drying and water diffusion within the concrete,
which is identified not only by the V/S ratio but even by the
internal water included in the lightweight aggregates and the
diffusion coefficient.
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Fig. 8 Influence of foam volume of PP fibers on drying shrinkage deformation and models predictions [17]

@ Springer



Innovative Infrastructure Solutions (2021) 6:151

Page 110f 16 151

—=—LWC
—e— FIB model R’=0.953
—4— MODEL R’=0.972
—v— ACI R’=0.906

1000

800 +

600 —

400

200

Drying shrinkage (um/m)

T T
0.1 1 10 100 1000
Time (days)

(a)

—a— LWC
—e— FIB model R*=0.867
—A— MODEL R’=0.961

1000

E 801 v oacr R=0853
£
3
© 600+
en
<
<
g
-
< 400
on
=}
= HR=50%
200 =

A V/8=6.08 mm

0

T T T T T T
0.01 0.1 1 10 100 1000

Time (days)

(b)

Fig.9 Comparisons of the measured and models predicted drying shrinkage of a LWC for (HR =50, V/S=20 mm), and b LWC for (HR =50,

V/§=6.08 mm) [18]

Confrontation of the model predictions
with self-compacting concrete results

Drying shrinkage deformations can result into cracks in con-
crete constructions decreasing their performances as well as
the service life and durability. As the concrete properties are
an essential parameter for stress progress, self-compacting
concrete (SCC) can present various behavior than conven-
tional concrete.

Comparison with short-term drying shrinkage

In Fig. 10, the experimental results for four different self-
compacting concrete mixes (self-compacting concretes with
5% and 15% silica fume were added as cement replacements
(SCC5SF, SCC15SF) and self-compacting concretes with
20% and 60% fly ash were added as cement replacements
(SCC20FA, SCC60FA)) given by [19] and the predicted
values of different models are presented.

The comparison of the experimental and the predicted
values result into the following conclusions:

e The ACI and the Eurocode?2 prediction models are in a
narrow range of experimental drying shrinkage deforma-
tions for all mixes, nevertheless, an over prediction of
deformations is found beyond the first 15 days of drying
for both models. It is also observed that the fib model
presents a slight underprediction of the experimental
deformations.

e All the prediction models have a good concordance with
experimental results. However, the proposed model pro-
vides a better prediction of drying shrinkage for mixes
SCC (5SF), SCC (15SF), SCC (20FA), and SCC (60FA)

with a coefficient of correlation factor R? of 0.972, 0.981,
0.971, and 0.987, respectively, compared to the experi-
mental results.

e These modifications in the composition of the mixtures
affect the behavior of the self-compacting concrete in
its hardened state, including the drying shrinkage defor-
mations. However, the prediction model’s efficiency has
been influenced neither for ACI, Euro code 2, and fib
model nor for the developed model.

Comparison with long-term drying shrinkage

Shrinkage in concrete presents the principal source of crack-
ing in concrete structures. Volume contractions due to water
loss from the concrete to the atmosphere are called drying
shrinkage of concrete. This latter influences the structure’s
load-carrying capability and deteriorates concrete strength.
Crack’s evolution opens a path to the water as well as other
chemical agents, which gradually disturbs the concrete cover
and induces reinforcements corrosion. Thus a comparison of
a long-term prediction is needed.

Figure 11 presents a confrontation for a long-term drying
shrinkage sulfate resistance self-compacting concrete con-
taining 20%, 60% of copper slag as cement replacements at
various ages up to 450 days given by [20] and ACI, fib and
developed models predicted deformations.

In addition to copper slag, the drying shrinkage of self-
compacting concrete mixes was reduced, and the minimum
predicted value of the drying shrinkage was obtained for
the SCC20CS mix along the drying time. In general, drying
shrinkage predictions for both models were similar at the
earlier ages up to 28 days, whilst a slight difference was
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Fig. 10 The effect of mineral admixtures (SF and FA) on the drying shrinkage results [19] and models prediction for Self-compacting concretes
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Fig. 11 Models predictions compared to drying shrinkage of SCC mixes containing 20%, 60% of copper slag [20]
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noted beyond 28 days of drying time. The 28-day ACI, fib,
and developed models predicted drying shrinkage values
of self-compacting concrete prepared with 20% copper
slag were 3.61%, 3.32%, and 2.37% lower than that of the
SCC20CS mix. At 450 days, reductions in predicted shrink-
age deformations for both models were 10.19%, 6.35%, and
5.87%, respectively, for the same mix composition. This
could be related to the departure of physically absorbed
water from C—S-H to the surroundings, resulting in drying
shrinkage deformations.

Confrontation of developed model predictions
with most common models and various databases

Confrontation with Al-Saleh [2]

Figure 12 provides a comparison of experimental measure-
ments of drying shrinkage and theoretical drying shrinkage
predictions applying the next five models: ACI [1], fib model
[10], B3 [8], Sakata [21], and GL 2000 model [22]. Meas-
ures on samples were taken with V/S=125 mm and various
relative humidity RH=150% and RH=5%.

