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Abstract:

Unlike normal strength concretes, in which drying is the dominant form of shrinkage, in
concretes with very low water to cement ratios autogenous and chemical shrinkage
mechanisms can dominate. While the impact of specimen size and shape on drying shrinkage
is well understood, the same is not true for autogenous and chemical shrinkage, and this lack
of understanding may limit model precision and accuracy. To address this issue, this paper
presents the results of a series of experiments conducted to measure the dependency of
shrinkage of UPHC on specimen size. Results, recorded from 2 days after water addition,

demonstrate a strong specimen size dependency when tested under both sealed and unsealed
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conditions, thereby indicating that the underlying mechanism is fundamentally different from
normal strength concrete, with autogenous shrinkage exhibiting a large influence. Existing
shrinkage models (AS3600, B4, CEB-FIP, GL2000 and ACI209) are evaluated for their
potential calibration and/or extension to low water to binder ratio concretes and it is shown
that commonly used parameters to account for size dependency in normal strength concrete
(volume to surface area ratio and hypothetical thickness) do not capture size dependency in

UHPC.

1. Introduction
Concretes with low water to binder (w/b) ratios, such as ultra-high performance concrete
(UHPC) have been observed in some instances to exhibit larger shrinkage strains than normal
strength concrete [1-6]. It has also been observed that unlike normal strength concrete in which
drying is the dominant shrinkage mechanism, in UHPC, plastic and autogenous shrinkage may

dominate [6-8].

The differing relative contributions of drying and autogenous shrinkage means that the
applicability of existing shrinkage models, regardless of their complexity, requires
investigation to ensure they are applicable or have the potential to be extended to low w/b ratio
concretes [9]. This is necessary because existing models have, in general, been proposed and
calibrated based on large datasets of normal strength concrete, and as a result they may over
predict the influence of drying shrinkage [10, 11], under predict the influence of chemical and
autogenous shrinkage [10, 12], underestimate the time over which shrinkage strains develop
[10-12], and importantly for this work, attribute shrinkage size effect solely to the mechanism
of drying [13-17] . It is therefore essential that the role of specimen size be evaluated for UHPC

so that it can be adequately incorporated into future models.
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Past research aimed at quantifying the mechanisms of shrinkage in normal strength concrete
have identified surface free energy, capillary tension, movement of interlayer water, and
disjoining pressure as the fundamental mechanisms for moisture transport and therefore drying
shrinkage [9, 18, 19]. That is, drying of specimens occurs as a result of moisture transport as
water diffuses out of pores and into the external environment [9]. This drying process creates
an internal moisture gradient which further forces moisture transport because the coefficient of

diffusion is also dependant on the moisture content [20].

The effect of specimen size on drying shrinkage of normal strength concrete has been observed
across multiple studies. Hansen and Mattock [21] experimentally measured drying shrinkage
of cylindrical and I-shaped cross section specimens of different sizes and found samples with
larger volume to surface ratios (v/s) had smaller shrinkage strains and a slower rate of shrinkage.
Al-Saleh and Al-Zaid [22] found that the specimen size dependency was more prominent under
low environmental relative humidity, owing to the higher moisture gradients. Al-Saleh and Al-
Zaid [22] and Almudaiheem and Hansen [23] also found that smaller samples had higher

shrinkage rates, but sample size had no effect on the extrapolated final shrinkage magnitude.

The size effect associated with drying shrinkage can also affect the spatial variation of
shrinkage within concrete specimens due to non-uniform moisture transport. For example,
Campbell-Allen and Rogers [24] found that smaller specimens displayed less differential
drying shrinkage and smaller final shrinkage magnitudes than in larger samples of normal
strength concretes. Kim and Lee [25] reported that the internal drying shrinkage at different
depths from the drying surface had significant variations and the shrinkage stresses induced by
this variation may cause cracking, especially so in thick concrete structures. Zhang and Hubler

[19] found the maximum thickness and the total area of cracks increase with specimen size.
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With the advent of modern low water content concretes in the 1900s, autogenous shrinkage
began to draw greater attention [2]. In previous research on normal and high strength concrete,
the effect of specimen size on autogenous shrinkage (observed in sealed environmental
conditions) is not as apparent as that associated with drying under exposure to the environment.
Han and Han [26] observed a slight increase in autogenous shrinkage with specimen size in
their study on high strength concrete, but dismissed this observation as potential measurement
error and concluded there was no size effect on autogenous shrinkage of high strength concrete.
However, Tazawa and Miyazawa [8] conversely found that that the effect of specimen size on
autogenous shrinkage may not be negligible, with the underlying mechanisms being

discontinuous capillary water.

