infrastructures

Article

A Creep Prediction Model for Concrete Made from Pit Sand
with Low Silica Content

Daud Andang Pasalli %%, Sri Tudjono 2 and Ilham Nurhuda 2*

Citation: Pasalli, D.A.; Tudjono, S.;
Nurhuda, I. A Creep Prediction
Model for Concrete Made from Pit
Sand with Low Silica Content.
Infrastructures 2022, 7, 134.
https://doi.org/10.3390/
infrastructures7100134

Academic Editors: Kevin Paine

Received: 28 August 2022
Accepted: 30 September 2022
Published: 5 October 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Departement Civil Engineering, Musamus University, Merauke 99600, Indonesia
2 Departement Civil Engineering, Diponegoro University, Semarang 50275, Indonesia
* Correspondence: daudap@unmus.ac.id (D.A.P.); ilham@live.undip.ac.id (LN.)

Abstract: Pit sand generally has a lower silica content than sand sourced from rivers or crushed
stones. The effect of this sand on the creep of concrete has not yet been fully studied. Understanding
the creep of concrete can help to estimate the behaviour of structures in the future. This study aimed
to investigate the effects of the properties of pit sand with different chemical compositions and grain
size distributions on the creep of concrete, and to develop a creep prediction model for concrete
made of pit sand with low silica content. This investigation employed laboratory testing to obtain
the physical and chemical properties of the sand, and its relationship to the shrinkage and creep of
concrete. A concrete creep prediction model is proposed based on the modification of the B3 Model.
Modifications were made by proposing a material constant obtained from short creep tests. The
creep parameter obtained from the test can be better used to predict the creep of concrete.

Keywords: pit sand; concrete; creep; model

1. Introduction

The development of infrastructures often requires local construction materials to re-
duce construction costs. One of the local materials frequently used in construction is pit
sand from nearby sources. However, pit sand is still rarely used as a building material,
although it is widely distributed around the world. Pit sand generally comes from sedi-
mentary materials and weathered rocks which form the Earth’s surface layer. The charac-
teristics and properties of pit sand are highly dependent on the chemical compositions of
its constituents. In some cases, this type of sand has a lower silica content than sand
sourced from rivers or crushed stones.

The quality of concrete is often specified by its compressive strength (fc’). This
strength represents its capability to resist a short duration of compressive loading. How-
ever, in many cases, structures must withstand long-duration loading or even sustained
loading. In this condition, the creep and shrinkage properties of the concrete will deter-
mine the performance of the structure [1,2].

The use of local sand as concrete has been investigated by some researchers [3-7].
However, little can be found on the modelling of creep deformation of concrete made
from local sand [7]. This study aimed at investigating the effects of the properties of pit
sand with different chemical compositions and grain distributions on the creep of con-
crete. A concrete creep prediction model is proposed based on the results of this study.

2. Materials and Methods
2.1. Sand

This research investigated pit sand taken from Merauke Regency in Indonesia, which
is geographically located in the far south of Papua Province, near the border with Papua
New Guinea. Concrete in Merauke Regency is normally made from sand brought from
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other islands, which increases the cost of infrastructure in Merauke. In this study, pit sand
was taken from three local sources in Merauke Regency, namely, Tanah Miring, Malind
and Kurik Districts.

The properties of pit sand from Merauke were examined to study the effects of its
properties on the resulting concrete. The physical properties of pit sand studied in this
research were grain size distribution, fineness modulus, bulk density, specific gravity, wa-
ter absorption, and also mud and organic content. The chemical composition of pit sand
was examined using the X-ray fluorescence (XRF) method.

The material properties of Merauke pit sand are shown in Table 1. It can be seen that
sands from Malind and Tanah Miring districts have higher fineness moduli compared to
sand from the Kurik district, meaning that Malind and Tanah Miring sands tend to have
a larger grain size. Sand with coarse gradations tends to have higher porosity due to the
lack of finer materials to fill the gaps between the larger grains. However, the sand from
the three locations still meets the requirements for grain gradation of sand.

