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� Elephant skin formation can be seen on the casting surface of UHPC under any drying conditions.
� Elephant skin hampers the evacuation of air bubbles and results in a marked change in pore profile.
� A condition that triggers vapor condensation on the casting surface eliminates the elephant skin.
� Partial replacement of Portland cement with GGBS cannot eliminate the skinning phenomenon.
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Ultra-high performance concrete (UHPC), which typically contains extremely high superplasticizer
amount, tends to render a special type of dense surface layer, especially under drying conditions. Even
if the inner side of fresh UHPC is still in a flowable nature, the top surface of the concrete which is
exposed to ambient conditions renders a dense cover called ‘‘elephant skin” in a short time after casting.
In this study, the effects of climatic conditions and ground granulated blast furnace slag (GGBS) replace-
ment on the elephant skin formation were studied. The influence of elephant skin formation on the
macropore profile was assessed by micro-computed tomography scan. Observations revealed that any
drying condition that does not lead to water vapor condensation on the fresh surface can trigger the for-
mation of elephant skin within minutes after casting. Both microscopic and micro-computed tomography
investigations showed that as a result of elephant skin formation, most of the air bubbles cannot escape
from the fresh matrix, and locate under the skin. These air bubbles and elephant skin itself result in a
multi-layered structure in UHPC body throughout the cross-section and reduce the aesthetics of the cast-
ing surface. Increasing GGBS replacement percentage significantly reduced the superplasticizer demand
which is responsible for skin formation, however, did not eliminate the problem.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-high performance concrete (UHPC) is a promising mate-
rial that can reduce dimensions of structural elements while
increasing the service life of the structure thanks to its compact
microstructure as a result of very-low water to binder ratio. The
use of UHPC in special engineering structures has increased all
around the world in recent years. UHPC has been chosen as a main
structural material for a variety of different bridge construction
applications in the United States, Canada, Japan, South Korea, and
European Countries [1]. Implementing fresh UHPC in the connec-
tions between prefabricated bridge components can be evaluated
as one of the first examples for the era of field-cast UHPC [2].
The use of UHPC, however, is still mostly preferred in prefabricated
elements. Some reasons behind this scant usage of field-cast UHPC
can be listed as follows: uncontrolled climatic conditions (sun,
wind, hot weather, etc.), extreme shrinkage values [3], lack of
knowledge about the rheological properties which are very impor-
tant during transporting and casting stages [4], its curing sensitiv-
ity comprising high hydration heat [5], and lack of standardization
[6]. On the other hand, UHPC has not been widely used in engineer-
ing practice due to its high cost and environmental impact [7].
Either the partial replacement of Portland cement by high-
volume pozzolanic materials such as fly ash, ground granulated
blast furnace slag (GGBS), rice husk ash, or the incorporation of
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Table 1
Chemical composition and selected physical properties of binders.

Chemical Composition (wt %) Cement Silica Fume GGBS

CaO 68.71 0.42 42.00
SiO2 17.41 90.38 30.73
Al2O3 4.62 0.54 13.30
Fe2O3 2.75 3.09 0.54
MgO 2.49 0.67 9.44
K2O 0.63 1.03 0.34
SO3 2.44 0.57 1.45
Loss on Ignition 1.37 1.45 0.57
Physical Properties
Strength Activity Index-28d (%) – 125 100
Fineness (m2/kg) 530 24,250 460
Specific Gravity 3.15 2.20 2.89
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inert fillers such as limestone powder or quarry-stone powders
into UHPCs have been implemented to overcome these drawbacks
[8–11]. While choosing the appropriate material for reducing the
cost and environmental impact, local availability can be evaluated
as the key factor. From this point of view, as well as by taking into
account its benefits such as bringing significant durability and
mechanical performance improvements to UHPC, it can be said
that GGBS has become one of the most widely used supplementary
cementitious materials in the production of UHPC [12–14].