Despite the very low w/b ratios and the dominance of autogenous shrinkage in UHPC, existing
studies have not yet considered the impact that sample size may have upon on either autogenous
or total shrinkage. Although across various studies shrinkage data have been obtained from
samples with different sizes and shapes, it is difficult to directly compare results because of the
wide variation in UHPC binders and mix designs. Also of note is the small specimen volumes
considered in previous studies on UHPC, with the majority considering specimen lengths
ranging from 160 mm [4, 10, 27, 28] to 1000 mm [29] and volume ranging from 25.6 cm?
(40x40x160 mm) [4] to 9000 cm? (50x300x600 mm) [30]. These specimen sizes may not be
large enough to evaluate UHPC shrinkage size effect, because it is possible that a smaller size
effect is observed in UHPC than normal strength concrete because of the reduced importance
of the drying shrinkage component. Therefore, in this study, the size effect of autogenous and
total shrinkage is studied on samples with a consistent mix design and wide sample size

variation.

Given the literature review has highlighted a lack of studies that take shrinkage measurements
from specimens of various sizes but with a single UHPC mix design, in this paper, to better

4
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understand UHPC shrinkage size effect, autogenous and total shrinkage is measured over a 300
days period on specimens with varying v/s ratio, hypothetical thickness and volume. The
measurements obtained are used as the basis for identifying the importance of specimen size
effect in UHPC and if existing parameters used to correct for specimen size are appropriate.
Finally, the potential to extrapolate existing design based shrinkage models for application to
UHPC without fundamental modification is assessed. The data obtained in this study can be

used as the basis for further modelling of UHPC shrinkage size effect.

2. Material and methods

In order to understand the impacts of sample size on UHPC shrinkage, different samples sizes
with varying dimensions, volume to surface area (v/s) ratio and hypothetical thickness (t;)
were considered. Both autogenous and total shrinkage were measured to identify the shrinkage

mechanism, giving rise to any size effect.

2.1 Sample size
In order to quantify sample size dependency, the sample dimensions adopted in this paper are
based on v/s, as shown Table 1, also shown is the corresponding hypothetical thickness [16]

defined as

_ 24 1)

in which A is the cross sectional area and P is the exposed perimeter [16].

To enable easier discussion of the results, also shown in Table 1 is the sample ID, where
specimens are designated first by their length, followed by their v/s ratio (provided to 2
significant figures), followed by the hypothetical thickness. For example, L4-22-50 represents

400 mm sample length, 22.22 mm v/s and 50 mm hypothetical thickness.
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When considering the outcomes of testing, the first three sample dimensions with increasing
v/s can be used to determine UHPC shrinkage sample size dependency, while the three
specimens with v/s of 33.33 are intended to investigate the reliability of using v/s as a measure
of shrinkage size dependency for UHPC. For each sample size, six specimens were
manufactured, with three used to measure autogenous shrinkage and three to measure total

shrinkage.

Table 1: Sample dimensions

Sample ID | Dimension (mm) | v/s (mm) | ¢;, (mm) | V(mm?3)
L4-22-50 | 100x100x400 22.22 50 4.00%10°
L6-33-75 | 150x150x600 33.33 75 13.5x10°
L8-44-100 | 200x200x800 44.44 100 32.0x10°
L14-33-70 | 140x140x1400 33.33 70 27.44x10°
L4-33-80 | 160x160x400 33.33 80 10.26x10°

2.2 Mix design and curing
Since an investigation of the effect of material parameters on shrinkage is not the purpose of

this paper, a single mix design based on the work of [12] was adopted and is shown in Table 2.

Table 2: Mix proportions by weight of UHPC

w/b | SF replacement ratio | Cement | Silica fume | Water | Sand | SP
0.17 | 15% 0.85 0.15 0135 |1 0.05

Two types of cementitious materials were used: a sulphate resisting cement (Type SR) and
densified amorphous silica fume. According to the product data sheet [31], the components of
sulphate resisting cement are 30%-50% Portland cement clinker, 50-70% ground granulated
blast furnace slag (GGBFS) and 2-5% gypsum by weight, and this conforms to Australian
standard AS3972-2010 [32]. Similarly, according to its product data sheet [33], the silica fume
is over 89.6% silicon dioxide Si0,, and conforms to Australian standard AS3582.3: 2016 [34].