Table 1 shows the specific gravity values of the pit sand varied from 2.52 to 2.96; the
highest specific gravity was owned by Kurik sand. The water absorption of sand ranged
from 2.43% to 3.19%; the highest rate was for the Tanah Miring sand. The percentage of
fine grains, that is, sand with a grain size less than 75 um (passed through the No. 200
sieve), ranged from 0.35% to 3.44%, whereas the mud content ranged from 3.13% to 4.9%.
Sand from the Tanah Miring area showed a higher percentage of fine grains and a higher
percentage of mud content than sand taken from other locations. However, the percentage
of mud content was still below the requirements specified in the code [8].

Table 1. Physical properties of pit sand.

. ) Kurik Sand Malind Sand Tanah Miring
Properties Unit (KS) (MS) Sand
(TS)
Fineness modulus of grain size 3.594 3.645 3.644
Specific gravity 2.96 2.52 2.69
Water absorption % 2.60 243 3.19
Percentage of fine grains % 0.64 0.35 3.44
Percentage of mud % 3.13 4.58 4.90

The major chemical compounds found in the pit sand are shown in Table 2. The re-
sults show that silica oxide (S5i02), iron oxide (Fe203), calcium oxide (CaO) and alumina
oxide (AI203) are the four major chemical compounds found in the sand. Table 2 shows
that pit sand from the three sources had smaller percentages of silica to sand normally
used in building construction [9]. The largest percentage of silica oxide was only 52.2%,
which was found in Tanah Miring sand. This investigation also found that pit sand from
the three sources contains a large percentage of iron oxide; together, silica oxide and iron
oxide make up 75.5-93.4% of the chemical compounds in Merauke pit sand. Additionally,
sand from the Malind district had the highest CaO content compared to those from other
locations. CaO is one of the main components of cement. Hence, its content needs atten-
tion, as it can affect the properties of the resulting concrete.

Table 2. Chemical compounds in pit sand.

,  KurikSand  MalindSand "R Miring
Chemical Compound Unit Sand
(KS) (MS)

(TS)

Silica Oxide—SiOz % 28.70 37.30 52.20
Iron (IIT) Oxide —Fe20s % 64.70 38.20 34.80
Calcium Oxide—CaO % 0.26 13.40 0.14
Alumina Oxide — Al20s3 % 4.75 1.97 8.90

Other compounds % 1.59 9.13 3.96
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2.2. Mortar

Mortar specimens had a constant weight ratio of cement to sand of 0.5, and the ce-
ment water factor was 0.4 for each mixture. There was a total of 27 mortar specimens for
compressive strength and water absorption tests. All mortar specimens were cubes of size
50 mm x 50 mm x 50 mm. The test results in Table 3 show the variation in the compressive
strength of the mortar, ranging from 24.70 to 40.68 MPa, and the water absorption of the
three types of sand was small, below 2.5% in the first 10 min, and below 6% in 24 h.

Results from the material test show that the sand sourced from the three locations
meets the requirements for use in structural concrete. Hence, pit sand from the three loca-
tions could be used to make concrete specimens for further tests.

Table 3. Compressive strength and water absorption of cement mortar.

. . Kurik Sand Malind Sand Tanah Miring
Properties Unit (KS) (MS) Sand
(TS)
Compressive strength of ce- MPa 10.68 38.41 24.70
ment mortar
10 min water absorption % 0.37 0.35 0.42
24 h water absorption % 1.90 1.73 2.06

2.3. Coarse Aggregates

The coarse aggregates used in this study were of crushed stones sourced from outside
Merauke. The size of crushed stones varied from 10 to 20 mm and had bulk specific grav-
ity of 2.66. The crushed stones had an average SSD water content of 1.2% and a mud con-
tent of 0.55%. These crushed stones were used in all specimens. Hence, the variations in
results in this investigation were expected to only come from the different types of sand.

2.4. Concrete

The concrete specimens were designed to have a compressive strength of 30 MPa and
a water—cement factor of 0.4. The amount of cement was taken as a constant of 500 kg/m?
for all specimens to simulate the maximum creep of concrete. The amount of water was
200 kg/m3, which was calculated based on the designed water—cement factor of 0.4.