The problems regarding the production of structural elements
by using UHPC not only are valid for field-cast applications but also
can be seen in the prefabrication area. UHPC, which has an extre-
mely low water to binder ratio, contains a high dosage of cementi-
tious materials and a high amount of fine powders such as silica
fume and quartz powder. Consequently, its superplasticizer
demand is several times higher than that of traditional concrete.
A phenomenon called ‘‘elephant skin”, therefore, can be observed
on the casting surface of UHPCs as a side effect of an excessive
amount of superplasticizer. Wetzel et al. [15] found that capillary
suction causes enrichment of polycarboxylate ether superplasti-
cizer and early hydration products in the uppermost ~ 50 mm. This
enrichment resulted in the densification of the layer accompanied
by an organic film of a few lm thicknesses on the top of it. It was
reported that this skin forms within seconds or minutes after cast-
ing and can be observed under a drying environment with low rel-
ative humidity (RH). Chen et al. [16] have experimentally
evaluated the different strategies for the control of elephant skin
formation on UHPC surfaces under wind and radiation effects.
These strategies aimed at reduction of evaporation from the sur-
face, enhancement of early-age dimensional stability, and increase
in cracking resistance. Their results showed that precautions that
efficiently reduce moisture escape from the UHPC surface are the
most effective ones in inhibiting elephant skin formation. Yalçın-
kaya and Yazıcı [3] have studied the early-age shrinkage character-
istics of UHPC under arid or high RH conditions. The researchers
showed that arid conditions resulted in elephant skin formation,
and fly ash replacement, which caused a prominent increase in
superplasticizer demand, intensified the formation of elephant
skin. Moreover, it was reported that setting times could not be
measured correctly as a result of elephant skin’s resistance to the
penetration of Vicat needle at the very-early age of UHPC. This den-
sified top layer may impair the transition of water molecules to the
gas phase in this zone as compared to that of a less dense surface
layer [17]. Thus, the elephant skin can change the pore profile
which is under the coupled effects of water evaporation, paste
delamination, bubble buoyancy, gravity, and boundary [18].

In practice, several issues arising from elephant skin formation
have been reported. Mendonca et al. [19] carried out a field-scale
experimental study in the laboratory to evaluate the feasibility
and effectiveness of placing a UHPC connection between two
bridge deck panels. The researchers reported that elephant skin
appeared on the surface when the UHPC, which had a strong thix-
otropic nature, was allowed to rest for only a short period. Before
placing a new layer of UHPC, the researchers suggested rodding
on the surface of the rested UHPC until elephant skin disappears.
Riding et al. [20] discussed the cast-in-situ application of UHPC
in bridge deck joints and pointed out that UHPC placement must
be done monolithically to avoid any cold joints that may occur
from the formation of elephant skin. Moreover, researchers
reported that the bond between subsequent layers could be further
hindered by the fact that the fibers will not bridge the interface
between the layers as a side effect of the skin formation. The skin
significantly reduces the finishability of the UHPC surface while
causing ripples and surface cracking [21]. Increasing the fines con-
tent such as silica fume in the formulation of UHPC and exposure
to direct sunlight and wind during the casting stage expedites
2

the drying process thereby intensifying elephant skin formation
[22].

Previous studies reported that UHPC can take shape as a multi-
layered material under exposure conditions leading to elephant
skin formation. This undesirable formation at the very-early age
of UHPC (seconds to minutes after casting) can cause several issues
such as low aesthetic appearance, reduction of deaeration, difficul-
ties in surface finishing, and the need for grinding after hardening.
These adverse impacts cause important difficulties particularly in
the production of structural members with a large surface area
and so increased labor costs. Thus, the effects of climatic conditions
of the production area on elephant skin formation should be clar-
ified. On the other hand, it was reported that GGBS can reduce
required cement content while reducing the need for superplasti-
cizer [23] which is the main reason behind the skinning problem
[15]. In this study, the effects of elephant skin formation on the
pore profile of UHPC were for the first time investigated under
low and high RH conditions at two different early-age tempera-
tures. Moreover, the use of GGBS as a partial replacement of
cement that reduces superplasticizer demand of the mixtures
was studied to reveal its effect on elephant skin formation.
2. Experimental