A high range water reducing superplasticizer with retarder was used and its water content
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(approximately 70%) was considered to be available for hydration reaction by adding to the
total water content in the mix design (i.e. the w/b ratio was calculated based on added water

content in Table 2 and water content in superplasticizer).

The mixing of UHPC was performed in a pan mixer. The dry materials were mixed for five
minutes to obtain an isotropic mix. Water was subsequently added, followed by the addition of
superplasticizer, the mixing process continued for an additional 20 minutes to ensure
workability. Once mixed the concrete was placed into wooden moulds, after which they were
sealed by wooden covers, which were further sealed with aluminium adhesive tape to prevent
moisture evaporation. The specimens in their moulds were then stored in ambient lab

conditions (approximately 25°C) to cure for two days.

2.3 Shrinkage testing method
All samples were demoulded after curing, at which point half of the samples were sealed by
several layers of plastic wrap for autogenous shrinkage measurement, while the remaining
specimens were left with all surfaces exposed to the atmosphere. All specimens were
transferred into a constant temperature and relative humidity room and measurement of original

sample length were obtained.

To minimise the effect of temperature and relative humidity on shrinkage, a walk-in style
constant temperature and relative humidity room set at 25°C and 50% relative humidity was
used to store all specimens during the entire measurement period. To capture any variation in
environmental conditions that may occur during the period of testing a digital sensor (model
SHT21) with temperature operation range of -40°C to 125°C and relative humidity operation
range of 0%-100% was used to directly record temperature and relative humidity throughout
the entire test period. The accuracies of relative humidity and temperature of the sensor are 2%

and 0.3°C respectively.
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Shrinkage measurement commenced 48 hours after water addition and continued for 300 days
to reach the final stage, with the intention to capture plateauing of shrinkage with time [9],
during which the change in length of the specimens were recorded every 15 minutes. The
shrinkage measurement zero-time was chosen based on the early-age shrinkage data in [12],
where the early age shrinkage of the same mix design was measured from 3 hours after water
addition. As shown in [12], UHPC shrinkage increases sharply in the first 24 hours, followed
by a period of material expansion and contraction until 48 hours after water addition. This
observation is a combined result of intense chemical reaction, microstructure development,
ettringite formation and internal relative humidity change [12], which all can interfere the

analysis of size effects.

2.4 Shrinkage testing apparatus
In order to measure UHPC shrinkage with such a wide variety of dimensions, several shrinkage
measurement stands were fabricated. All six samples with the same dimensions were placed
on a single stand. To enable air flow, each specimen was places on small square bars, which
were themselves placed on the perforated steel bottom plate of the frame (Fig. 1). Several bolts
on the bottom plate were used to adjust the entire framed to a horizontal level. On top of each
sample, a spring loaded LVDT with stoke length of 10 mm and accuracy of £0.3% was used

to measure length change of the centre point of the specimen.

1 [l I Il [l 1

LVDT ‘-—71@5 4@‘7 41?“7 4*_3“7 4@5 Al%

UHPC
sample
v
Cubic

steel bar Bottom

% plate

Bote || I\ i [ I [ 0 i

(7] L 7] P 7l 1 i 7
1 t H i i i t )

Fig. 1: Shrinkage measurement stand
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3. Results and discussion

The experimentally measured test results are presented in this section, including the recorded

room temperature and relative humidity and the specimen autogenous and total shrinkage.

3.1 Temperature and relative humidity
Fig. 2 shows the recorded temperature and relative humidity of the testing room, where it can
be seen that the average temperature was 24.5°C with a maximum variation of 3.5°C .The

relative humidity is approximately 50% but fluctuated by as much as £10%.
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Fig. 2: Testing room temperature (a) and relative humidity (b)

3.2 Shrinkage of samples with increasing v/s
The effect of specimen samples size on autogenous and total shrinkage is shown in in Fig. 3(a)
and (b), respectively, where within each figure the solid line represents the average values of
three specimens and the full scatter is shown by the grey shaded area. All results in Fig. 3
demonstrate shrinkage develops gradually with continuously decreasing rate, and the
maximum scatter between the three identical specimens is approximately 50 microstrain,

indicating high consistency.
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Fig. 3: The effect of sample sizes (increasing v/s) on (a) total and (b) autogenous shrinkage
strain, from 2 days after water addition

Firstly comparing Fig. 3(a) and Fig. 3(b), the variation between the magnitudes of autogenous
and total shrinkage strains of each sample size is small, indicating the limited effect of drying
on UHPC. Thus, it can be concluded that the shrinkage size effect observed in the UHPC total
shrinkage measurements [Fig. 3(a)] is mainly due to the size effect of UHPC autogenous
shrinkage, rather than non-uniform moisture gradient, caused by drying from the surface

inwards.