Concrete specimens were made from pit sand from the three locations, namely, Ku-
rik, Malind and Tanah Miring districts in Merauke Regency of Indonesia. The composi-
tions of the concrete mixtures are shown in Table 4.

Table 4. Mix proportions of concrete and number of specimens.

Materials and Number of Speci- Kurik Concrete Malind Con-  Tanah Miring

Unit crete Concrete
mens BK (BM) (BT)
Portland cement Kg/m3 500.0 500.0 500.0
Sand Kg/m? 679.3 671.5 676.7
Coarse aggregate Kg/m?3 1016.9 1016.9 1016.9
Water Kg/m3 200.0 200.0 200.0
w/c - 0.4 0.4 0.4
Number of Specimens for Com-
pressive Strength and Modulus  Specimens 3 3 3
of Elasticity Test
Number of Specimens for Creep Specimens 3 3 3
Test
Number of Specimens for Specimens 3 3 3

Shrinkage Test
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The concrete specimens were prepared for four types of tests, namely, the modulus
of elasticity, compressive strength, shrinkage and creep of concrete tests. Each type of test
was carried out on the concretes made of sand from the three locations. All test specimens
were cylindrical with a diameter of 150 mm and a height of 300 mm. All specimens un-
derwent the same treatment, such as moist curing, and were stored in room conditions at
the same temperature and relative humidity [10,11].

2.5. Methods

The compressive strength and modulus of elasticity tests were conducted using a
universal testing machine (UTM) equipped with a load cell to read the load. Concrete
strain was measured using a strain gauge mounted on the surface of the concrete cylinder.
The focus of this test was to obtain the maximum load and the stress—strain relationship
up to the maximum load for determining the modulus of elasticity of the concrete. The
test setup is as shown in Figure 1.

Shrinkage tests were carried out to calculate the effect of shrinkage on the calculation
of creep deformation. The shrinkage tests were carried out by installing dial gauges on
the top side of each cylinder, as shown in Figure 2. The shrinkage tests were conducted
on three specimens for each type of concrete.

Load (P)(N)

Top Plate <22/ %

Cylinder,
(D =150 mm,
L =300 mm)

Steel plate
Diameter (D)=200 mm

Load Cell
Bottom ,

Plate 2/ I

-

Vertical Strain Gauge
Horizontal Strain Gauge

-

Data Logger TDS-303 Laptop

Figure 1. Test setup for compressive strength and elasticity modulus.
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b

Figure 2. The measurement of shrinkage deformation.

The creep test was carried out by applying a constant load of 25% of the maximum
load that can be carried by the concrete cylinder based on the compressive strength of
concrete. The loading mechanism involved fixed loading with a steel ballast to ensure the
load did not change during the test, as shown in Figures 3 and 4. Deformation measure-
ments were carried out simultaneously on three concrete specimens made from the same
sand. The specimens were arranged in series to ensure that they received the same load,
as shown in Figure 4. The creep deformation was the average value of the measurements
from the three specimens [11].

Concrete specimens
ron

weights
~Dial gauges

o~ Steel frame

Figure 3. Setup for creep test.
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Figure 4. Displacement measurements of concrete creep.

3. Results and Analysis
3.1. Compressive Strength of Concrete

The compressive strength and the elasticity modulus of concrete were obtained by
pressing the specimens until the maximum load was reached. The stress—strain relation-
ship of each concrete up to the maximum load is shown in Figure 5. The elasticity modulus
of concrete was taken as the slope of the line up to 40% of the maximum stress. Specimens
BK and BM had similar stiffness, as shown in Figure 5, and elasticity moduli (Table 5),
whereas specimen BT exhibited a much lower elasticity modulus.

Table 5. Compressive strength and elasticity modulus of each concrete.

Compressive Modulus of Elastic-
Concrete Specimens Strength ity
(MPa) (MPa)
BK 34.5 25,357
BM 31.3 22,210
BT 15.3 13,377

The compressive strength of each type of concrete and the value of its modulus of
elasticity are presented in Table 5. The compressive strength of the concrete was compa-
rable to the compressive strength of the mortar in the material test shown in Table 3. Mor-
tar with higher compressive strength will provide concrete with high compressive
strength, and vice versa. The compressive strength of specimen BT, which was made from
Tanah Miring sand, was the lowest amongst the specimens. The low elasticity modulus
and compressive strength of Tanah Miring concrete were because of the high percentages
of fine grains and mud found in the sand [12,13].
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Figure 5. Stress—strain relationship of concrete.