2.1. Materials and mix proportions

Portland cement (CEM I 52.5 R), GGBS, and silica fume were
used as cementitious materials. Portland cement was produced
by ENCI Company (Heidelberg cement group) in the Netherlands.
Densified silica fume was obtained at Elkem Silicon Materials.
GGBS was provided by Orcem BV, the Netherlands. The main
chemical compositions of the cementitious materials were deter-
mined by X-ray fluorescence spectrometry. The chemical and
physical properties and particle size distributions of cementitious
materials are shown in Table 1, and Fig. 1 respectively. To be able
to work on a more homogenous cross-section regarding elephant
skin formation, coarse aggregate, and steel fibers were not used
in the formulation of UHPC. Thus, the aggregate phase was com-
posed of 40% 0–125 mm and 60% 125–250 mm quartz by weight.
The specific gravity and Mohs hardness of quartz powder were
2.65, and 7, respectively. A high-range water-reducing superplasti-
cizer based on second-generation polycarboxylic ether (PCE)
polymer with high early strength gains was used to adjust the
slump-flow value of UHPC mixtures. Thanks to its structure based
on carboxylic ether polymer with long side chains and short main
chains, the superplasticizer combines effective dispersion and
rapid absorption onto the particles to achieve good workability.
It should be noted that the used superplasticizer is applicable in
self-compacting concretes and UHPC according to the manufac-
turer’s declaration. Some properties of superplasticizer are given



Fig. 1. Particle size distribution of cementitious materials.

Table 2
Some properties of superplasticizer.

Technical Data Superplasticizer

Structure Polycarboxylate ether
Color Light brown
Physical state Liquid
pH at 20 �C 5–8
Specific gravity 1.1
Dry content 30%
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in Table 2. Indeed, different PCE based superplasticizers were tried
during preliminary tests. It was observed that all of the PCE based
superplasticizers led to elephant skin formation, however, the one
which was more powerful on increasing slump-flow values of
UHPC resulted in more prominent skinning.

A UHPC mixture endowed with the self-compacting ability was
formulated as the control mixture. Silica fume was used at a
dosage corresponding to 20% by weight of cement. The water to
binder ratio was 0.20. In the second stage, Portland cement was
replaced by 30% and 60% GGBS by weight. Thus, three UHPC mix-
tures were prepared. Mix proportions can be seen in Table 3. The
superplasticizer dosage was adjusted to reach the target spread
value (310 ± 10 mm) without segregation. Note that, the mini flow
cone (60 mm high with diameters of 100 mm at the base and
70 mm at the top) was used for the slump-flow test. A Hobart
mixer was used to prepare UHPC mixtures. A complicated mixing
procedure was executed. First, all cementitious materials were
mixed. Then, water + superplasticizer solution was added to the
dry mix. After obtaining a fluid paste mixture, quartz powder
Table 3
Mix proportions.

Materials (kg/m3) UHPC-C UHPC-S30 UHPC-S60

Water 211 213 215
CEM I 52.5R 881 623 360
GGBS – 267 540
Silica fume 176 178 180
Quartz (0–125 mm) 372 372 372
Quartz (125–250 mm) 559 559 559
Superplasticizer 58 44 30
Design Parameters
GGBS replacement (wt.%) 0 30 60
Water to binder ratio1 0.20 0.20 0.20
Paste volume (%) 65 65 65
Slump-flow diameter (mm) 310 ± 10 310 ± 10 310 ± 10

1 water/(cement + silica fume + GGBS)

3

was gradually included. Finally, high-speed mixing was initiated.
The mixing procedure was ended in 16 min. Detailed stages of
the mixing procedure are given in Fig. 2. It can be seen that to reach
target workability, an extreme dosage of superplasticizer
(58 kg/m3) that can easily trigger the elephant skin formation
was required for the control mixture. Note that the use of super-
plasticizer can be even seen at higher dosages in UHPC formula-
tions [24,25]. Therefore, the dosage used in this study is in line
with practice. GGBS replacement caused a significant reduction
in superplasticizer demand. All three mixtures have shown a com-
pressive strength of 162 ± 2 MPa at 28-day in presence of 2% steel
micro fiber reinforcement.
2.2. Test methods and microstructural investigations