The variation in total shrinkage strain between each specimen size is shown in Fig. 3(a), in
which it can be seen that total shrinkage in UHPC has a sample size dependency, with smaller
v/s and hypothetical thickness samples showing the higher shrinkage strain. It is however also
observed in Fig. 3(a) that the total shrinkage strain does not vary in proportion with either the
increment of v/s or hypothetical thickness of samples. For example, L4-22-50 develops much
greater final total shrinkage strain at 300 days than the other samples (approximately 34%
larger than L6-33-75 and 43% larger than L8-44-100), while the difference in the magnitude
between L6-33-75 and L8-44-100 is relatively small, with L6-33-75 being approximately 10%

larger than L8-44-100. It can however be seen in Fig. 3(a) that the total shrinkage does vary

10



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

inversely proportional with specimen volume, that is the specimen with the smallest volume

undergoes the largest shrinkage.

UHPC autogenous shrinkage strain in Fig. 3(b) also exhibits a sample size dependency. For
example, L4-22-50 develops the largest final autogenous shrinkage strain at 300 days
(approximately 27% larger than L8-44-100 and 33% larger than L6-33-75) and the other two
specimen sizes (L4-22-50 and L8-44-100) display similar autogenous shrinkage strains, with
L8-44-100 being approximately 4% larger than L6-33-75. This result is similar to the trend of
total shrinkage strain; however, L6-33-75 shows the smallest autogenous shrinkage strain in

Fig. 3(b).

Now let us consider the results in Fig. 3 in the context of existing research on normal and high
strength concrete. While a finding of non-linearity in total shrinkage strain agrees with previous
findings on shrinkage size dependency in normal strength and high strength concrete [21, 23,
24, 35-37], of significant difference is the mechanism of size dependency. That is, the size
dependency observed in the total shrinkage measurements in Fig. 3(a) is also observed in
similar magnitudes in the autogenous measurements in Fig. 3(b). This observation suggests
that not only is the dominant shrinkage mechanism in UHPC autogenous shrinkage, it is also
the source of the majority of the size dependent behaviour. This is in contrast to normal and
high strength concrete, in which the final autogenous shrinkage strain is generally at least one
order of magnitude smaller than total shrinkage strain and size dependency is observed under
drying conditions because of non-uniform moisture transport [12] under drying conditions.
Furthermore, although the non-linear behaviour with the increase in v/s was observed by
Campbell-Allen and Rogers [24] and Almudaiheem and Hansen [23] on small prismatic
samples of normal strength concrete, the magnitude in non-linearity in this paper is much larger
than previously observed. This may be due to the much larger sample size adopted in this series
of tests, leading to slower shrinkage rates [36, 38]; this however cannot be confirmed, because

11
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the 300 days test period is not long enough for UHPC samples of this size to reach their ultimate

shrinkage strains.

3.3 Shrinkage of samples with constant v/s
The total and autogenous shrinkage strains of samples with identical v/s ratio can be seen in
Fig. 4(a) and (b), respectively. The solid lines are averaged shrinkage strains of three samples,
with the grey shaded area being scatter. Again, it can be seen that the scatter of each sample
size is relatively small, compared to the magnitude of final shrinkage value at 300 days, with

the maximum scatter being less than 50 microstrain.
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Fig. 4: The effect of different sample dimensions with constant v/s on: (a) total and (b)

autogenous shrinkage, from 2 days after water addition

In Fig. 4: The effect of different sample dimensions with constant v/s on: (a) total and (b)

autogenous shrinkage, from 2 days after water addition

(@), specimen L4-33-80 demonstrates the largest final total shrinkage strain at 300 days and
this is approximately 5% larger than that observed for L6-33-75 and 20% larger than that