3.2. Shrinkage of Concrete

The measurements of shrinkage deformation were carried out simultaneously with
the creep deformation ones. The shrinkage strains were calculated by dividing shrinkage
deformation by the initial length, and the measurements were carried out for 364 days.
The shrinkage strain graph over time is presented in Figure 6, which shows that Tanah
Miring concrete had the largest shrinkage strain. The water absorption test data (Table 1)
show that Tanah Miring sand had the largest water absorption, followed by Kurik sand
and Malind sand. It can be seen that the water absorption of sand is correlated with the
shrinkage deformation. Concrete made from sand with high water absorption has a high
shrinkage value. On the other hand, concrete made of sand with low water absorption has
a small shrinkage value [13-15].
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Figure 6. Development of shrinkage strains over 364 days.

Results from X-ray fluorescence (XRF) tests show that sand from the Malind district
contains more CaO than other sand, as shown in Table 2. It is known that the amount of
water used in the hydration process is not as much as the amount of water given in the
mix design. The unused water will evaporate and cause drying shrinkage [16-18]. As CaO
reacts with water, sand that contains more CaO requires more water, and the amount of
remaining water becomes less. Hence, the shrinkage of concrete made from sand with
high CaO content is less than that of other specimens.

Figure 6 shows that the curve of shrinkage strain after 300 days tends to be flat, which
indicates a relatively small increase in shrinkage strain after that time. Figure 6 also shows
that the shrinkage strain of concrete early on is the highest. The shrinkage strain value up
to about 28 days greatly affects the overall shrinkage strain because it contributes to about
half of the final shrinkage strain value. The 28-day figure is important because it can be
used to carry out tests in a relatively shorter time, and the results can used to make esti-
mates of the final shrinkage strain.

3.3. Creep on Concrete

Creep cannot be measured directly but can be determined by subtracting from the
total strain the elastic strain and shrinkage strain, as shown in Equation (1) [10,11]. The
readings of strain on the creep test were recorded two to six hours after the loading start,
every day for a week, every week for a month, and every month for up to a year [11].

Eec = & — & — & 1)

where ¢ is creep strain, ¢, is total strain, €, is elastic strain and ¢ is shrinkage strain.
The total strain ¢, is calculated using the following equation:

_ Bl
- Loy

& )
where AL,, islength change measured by dial gauges and Lo, is initial length.

The measurement data of total strain (&) for 364 days are shown in Figure 7. It shows
that Tanah Miring concrete (BT) had the highest total strain, followed by Kurik concrete
(BK) and Malind concrete (BM). The creep strain (g..) could be calculated using Equation



Infrastructures 2022, 7, 134

9 of 17

(2) after the total strain (¢;) and shrinkage strain (&s) were obtained from the measure-
ments.

0.0025

0.0020

0.0015

0.0010

Total Strain, Et

0.0005

0.0000

=—e—=BK | =@=BM | =t=BT

50 100 150 200 250 300 350 400
Loading time (days)

Figure 7. Total strain after sustained loading for 364 days.

Creep is a long-term strain under constant stress which is dependent on time and
will result in additional elastic strain for the concrete [10]. Creep can be estimated using a
creep coefficient ¢« (f), as shown in Equation (3). The creep coefficients obtained from this
research are shown in Figure 8.

cer = Dec.(8) (& ) 3)

Creep measurement for 364 days after loading showed that the creep of Tanah Miring
concrete (BT) was higher than those of Malind concrete (BM) and Kurik concrete (BK).
This result confirms the effect of elasticity modulus on the creep of concrete, in which
concrete with a low elastic modulus has a higher creep strain [2]. This phenomenon was
also seen in Malind concrete and Kurik concrete: Malind concrete that has a smaller mod-
ulus of elasticity to Kurik concrete exhibits a higher creep coefficient than Kurik concrete.