In the scope of the study, four climatic conditions were studied
at early-age (�24 h): 20 �C-95% RH, 20 �C-40% RH, 35 �C-95% RH,
and 35 �C-40% RH. It was aimed to investigate elephant skin forma-
tion under moderate and hot weather conditions with low or high
RH. A climate cabinet was used for this purpose. Before casting, all
the raw materials and laboratory apparatus were kept under the
lab condition of 20 �C at least for a week. At the end of the mixing
procedure, the self-compacting mixture was poured into the molds
without any vibration and put immediately into the climate cabi-
net which was already set to target climate condition. Although
this process was completed in 1 min after the end of casting, the
fresh surface was gently stirred to remove exposure history just
before closing the door of the climate cabinet.

To conduct the microscopic investigation, and to make visual
observations, three 40 � 40 � 160 mm3 prismatic specimens were
produced. For scanning electron microscope (SEM) investigations,
polished sections were prepared after one week of curing (20 �C-
99% RH). To observe cross-section, prismatic specimens were cut
into pieces of 40 � 40 � 10 mm3 perpendicular to the exposed sur-
face by using a specially designed blade saw for cementitious
materials. For backscattered electron (BSE) microscopy, nearly
20 � 20 � 10 mm3 specimens were ground and polished. Between
each step of grinding, an ultrasonic bath in the water was applied
for 5 s. The microstructure of specimens was monitored by using a
Philips XL30 SEM at 15 kV accelerating voltage.

Micro-computed tomography scan (CT-scan) was carried out to
be able to see the profile of macropores by depth by using a Phoe-
nix Nanotom CT-Scanner. CT-Scanner consists of an X-ray source, a
rotating turntable to hold the specimen, and a detector. The cone
beam of X-rays is projected onto the specimen. The different com-
ponents inside the concrete specimen absorb X-rays differently,
depending on their state and chemical composition. When the sig-
nals arrive at the detector located behind the concrete specimen, it
brings information about X-ray absorption in the specimen. CT
images are 3D maps of X-ray absorption in a specimen. Multiple
X-ray images of a specimen are taken at different angles. 3D image
of the internal structure of a specimen is produced by using a
reconstruction algorithm. The resolution of the machine was
adjusted to a voxel-size of 17.5 mm. Specimens were prepared as
a cylinder with a diameter of 33.5 mm and a height of 40 mm to
perform the CT-scan. Note that since the elephant skin formation
is directly related to the factors which affect the drying kinetics
of a specimen, the CT-scan specimens had the same volume to dry-
ing surface area ratio (40 mm) with the prismatic specimens. Spec-
imens were exposed to the aforementioned early-age climatic
conditions for 24 h and analyzed up to 20 mm depth from the cast-
ing surface. After reconstruction and obtaining 3D images of the
specimens, 2D images of the slices in parallel to the casting surface
were created. Then, these slices were analyzed to calculate geo-
metrical properties (quantity, average ferret diameter, and total



Fig. 2. Mixing procedure.

Ç. Yalçınkaya and Oğuzhan Çopuroğlu Construction and Building Materials 268 (2021) 121126
area) of macropores larger than 87.5 mm (5 times of voxel-size) by
using Image-J software.
Fig. 4. Surface appearances of UHPC-C mixture depending on climatic condition.
3. Results and discussion

3.1. Visual examination

UHPC mixtures achieved the target slump-flow value without
segregation. Note that the slump-flow test was performed on the
laboratory condition of 20 �C-40% RH. In three to five minutes after
the slump-flow test, the fresh mortar was covered by a dense layer
called ‘‘elephant skin” (Fig. 3). This premature densification hin-
dered the escapes routes of air bubbles from the surface and kept
them entrapped. When the surface was scraped by finger, the fresh
mortar could be seen under the skin. Moreover, as a result of pull-
ing out the skin, wrinkles that are indicators of viscoelastic behav-
ior can be observed. This behavior makes it almost impossible to
properly finish and trowel the surface.