observed for L14-33-70. Given that all specimens in Fig. 3(a) have the same v/s ratio but up to
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a 20% difference in the final recorded shrinkage strain it is suggested here that the v/s ratio
does not fully capture the size dependency of total shrinkage strain in UHPC. Also observed in
Fig. 4(a) is that the larger total shrinkage strains are developed in samples with larger
hypothetical thickness, and this is opposite to what is observed in Fig. 3(a) where the largest
shrinkage strains were observed in samples with the smallest hypothetical thickness. This
variation in behaviour may be because sample length is omitted in the calculation of
hypothetical thickness with only cross-section area being considered. That is, although the
samples in Fig. 4(a) have the same v/s, because of their varied length, the overall volume is
different. Interestingly, the results observed here suggest that neither the v/s nor the
hypothetical thickness captures size effect in UHPC shrinkage and that the element volume
alone may be a better measure. This outcome can likely be explained by the dominance of
autogenous shrinkage over drying shrinkage in UHPC, which diminishes the impact of the
exposed surface area and promotes the impact of specimen volume in the mechanisms that

drive autogenous shrinkage (available water and heat generated).

The autogenous shrinkage strains in Fig. 4(b) show the same trend as total shrinkage, however,
the difference in magnitude between L4-33-80 and the other two sizes is much larger than that
of total shrinkage. For example, the largest autogenous shrinkage strain at 300 days, for
specimen L4-33-80 is approximately 20% larger than that observed in L6-33-75 and 38% larger
than that observed in L14-33-70. Similar to what was observed for total shrinkage, these results
generally align with the volume of the samples (L4-33-80 being the smallest and L14-33-70
being the largest) and suggest that specimen volume may be a more appropriate measure of

size dependency for shrinkage of UHPC.

3.4 Shrinkage of all sample sizes
To help further identify an appropriate indicator of specimen size dependency all experimental
observations are plotted on a single graph with log scale in Fig. 5. As discussed for Fig. 3 and

13
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Fig. 4, there is no clear trend in either total or autogenous shrinkage with either v/s or
hypothetical thickness, but there does appear to be a general trend with overall specimen
volume. That is, when considering total shrinkage in Fig. 5(a) the results, ranked from highest
shrinkage strains to lowest shrinkage strains, at 300 days correspond to the ranking of specimen
volume (Table 1) from smallest to largest. The same general trend is seen in the results for

autogenous shrinkage in Fig. 5(b) with the exception of the L8-44-100 specimen, which is out

of sequence when ranked according to volume.
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Fig. 5: (a) Total and (b) autogenous shrinkage strains of all sample sizes, measured from 2

days after water addition

When interpreting the results in Fig. 5 the size dependency of UHPC autogenous shrinkage is
greater than that of total shrinkage. It can also be seen that the measured autogenous shrinkage
is larger than measured total shrinkage for some sample sizes. For example, L4-33-80 has
approximately 50 microstrain larger autogenous shrinkage than total shrinkage at 300 days. As
each line is average of 3 individually measured samples, this observation can be partially
attributed to experimental scatter. Variation can also be expected because moisture loss due to

evaporation under drying conditions has a greater potential to occur at early ages [12] when
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the variation in internal and external humidity is the greatest and this can trigger competing
effects. For example, moisture evaporation can reduce water available for hydration leading to
decrease in both chemical and autogenous shrinkage, especially for UHPC with low water
contents. At the same time, increased water loss results in higher drying shrinkage. Further, the
exothermal heat generated during hydration and the constant temperature boundary conditions
give rise to non-uniform internal temperature distributions [12] which feedback to influence

rate of reaction, heat transfer and moisture transport processes.

In addition the these mechanism, a non-uniform distribution of the degree of reaction can form
due to the variation of temperature at different locations, leading to two competing effects.
Water consumed in the hydration and pozzolanic reactions of the binders reduces the internal
relative humidity, resulting in increased capillary stress and autogenous shrinkage. At the same
time the accelerated chemical reaction, resulting from heat accumulation can promote the
development UHPC matrix stiffness, reducing autogenous shrinkage. Based on the test results,
as shown in Fig. 5(b), samples with smaller volume and length show larger autogenous
shrinkage strains, indicating that the retarding effect of matrix stiffness development is greater
that the expedition effect of accelerated chemical reaction. Therefore, the time dependent heat
transfer and moisture transport processes are able to induce a specimen size dependency even

without moisture exchange with an external environment.