Results from the physical testing (Table 1) show that Tanah Miring sand has a per-
centage of fine grains of 3.4%, which is far higher than the percentages of other sands,
which ranged from 0.3% to 0.6%. It is known that a large number of fine grains can in-
crease concrete creep [19,20]. In addition, Table 1 shows that Kurik concrete has the lowest
mud content, which contributes positively to preventing high creep [20-22].
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Figure 8. Creep coefficient.

Figures 6 and 8 show similar trends in the shrinkage graph and the creep graph. The
similarity between the two graphs confirms the strong relationship between concrete
shrinkage and creep [23,24]. It is also seen in Figure 8 that the creep coefficient increases
rapidly at an early age. However, the creep coefficient is relatively constant without any
large increase in strain after the loading duration reaches 300 days. The rapid creep strain
at an early age gives the potential for creep testing in a short timeframe, and then creep
predictions can be calculated based on the results of the measurement. The definition of
early age is relative, but it can be taken to be approximately 28 days, as shown by a dashed
line in Figure 8, which indicates a reasonable estimate.

4. Discussion
4.1. Creep Prediction Model for Concrete

Creep prediction in concrete has been studied for decades [7,25-31]. Creep prediction
models have even been included in codes of practice [10,31]. However, the existing mod-
els cannot be applied to materials in all areas. Concrete made from Merauke sand, which
has low silica content and high iron oxide content, cannot be well predicted by available
creep models. The existing creep prediction models showed large discrepancies when
they were applied to the concrete specimens in this study. Hence, a modification to exist-
ing models was needed for predicting the creep of concrete made from Merauke sand.

One of the complete creep models is the B3 Model [27,28]. This model takes into con-
sideration many aspects to estimate creep in concrete, including the water—cement ratio,
the cement content, the ratio of aggregate to cement, the compressive strength and elas-
ticity modulus of the concrete, the concrete age and duration of loading, the concrete stress
during loading, the shape and surface area of the concrete and relative humidity. Other
aspects are calculated using the main data. Although the B3 Model has not been able to
accurately model the creep in Merauke concrete, this model is flexible enough to be mod-
ified based on the behaviour of the existing concrete specimens. Hence, modification of
the B3 Model was carried out for estimating creep in Merauke concrete.
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4.2. Modification of the B3 Model

The Bazant-Baweja B3 Model uses a compliance function (¢, to) to reduce the risk of
error due to an inaccurate modulus of elasticity. This model separates the basic creep and
drying shrinkage [25,28]. In this study, the B3 Creep Model was modified to account for
the different properties of sand. One important parameter in the B3 Model is the shrinkage
half-time (7s:) in Equation (4). The shrinkage half-time (7s:) formula in Equation (4) was
modified to Equation (5), in which Kis is a half-shrinkage constant calculated based on the
results of creep measurements at a short duration.

Tsh = 0'085 tc_o'08 fcm28_0'25 [ZkS(V/S)]Z (4)

Tsh = Khs tC—O,OS fcm28_0'25 [st(V/S)]z (5)

where t. is loading time (days), fym2e is the 28-day standard cylinder compressive
strength of concrete, k; is the cross-section shape factor and V/S is the volume-to-sur-
face ratio of the specimens.

The results of this study show that the creep coefficient increases rapidly at an early
age of up to 28 days, as shown in Figure 8. Hence, the creep parameter of shrinkage half-
time (7s1) was studied at 28 days of loading. To take into account the variation in meas-
urement results, the calculation was carried out for 27, 28, and 29 days of age, and then
the average was taken.

The procedure for modifying the B3 Model based on the results of the creep test is as
follows:

a. Calculate compliance function J(t,t,) based on the creep coefficient value @(¢, t,)
from the measurement results and the elasticity modulus of concrete at the beginning
of test, E(t,), using the relationship in Equation (6).

D(t, to) +1
E(to)
b. Calculate the instantaneous compliance g1 and the compliance function for basic
creep Co(t,ty) [28].

c.  Calculate compliance function for drying creep C4(t,to, t.) based on the values of
J(t,ty), qrand Cy(t,ty) using Equation (7).