Typical appearances of casting surfaces (~40 � 160 mm2) sub-
jected to four different climatic conditions at early-age (24 h) are
given in Fig. 4, Fig. 5, and Fig. 6, for UHPC-C, UHPC-S30, and
UHPC-S60 mixtures, in sequence. Drying environments with a
40% RH resulted in the prominent formation of elephant skin,
which holds huge numbers of air bubbles beneath it. GGBS replace-
ment reduced the diameter of observable air bubbles on the sur-
face but apparently increased their numbers. Surface appearances
of the specimens subjected to 20 �C-40% RH, and 35 �C-40% RH
were similar. The climatic condition of 20 �C-95% RH also led to
elephant skin formation; however, this layer can be distinguished
vaguely. Moreover, these surfaces have fewer air bubbles
entrapped by the skin. GGBS replacement increased the visible
pores under the skin at this climatic condition. When it comes to
35 �C-95% RH, elephant skin formation could not be observed. Chen
et al. [16] reported that the most effective way to inhibit elephant
Fig. 3. Elephant skin formation just after slump-flow.

Fig. 5. Surface appearances of UHPC-S30 mixture depending on climatic condition.

4

skin formation is the one that can stop moisture escape from the
surface, e.g., to cover the surface with a plastic sheet immediately.
Similarly, a dependence of this skinning on lower humidity
throughout the early curing was found by Wetzel et al. [15]. In this
study, 20 �C-95% RH did not lead to vapor condensation, whereas
35 �C-95% RH resulted in condensation on the surfaces. It can be
said that vapor condensation inhibited evaporation from fresh
UHPC and so hindered the skin formation.



Fig. 6. Surface appearances of UHPC-S60 mixture depending on climatic condition.
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3.2. CT-Scan analyses

Examples of 3D visualization of porosity and 2D slices contain-
ing pores that have Feret diameter larger than 87.5 mm can be seen
in Fig. 7 obtained by using a micro CT-scan at 17.5 mm. The average
circularity factor of the pores was found higher than 0.8 for each
climatic condition. The lowest circularity factor was found 0.74
among the slices. In other words, porosity has comprised of mostly
spherical pores as can be easily noticed in Fig. 7. This can be attrib-
uted to paste-rich UHPC’s high superplasticizer dosage which
tends to entrain air bubbles [26,27].

Quantity, average diameter, and area ratio of pores larger than
87.5 lm which were calculated on 2D slices by Image-J software
are presented in Fig. 8, Fig. 9, Fig. 10, Fig. 11, Fig. 12, and Fig. 13
depending on climatic conditions at early-age. It can be seen from
Fig. 8 and Fig. 9 that the drying environment with a low RH caused
a prominent increment in the pore area on the locations close to
the surface of UHPC-C mixture. This increment of pore area just
beneath the surface came into existence mostly due to the syner-
getic effect of an increase in both pore diameter and quantity.
According to Wetzel et al. [15], enrichment of PCE driven by capil-
lary suction creates both an organic film that is only has a few lm
Fig. 7. 3D visualization of porosity (a), 2
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thicknesses on the top surface, and a thicker layer with early-
hydration products beneath the film. Thus, the air void profile
can be attributed to elephant skin formation observed within min-
utes after casting. The skin holds the mobile air bubbles which
move towards the surface. Besides, an increment of pore diameter
under the skin can be attributed to the coalescence of some air
bubbles beneath the elephant skin. In this study, 35 �C-95% RH
caused condensation of humid air on the surface and completely
hindered the formation of elephant skin whereas the climatic con-
dition of 20 �C-95% led to a weak elephant skin formation despite
its high humidity. The climatic condition of 20 �C-95% might give
rise to a sudden drying on the surface before achieving humidity
equilibrium. Since bleeding is almost impossible in UHPC that have
extremely lowwater to binder ratio, the moisture on the UHPC sur-
face tends to evaporate rapidly once exposed to air [28].