Figure 12a illustrates that ACI and B3 models have the
nearest predicted drying shrinkage for RH=50%, particu-
larly when approaching ultimate drying shrinkage. At the
start of the drying time, the ACI model under predicts exper-
imental drying shrinkage whilst the B3 model slightly over
predicts it. It can be noted from Fig. 12a that fib model at
the drying beginnings is closed to the experimental drying
shrinkage values. However, the model’s predicted deforma-
tions start to deviate as time goes towards ultimate shrinkage
from experimental drying shrinkage deformations. Sakata
expected drying shrinkage predictions are so close to the
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experimental deformations along the first 40 days of drying
time. Subsequently, the obtained values increased with a fast
rate as the drying time goes towards the ultimate. Further-
more, GL 2000 model has the worst predictions from early
age until the end of the drying period. The developed model
predicts well the development of drying shrinkage compared
to the results of experiments.

Figure 12b shows an augmentation of the final experi-
mental drying shrinkage rate due to very low relative humid-
ity RH=5%. The developed model and GL 2000 model
describe well the evolution of experimental drying shrink-
age. A rather large difference is observed at early and later
ages for the rest of the models compared to experimental
results. These imperfections are due to the presence of sev-
eral parameters in those models.

Confrontation with Vinkler [23]

Three experimental specimens of V/§=200 mm (men-
tioned as ST1), V/§=400 mm (mentioned as ST2), and
V/S =800 mm (mentioned as ST3) and standard cylinders
of V/S=75 mm were used. Cylinders were separated into
two sets of two samples and retained under diverse environ-
mental conditions. The initial group (mentioned as V1-V2)
was maintained in ambient conditions with RH=40% when
the second group (mentioned as V3-V4) was maintained in
controlled conditions with RH=65%. Measured shrinkage
data is compared with model predictions for all the different
V/S and RH cited above as mentioned in Fig. 12.

The thicker specimen shrinks less as intended due to the
slower drying process. The deformations in ST1, ST2, and
ST3 are smaller compared with the shrinkage of cylinders.
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Fig. 12 Confronting model predictions and Al-Saleh [2] drying shrinkage experimental measures a RH=50%, b RH=5%
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The far more interesting remarks from previous experimen-
tal data and model predictions are as follows:

e The size effect has been illustrated quite clearly in
Fig. 13a. The higher is volume to surface area ratio, a
slower shrinkage deformation was observed. The cause
is obvious, thicker elements dry more slowly, because the
moisture moves and travels over a longer distance in the
element and so the drying shrinkage acts consistently.
This result is in correlation with [24] and [23].

e Relative humidity variation affects directly the rate of
drying shrinkage. The shrinkage rate increases with
lower relative humidity conditions without influencing
the prediction accuracy as shown in Fig. 13b.

Figure 14 presents a comparison of predicted drying
shrinkage and several well-known shrinkage models as well
as fib model [10], Euro code 2 [25], B4, B4S [5], and ACI
[1].

From Fig. 14, we note that the models exhibit a fast
increase in drying shrinkage at early age while the meas-
ured shrinkage development is slower. After a while, the
rate of shrinkage prediction models is reduced. ACI and
Euro code 2 models overestimate the evolution of drying
shrinkage while B4 and B4S models underestimate it. The
developed model and Fib’s model fit perfectly with experi-
mental measurements at early ages and overestimate the
evolution at later ages.
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Fig. 14 Different models predictions compared with Vinkler experi-
mental results [23]

The analysis of these curves clearly shows the concord-
ance behavior that exists between the experimental results
and those predicted by the developed model. However, a
slight difference is observed only on a few curves at the
early age, and sometimes at later ages compared to experi-
mental results.

The developed model describes well the evolution of
concrete drying shrinkage. Additionally, it presents better
precision compared with the most common models.
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Fig. 13 Measured shrinkage data [23] compared with model predictions as a function of a V/S and b RH

@ Springer



Innovative Infrastructure Solutions (2021) 6:151

Page 150f 16 151

Conclusion

The principal objective of this research was to develop a sim-
plified predictive model with fewer affecting factors for dry-
ing shrinkage of structural concretes, namely for normal and
high-performance concrete in order to predict the deformation
rate during hardening. The main variables in the model are the
volume to surface area ratio (V/S) and the relative humidity
(RH). To reach this objective, we had based on a large number
of experimental results obtained from various laboratories and
some current and important codes of practice. This step leads
us to summarize five essential points:

1. The developed model is well adapted to represent and
describe the drying shrinkage evolution for normal con-
crete (NC), high-performance concrete (HPC), light-
weight concrete (LWC), and self-compacting concrete
(SCC), and it has been validated by comparison with
various experimental results.

2. The model was developed and verified to predict the
drying shrinkage deformations with different shrinkage
affecting parameters. Relative humidity, size and shape
of specimens, and mineral admixtures have a consider-
able effect on concrete drying shrinkage without influ-
encing the prediction accuracy.

3. The final developed model is very simple and easy to
use and it presents the advantage of containing only two
parameters in comparison with the necessary parameters
of other models.

4. The developed model can easily describe the drying
shrinkage of concretes with more precision since the
shrinkage strongly depends on desiccation.

5. [Itis a general model that applies particularly well to the
range of conventional concretes and those with similar
characteristics. Extreme cases require the introduction
of corrective factors.
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