4. Shrinkage size effect modelling

Several highly calibrated design models are available to predict shrinkage in normal and high
strength concrete (e.g. CEB-FIP [13], GL2000 [14] and ACI209 [15], AS3600 [16] and B4
[17]). With the exception of AS3600 [16] and B4 [17] these approaches typically only consider
total shrinkage and do not separate the differing components of shrinkage. Although suggested

by the form of AS3600 and B4, drying and autogenous shrinkage components are not directly
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additive [9]. For normal and high strength concrete, this does not present a significant challenge
because the ultimate drying shrinkage is generally an order of magnitude larger than the
ultimate autogenous shrinkage, but this is not the case for UHPC and therefore further review
of the coupling of autogenous and drying shrinkage may be required. Also of significance in
AS3600 [16] and B4 [17] is that modifiers for specimen shape and size are only present on the
drying shrinkage components such that it is assumed that significant size dependency only
arises from moisture diffusion during drying rather than from any mechanism that occurs under
sealed conditions. As shown in the results of this study, and also in [10-12], this assumption
is problematic because drying is in general highly limited in UHPC because of the low w/b
ratio and dense microstructure [10], and the drying shrinkage that does occur is generally

limited to the first few days after water addition [8].

Despite these challenges with existing models, in order to assess their performance when
extrapolated for application to UHPC Fig. 6(a) presents a comparison of AS3600 [16] and B4
[17] predicted and observed autogenous shrinkage, and Figs. 6(b)-(f) present a comparison of
GL2000 [14] and ACI209 [15], AS3600 [16] and B4 [17] predicted and observed total
shrinkage. The main equations and parameters of each model are described below using their

own nomenclature. The values of each parameter can be seen in Table 3.

AS3600

The Australian standard for concrete design AS3600 [16] decomposes the total strain ¢, as the

sum of autogenous and drying components

Ecs = Ecse T Ecsa 2)
where ¢ is predicted shrinkage strain, €., is autogenous shrinkage strain and &4 is drying

shrinkage strain. The autogenous shrinkage strain can be calculated as
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Ecse = Ecse X (1 — 3_0'0”) (3)
where e, = €25 (f) i ultimate autogenous shrinkage strain, which is a function of

compressive strength f.and t is time after setting.

The drying shrinkage strain is calculated as

Ecsa = Kika&csan 4)
where k; = k,(ty, tz) is a function of drying time t; and hypothetical thickness t;, k4 is
environment factor and €4, = €csa.p (fz) 1S basic drying shrinkage strain, which is formulated

as a function of compressive strength f,.
B4

The B4 model [17] for creep and shrinkage of concrete, also treats the autogenous and drying

shrinkage strains as being additive to produce a total strain €y, 1o¢q: (¢, to)

€sh,total (t, to) = €qu(t, to) + €sn(t, to) (5)
€. (t ty) and e, (t, ty) are the autogenous and drying shrinkage strains, respectively, t is the
age of concrete and t, is age at which drying begins. The autogenous shrinkage strain can be

calculated as

Tau )“]“ (6)

€ant0) = €anen |14 (57
where €,,0 = eaum(a/c yW/C, €y cem Tear rew) is ultimate autogenous shrinkage strain, that
is a function of the aggregate to cement ratio a/c, water to cement ratio w/c and cement type
related parameters €qy com s Tea AN Tew - Tau = Tau(W/C, Tau cem Tow) 1S the autogenous

shrinkage halftime, which is in turn defined as a function of water to cement ratio w/c and

cement type related parameters 74y, cerm and . @ = a(w/c, 1) is a function of the water to
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384

cement ratio w/c and cement type related parameter r,,. The power term r; is also a parameter

related to the cement type.

The drying shrinkage strain is calculated as

€sn(t, t0) = €snao(to)kpS(E) (7
where €4, () is a function of t,, aggregate to cement ratio a/c, water to cement ratio w/c,
cement content, mass density, compressive strength, aggregate dependent parameter k., and
cement type related parameters €.em, Pear Pew: Pec- kn = kn(h) is a function of relative
humidity h and S(t) is a function of ¢, t,, aggregate to cement ratio a/c, water to cement ratio
w/c, cement content, mass density, cement type related parameters T..m, Pra» Prw, Prc,

aggregate dependent parameter k., and shape parameter k.
ACI209
The ACI model of concrete shrinkage predicts the total shrinkage &g, (¢, t.)

t—t. p (8)
T, + (t —t,) ™

Ssh(t' tc) =
where t is the age of concrete, t. is the age when drying begins, T, is curing method parameter,
being 35 for moist curing and 55 for steam curing and &g, is ultimate shrinkage strain, being