J(t,to) = (6)

Ca(titg,te) =] (t,tg) —qs—Co(t,tp) 3)

d. Calculate the value of shrinkage half-time (7s:) that meets the value of C4(¢, ¢, t.)

[28].

Figure 9 shows the value of compliance functions J (t, ¢, ), for 27 to 29 days of age,
for concrete made from three types of local sand in Merauke. Tanah Miring concrete (BT)
shows higher compliance function J (t,t,) values compared to other specimens. The
value of compliance function J (t,t, ) were then used to calculate the value of the com-
pliance function for drying creep Cy(t, t,,t.), as shown in Figure 10. It shows that the
compliance function for drying creep C,4(t,to,t.) of Malind concrete (BM) is higher than
those of other specimens.
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Figure 9. Compliance function J (t,t,) at27-29 days of loading.

The calculated values of shrinkage half-time (7s1) are presented in Figure 11, which
shows the variation in shrinkage half-time (7s:) for each specimen. The shrinkage half-time
(tsx) in Table 6 was calculated from the average value of shrinkage half-time (7s:) for each
concrete. In this modified version, the estimation of shrinkage half-time (7s:) in Equation
(4) is expanded to Equation (5) by including the constant Kis as a material property. The
value of Kis can be calculated using the average shrinkage half-time (7s) value in Table 6,

and the results are written in Table 6.
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Figure 11. Shrinkage half-times (t5,) from tests.
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Table 6. Average shrinkage half-times and K.

Concrete Specimens A::laf;iil:;l:sge Coefficient Kus
Kurik concrete (BK) 36,15 0.0089
Malind concrete (BM) 23,33 0,0056
Tanah Miring concrete (BT) 92,67 0,0195

Equation (5) and Table 6 were employed to replace Equation (4) to modify the B3
Model to predict concrete creep. The creep prediction of Merauke concrete and the creep
test data for up to 364 days are presented in Figures 12-14. It can be seen that the modified
B3 Model can estimate the actual creep data better than the original B3 Model. However,
the difference between models and creep data in BT specimens is still obvious. Figure 11
shows that the variation in shrinkage half-time (7s:) values for BT specimens for days 27
to 29 are larger than those for other specimens. Better estimates of creep can be obtained
when the half shrinkage constant (Kis) is calculated with a small variation in shrinkage
half-time (7s) values, as shown for the specimens of BK and BM.

3.0
2.5
- ee0 00000 e e o o e
-°< @
=
< 2.0 o
- an == " i
= - -
:
~ 1.5
S
(-8
]
g 1.0
J
® Measured creep of BK
0.5 - = = B3 Mode
— Modified B3 M ode
0.0

(8]
(9, ]
(==

50 100 150 200 250 300 400

Loading time (days))

Figure 12. Comparison of creep models and measured creep of BK.
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Figure 13. Comparison of creep models and measured creep of BM.
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Figure 14. Comparison of creep models and measured creep of BT.
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5. Conclusions

Shrinkage in concrete is influenced by the physical and chemical properties of the
constituent materials. Concrete made from sand with high water absorption has a greater
shrinkage value than concrete made from sand with low water absorption. Furthermore,
sand with high CaO content is found to produce concrete with a lower shrinkage value.

Creep in concrete is influenced by the physical properties of sand: sand with a high
percentage of fine grains exhibits more creep. In addition, the mud content also affects the
creep in concrete. The results of compressive strength and modulus of elasticity of con-
crete showed that concrete with high compressive strength and a high modulus of elas-
ticity tends to have less creep.

This research shows that concrete made from local sand in Kurik and Malind of Pa-
pua has potential to be used as structural concrete. However, further research is needed
with different mix proportions to reduce creep deformation in the concrete from both
sources.

A concrete creep prediction model has been developed based on the B3 Creep Model
for estimating the creep of concrete made from pit sand. The modification was conducted
by proposing a half-shrinkage constant Kis as a material property. This constant can be
obtained from short-duration creep tests. The creep parameters obtained from this test
can be used to predict concrete creep better. The procedures presented in this paper can
be reproduced for estimating creep on concrete made from local sand in other places.
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