As a result of the replacement of Portland cement by GGBS, a
similar trend of air void area was observed through cross-section
(Fig. 10, Fig. 11, Fig. 12, and Fig. 13). Independent from the temper-
ature, reducing ambient RH caused an increase in the air-void area
in the shallow sections. However, the depth where the air void area
was started to differentiate depending on the reduction in ambient
RH shifted from around 6 mm to around 9 mm in the case of both
30% and 60% GGBS replacement.

Similar to UHPC-C mixture, slag-bearing mixtures also showed
a steep rise in air void area from the depth of 2 mm to the surface
at 20 �C (Fig. 8, Fig. 10, and Fig. 12). This is mainly because of an
increase in the average diameter of pores accompanied by an
increase in the number of pores at the relevant section. In the case
of each 30% GGBS replacement, the air void area was increased by
about 4% around the surface under the condition of 20 �C-95% RH.
When we look into Figs. 4, 5, and 6, an increment of the number of
the visible pores by GGBS replacement can be easily differentiated
on the surface. Similarly, it can be seen from CT-scan results that
the number of pores around the surface was markedly increased
as a result of GGBS replacement. It seems GGBS replacement expe-
dited the development of elephant skin and consequently
increased the number of trapped air bubbles by limiting the time
for evacuation even under the high RH condition (20 �C-95%). This
can be attributed to a reduction in bleed water due to less super-
plasticizer demand, increased fineness of the blended system,
and increased rate of evaporation in connection with less chemi-
cally bound water at a very early age [3] as a consequence of GGBS
replacement. Thus, even under a high RH condition that does not
induce condensation, until the UHPC surface and surrounding air
reaches an RH equilibrium, a sudden surface drying due to GGBS
replacement may trigger the formation of elephant skin.
D slice image after thresholding (b).



Fig. 8. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-C at 20 �C.

Fig. 9. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-C at 35 �C.
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When it comes to 35 �C, the air void area throughout the cross-
section remained almost constant under 95% RH for all mixtures
(Fig. 9, Fig. 11, and Fig. 13). It means there is no any skin formation
that changes the pore profile by depth. This finding is supported by
the surface appearances which do not reflect any elephant skin
(Figs. 4, 5, and 6 at 35 �C-95% RH). In the case of 35 �C-40% RH con-
dition, GGBS replacement weakened the uptrend of air void area
slightly mainly by reducing the average diameter of pores. Because
of GGBS replacements, the air void area around the surface was
reduced approximately from 8% to 6%.

Elephant skin formation can be seen under any drying environ-
ment, even including a relatively high RH (95%), where any con-
densation that inhibits evaporation from the casting surface does
not occur. Regardless of GGBS percentage, this phenomenon
resulted in a significant change in pore profile consisting of mostly
spherical ones through the cross-section. The air void area started
to increase from the approximate depths of 6–9 mm and 2 mm to
the casting surface for low (40%) and high (95%) RH conditions,
respectively. Where the temperature of surrounding air having a
high RH (35 �C-95% RH) was more than that of fresh UHPC
6

(~20 �C), vapor condensation occurred on the casting surface. This
hindered elephant skin formation by inhibiting evaporation from
the surface. In this case, UHPCs all exhibited almost a constant
air void area through the cross-section.
3.3. SEM observations

BSE images of UHPC-C mixture stored at different early-age cli-
matic conditions are given in Fig. 14. Note that after early-age
exposure conditions, the specimens were subjected to moisture
curing for 7 days. It can be easily distinguished that there is no seg-
regation or sedimentation of quartz aggregates despite the high
flowability of the self-compacting mixture. Some agglomerated sil-
ica fume particles were detected on the cementitious matrix. In
parallel to CT-scan results, lots of spherical air voids were found
beneath the surface layer as a result of elephant skin formation
under drying conditions. Some of these spherical air voids could
reach a few mm diameters under a low RH condition and could
locate just 80–100 mm below the surface (Fig. 14-b,d).



Fig. 10. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-S30 at 20 �C.