780x 107° with a correction factor y;, for conditions other than standard conditions which

can be calculated by

Vsh = Vsh,tcVsh,RHysh,vsVsh,sysh,wysh,cysh,a (9)

where ygp, ¢ is correction factor for initial moist curing, ys, ry is correction factor for ambient
relative humidity, yy, s is correction factor for size, ygy, ¢ is correction factor for slump, v 4
is correction factor for fine aggregate, yp, . is correction factor for cement content and y, , is

correction factor for air content.
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CEB-FIP

Total shrinkage at time t when drying begins at time ¢ is

Esh (t, tc) = gsho.Bs(t - tc) (10)
where, 0 = €sno (Bse, fz, 1) 1s notional shrinkage coefficient, calculated by cement type

parameter S, strength f. and relative humidity h, S is a function of effective thickness t;,.

GL2000

a

t—t,+0.15(v/s)?

Esh(t, tc) = gshu(]- — 118h4)

where g4, (t, t.) is predicted total shrinkage, t is age of concrete, t. is age when drying begins,
v/s isvolume to surface ratio, h is relative humidity, &g, = €snu (fo, K) is ultimate shrinkage,

calculated by strength f. and cement type parameter K.

Table 3: Parameter values of each model

Model | Parameter Description Value Source
AS3600 Erse Ultimate autogenous shrinkage strain, calculated by 4.9x 1074 [16], Eq.
compressive strength 3.1.7.2(3)
Ecsdb Basic drying shrinkage strain, calculated by 1.8x 107* [16], Eq.
compressive strength and &7, ; ,=800e-6, given by [16] 3.1.7.2 (5)
kq Size related parameter, calculated by sample size and Value changes with [16], Fig.
time time. 3.1.7.2
ks Environment parameter, chosen according to the 0.65 for interior [16], Eq.
environment environment 317214
B4 Teem Cement type dependent parameter for drying shrinkage, 0.016 [17], Table
Pra chosen based on hardening speed (normal hardening -0.33 1
Drw speed concrete adopted) -0.06
Dze -0.1
€cem 360x 10~
Dea -0.8
Pew 1.1
Dec 0.11
Tau cem Cement type dependent parameter for autogenous 1 [17], Table
Trw shrinkage, chosen based on hardening speed (normal 3 2
T, hardening speed concrete adopted) 45
i 1
€aucem 210x 10~°
Teq -0.75
Tew -3.5
ks Shape parameter, chosen based on sample shape 1.25 for infinite [17], Eq.
square prism (23)
kea Aggregate dependent parameter, chosen based on 1 for no information | [17], Table
aggregate type on aggregate type 6
exists
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399

400

401

402

403

404

405

406

407

408

409

410

X Teem Admixture dependent parameter scaling factors for 2.6 [17], Table
X €qucem Teem: €au,cem: Tew aNd 1, chosen based on admixture 0.82 4
X Tew type and dosage (Silica fume>8%, <18% mass of 0
X 15 cement adopted) 1.2

ACI209 T, Curing method parameter 35 for moist curing [15]
Eshu Ultimate shrinkage strain, being 780e-6 under standard 780% 107 0%y, [39] Eq.

conditions, considering correction factor for conditions (A-4)

other than standard conditions

Ysh Correction factor ultimate shrinkage strain 0.87 for v/s=22.22 [39] Eq.
0.82 for v/s=33.33 (A-5) to
0.78 for v/s=44.44 (A-14)
CEB- £ Notional shrinkage coefficient 9.49%x 107° [40], Eq.

FIP sho A3)

ﬁsc Cement type parameter. Given type SR cement has no 5 for type | cement [40]

information, type | cement was adopted.

Bs Size and time dependent parameter Value changes with [40], Eq.

time. (5)
GL2000 Eshu Ultimate shrinkage, calculated by cement type 4.70x 1074 [40], Eq.

parameter, compressive strength and relative humidity (14)

K Cement type parameter. Given type SR cement has no 1 for type | cement [40]

information, type | cement was adopted.

The results of this comparison in Fig. 6(a) show that neither AS3600 [16] and B4 [17] can
adequately capture autogenous shrinkage in UHPC without recalibration. The B4 model
captures the shape, but overestimates the experimental results for all sample sizes with no
sample size correction included for autogenous shrinkage. Autogenous shrinkage plateaus
before 100 days using the Australian Standard AS3600 also has no sample size correction, this
plateau is however the result of the underestimate of the ultimate autogenous shrinkage strain

rather than the functional form of the equation.