Fig. 11. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-S30 at 35 �C.
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BSE images of 30% and 60% GGBS replaced UHPC matrices were
given in Fig. 15, and Fig. 16, respectively. It can be easily seen that
there are still huge numbers of unreacted slag particles after 7 days
of moisture curing as expected. Slag particles can be distinguished
as sharp-edged brighter particles in the matrices. The early densifi-
cation of the casting surface did not allow air bubbles to escape from
the matrix containing GGBS. The condition of 35 �C-95% RH caused
some open porosity on the surface of slag-bearing UHPCs. An irreg-
ular cavity and a spherical pore can be seen on the surface in Fig. 15-
c and Fig. 16-c, respectively. In the case of 35 �C-95% RH, only a lim-
ited number of air bubbles were observed under the casting surface
in parallel to CT-scan findings. In the case of 35 �C-40% RH, spherical
macropores right under the casting surface were observed. When a
prematurely hardened cementitious wall between the pores and
surrounding is too thin, it can be broken and these enclosed pores
may turn into open ones as observed in Fig. 16-d.

A semi-transparent and shiny layer at the top surface can be
distinguished by the naked eye in Figs. 3–6 at both the fresh and
hardened state of UHPCs. This is an organic film that mostly
7

consists of superplasticizer molecules as reported by Wetzel at
all [15]. During SEM observations, it was realized that the organic
film layer could be easily deteriorated during sawing and polishing
operations due to mechanical abrasion and chemicals that are
needed for polishing. Accordingly, a new strategy was imple-
mented to be able to observe it. First, a three-point bending test
was performed on the prismatic specimen to obtain a fractured
cross-section perpendicular to the casting surface. After that, a
sample containing a region of the casting surface was extracted
from the cross-section. Due to the organic nature of PCE based
superplasticizer, it was not possible to detect the film layer that
was arisen from the enrichment of superplasticizer under BSE
mode. When it comes to the SE image, the film layer, which was
not observable on the BSE image, could be clearly observed on
the uppermost (Fig. 17). When the specimens were observed from
their upper side, some pop-out-like cavities were found on the
smooth surface (Fig. 18-a). These pop-outs can be attributed to
the top layer’s extreme deformation arising from drying shrinkage
of the surface that was directly exposed to the drying environment.



Fig. 12. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-S60 at 20 �C.

Fig. 13. Air void area (a), average pore diameter (b), and the number of the pores (c) by depth from the casting surface of UHPC-S60 at 35 �C.
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It can be seen that the uppermost of the casting surface was cov-
ered by a thin and smooth layer (Fig. 18-b), and there were several
unreacted particles as well as inert materials like quartz grains
under it. The uppermost layer apparently contains hydration prod-
ucts that cause early densification. Similarly, Lee et al. [29]
observed a smooth surface which can cause some cold-joint issues
during the casting process of UHPC. They concluded that the film
formed on the casting surface consists of SiO2 crystalline structures
and that this is the cause of the degradation of the bonding perfor-
mance in terms of cold-joint formation. It is believed that the
smooth surface reported was mostly due to elephant skin forma-
tion accompanied by an organic film at the top.

3.4. Illustration of the mechanism

Based on observations and the previous findings [15,16], the
mechanism of elephant skin formation and the multi-layered
structure of UHPC can be illustrated as in Fig. 19. The drying envi-
ronment, which UHPC was subjected to, leads to evaporation from
the surface and generates an extreme capillary suction around the
8

surface. As a result, the pore solution which is superplasticizer-rich
is transported to the surface, and the superplasticizer enriches on
the top surface as a film layer. During that time, early hydration
products also enrich on the surface. Contraction forces that are dri-
ven by mostly drying make upper layers very dense. Early hydra-
tion products, contraction forces, and the film layer on the top
lead to the densification of fresh UHPC surface within minutes after
casting, which is called elephant skin [15]. Note that this skin can
even resist the penetration of Vicat needle much earlier than the
initial setting time [30]. Elephant skin acts as a barrier that
obstructs evacuation of air bubbles in the flowable matrix. At the
end of this undesirable quick process, the cross-section of UHPC
can be observed in three layers as illustrated in Fig. 19-a. In the
hardened state, the uppermost layer which has a few micrometers
thickness can be distinguished as a shiny cover by the naked eye.
The second layer beneath the first one contains lots of entrapped
air bubbles which some of them coalesced forming larger bubbles
right under the first layer. The second layer may have a depth of a
few millimeters. Thanks to its low macroporosity, the third layer
has a more compact appearance than the second one as expected