The comparison of model result for total shrinkage by AS3600, B4, GL2000 and ACI209, for
all sample sizes is shown in Fig. 6(b)-(f). As would be expected the fit is generally poor, with
the exception of GL2000, which is an empirical approach and appears to be better suited to
extrapolate based on compressive strength in its current form. It should also be noted that no
comparison to CEB-FIP could be undertaken because the approach is calibrated between 12 to
80 MPa and extrapolation beyond this range yielded nonsensical outputs. Regarding the
potential to extrapolate existing models, it can be seen in Fig. 6 that although each model has
minor differences in form, all generally produce the same overall shape and so all have the

potential to be recalibrated from the perspective of creating a simple expression for application
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in design. However for the development of an approach that captures the underlying physics,

the coupling of all shrinkage mechanisms will need to be reconsidered for UHPC given the

increased significance of those driven by chemical reactions.

It should be noted that retarder, included in the superplasticizer, can also affect shrinkage and

only B4 model considers retarder as parameter scaling factor, as given in Table 4 of [17].

However, when considering the combined effect of silica fume, retarder and superplasticizer,

the lack of scaling factor requires further study and calibration.
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Fig. 6: Comparison between test results and design codes, (a): autogenous shrinkage (b)-(f):

total shrinkage

In future modelling work it is necessary to consider how to introduce a size effect to autogenous
shrinkage, this is not a simple problem and will likely require the consideration of binder
reactivity and the corresponding chemical shrinkage, temperature distribution due to hydration
and pozzolanic reaction and heat exchange, moisture transfer and capillary tension and the

interactions between them.

Further challenges in model development exist because of the limited length of existing test
observations, that is despite 300 days of experimental observation, when plotted on a log-scale,
it can be observed in Fig. 5 that shrinkage strains have not yet plateaued meaning that models
requiring a shrinkage half-time or ultimate shrinkage magnitude may result in an ill-
conditioned problem [9]. Short testing periods appear to be extremely common when
considering UHPC with the vast majority of testing being conducted over a 7-day observation

period (e.g. [5, 44-48]) thereby limiting the ability to broadly calibrate models.

In order to develop a unified model that can be used overall strength grades, further work is
also required to identify the tipping point at which autogenous shrinkage begins to dominate

drying shrinkage and where a strong autogenous shrinkage size effect begins to appear.
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5. Conclusions

Unlike normal strength concretes in which drying is the dominant form of shrinkage, in

concretes with a very low water to cement ratios autogenous and chemical shrinkage

mechanisms can dominate. Although the impact of specimen size and shape on drying

shrinkage is well understood for normal strength concrete, the same is not true for autogenous

and chemical shrinkage, and this lack of understanding may limit model precision and accuracy,

particularly for UHPC. To address this issue, an experimental study was conducted to measure

shrinkage strains on UHPC elements with large variations in size and with large variations in

size but identical v/s ratios and the following conclusions can be drawn from this research:

Size dependency of shrinkage strains in UHPC has not previously been measured and
both the highly variable binder type and limited variation in specimen size investigated
in previous studies makes drawing conclusions from the compilation of previous
studies difficult.

The difference between total and autogenous shrinkage in UHPC is small, indicating
negligible drying shrinkage occurred in UHPC mixes due to limited water content and
dense microstructure. This implies the modelling of UHPC shrinkage and its size
dependency cannot be captured using the same approaches employed for normal and
high strength concretes.

The description of sample dependent shrinkage in UHPC is not adequately described
by volume to surface area (v/s) scaling - significant variations in shrinkage strains are
observed when v/s is constant.

Given that autogenous shrinkage is the dominant shrinkage mechanism, which is not
driven by interactions with the surrounding environment, the use of volume alone may
be a better mechanism to scale for specimen size. Further research is required in this

area to investigate samples that have larger variations in volume, that is, although the
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specimens tested in this campaign had widely varying cross sections and lengths, their
overall volume was all in the same order of magnitude except for specimen L4-22-50
which was observed to have significantly larger shrinkage strains than the remaining
specimens.

e The existing shrinkage models, such as B4, AS3600, AC1209, CEB-FIP and GL2000,
are not presently capable of modelling UHPC shrinkage size effect, as these models
attribute shrinkage size effect to drying shrinkage, which is opposite to UHPC. Given
that, B4, AS3600 and GL2000 utilise v/s to scale and describe shrinkage size effect for
normal and high strength concrete, it can be expected that these models will require

fundamental modifications if they are to be extended to UHPC.
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