Fig. 14. BSE micrographs of UHPC-C stored at 20 �C-95% RH (a), 20 �C-40% RH (b), 35 �C-95% RH (c), and 35 �C-40% RH (d). (QZ: quartz, AS: agglomerated silica fume).

open cavity

Fig. 15. BSE micrographs of UHPC-S30 stored at 20 �C-95% RH (a), 20 �C-40% RH (b), 35 �C-95% RH (c), and 35 �C-40% RH (d). (QZ: quartz, AS: agglomerated silica fume).
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open pore

Fig. 16. BSE micrographs of UHPC-S60 stored at 20 �C-95% RH (a), 20 �C-40% RH (b), 35 �C-95% RH (c), and 35 �C-40% RH (d). (QZ: quartz).

Fig. 17. Typical BSE (a) and SE (b) micrographs of the organic film layer (UHPC-C at 35 �C-40% RH).
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from a UHPC. If evaporation of the mix water from the casting sur-
face is inhibited by implementing a sealing method such as imme-
diately covering by a plastic sheet [16,31], elephant skin formation
10
can be prevented (Fig. 19-b). Moreover, according to our findings,
vapor condensation on the casting surface impedes the formation
of elephant skin completely.



Fig. 18. BSE micrographs from above (a) and cross-section (b) (UHPC-S60 at 35 �C-40% RH).

Fig. 19. Illustration of elephant skin formation and multi-layered structure of UHPC (a), prevention of elephant skin (b) (①organic film layer and dense zone due to
enrichment of superplasticizer + early hydration products + contraction, ②porous zone due to hindered deaeration, ③the bulk of UHPC).
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4. Conclusions

To unravel the effects of early-age climatic conditions and GGBS
replacement on the skinning problem of UHPC colloquially
described as ‘‘elephant skin formation”, an experimental study
has been conducted. The following major conclusions can be
drawn;

1) Elephant skin formation can be seen on the casting surface of
UHPC in just a few minutes under any drying condition. It
was observed that even a humid-rich environment with an
RH of 95% could not hinder the formation at 20 �C. The early
age exposure condition of 35 �C-95% RH that triggered vapor
condensation on the casting surface eliminated evaporation
thereby inhibiting the skinning phenomenon.

2) Increasing GGBS replacement percentage reduced markedly
PCE based superplasticizer demand which is responsible for
the skinning, however, did not eliminate the problem.
Elephant skin formation hampered the evacuation of air
bubbles and resulted in a significant change in pore
profile consisting of mostly spherical ones through the
11
cross-section. Independent from temperature, reducing
ambient RH caused an increase in the air-void area in the
shallow sections. The air void area started to increase from
the approximate depths of 6–9 mm and 2 mm to the casting
surface in the case of low (40%) and high (95%) RH condi-
tions, respectively. A huge number of air bubbles can locate
just 80–100 mm below the surface, and result in roughen and
non-aesthetic surface appearance. In the condition of 35 �C-
95% RH that inhibits the skinning problem, UHPCs all exhib-
ited almost a constant air void profile by depth.

3) As a result of elephant skin formation, a smooth surface at a
micro-scale was observed. Under this surface cover, there
were lots of unreacted cementitious materials. This prema-
ture formation may cause cold-joint problems at even
very-early age by reducing the bond properties between
consecutive layers.

For the precast industry, it can be a solution to cast UHPC into
the molds under a controlled climatic condition that causes vapor
condensation on the casting surface. Moreover, somemodifications
on the molds systems that reduce the evaporation area by enabling
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vertically casting of reinforced concrete members such as slabs and
beams can be made. On the other hand, the potential problems
related to elephant skin formation in the cast-in-situ application
of UHPC should be also meticulously taken into account during
the standardization period.
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