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Abstract. A partially connected piled raft foundation is a new modification for the fully connected or
disconnected piled raft foundation. The characteristics of the connected piles could transfer loads from the
superstructure to the underlying soils. The disconnected piled raft foundation has an effective advantage
for reducing the dynamic motion that is transmitted to the high-rise superstructures. However, the dynamic
behavior of the partially connected piled raft foundation system under a strong earthquake in medium sand
soil has not been thoroughly understood. In this study, the effect of the distribution of piles patterns, number
of connected piles (CP), and number of disconnected piles (DP) through a series of seismic experimental
model tests have been investigated. These tests were performed with 1, 4, 5, and 9 piles under different
static loads. Vertical and horizontal displacements, acceleration, and variation of bending moment of soil
and piles are monitored through the experimental tests. The results showed that increasing the number of
CP compared with DP contributed to an effective way to reduce the horizontal displacement of the piled
raft foundation system. The advantage of DP in resisting seismic loading appears when the number of DP
is more than the number of CP. Due to the structural connection of the raft-pile-soil system, the CP was
subjected to high values of the seismic acceleration and bending moment. The reduction in the bending
moment of DP within the partially connected piles group depended on the number of CP and increasing
the thickness of the cushion layer.

Citation: Karkush, M., Almurshedi, A.D., AlSaadi, K.A., Al-Salakh, A.M.S. Behavior of partially connected
piled raft foundation under seismic loading. Magazine of Civil Engineering. 2024. 2024. 17(4). Article no.
12801. DOI: 10.34910/MCE.128.1

1. Introduction

Among different types of foundations, piled raft foundation has been of great importance to practical
researchers and studies. Heavy building construction on weak soils required the model piled raft foundation
technique [1-4]. According to the connection behavior between pile and raft, connected and disconnected
piled raft foundations are studied which will be responsible about sharing the load to the underlying layers
[5]. Most of the previous works studied the effect of the cushion layer on the behavior of piles under static
loads using experimental modeling. The disconnected piled raft is efficient in reducing the axial stress along
the pile compared with that related to the connected piled raft [6]. Two cushion mechanisms could be
observed through loading, the negative friction for the upper part and positive friction for the lower part of a
pile. The stiffness of the disconnected piled raft foundation system depends on the stiffness of the cushion
layer [7].

The performance of the piled raft system under seismic loading is of great concern to geotechnical
practitioners to avoid probable damage in the piled raft system [3, 4]. Different researchers and studies
explained the behavior of piled raft foundation under large and heavy structures subjected to earthquake

© Karkush, M., Almurshedi, A.D., AlSaadi, K.A., Al-Salakh, A.M.S. 2024. Published by Peter the Great
St. Petersburg Polytechnic University.
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loadings. Earthquake usually creates additional loading situations on the piled raft which need special
attention [1, 8, 9]. In addition, the piled raft foundation becomes an alternative in cases where soil layers
are incapable to carry the applied loads and prevent excessive settlement [10, 11]. Earthquakes or seismic
loading make a complex interaction for the pile-raft-soil-foundation components system. Saadatinezhad et
al. [12] concluded that different factors could affect the response of the disconnected piled raft foundation
such as L/D (slenderness ratio).

Through the centrifuge test was clarified that the disconnected pile located at the edge of the
foundation can reduce the effect of the bending moment under seismic loading. At the same time, it was
explained that one of the limitations of using disconnected piles is that it cannot provide sufficient tensile
force of the raft foundation. On the other side, using a disconnected pile is one of the effective and
economical design factors [13]. According to reference [14], it was concluded that using a connected piled
raft system under increasing the excitation to 0.15 g and 0.32 g compared to 0.05 g will increase the total
settlement of piled raft system by 30 % and 85 %, respectively. Similar to total settlement, differential
settlement increases with increasing excitation. One of the disadvantages of using a fully connected piled
raft foundation is that higher excitation produces higher irregular forces leading to irregular motions resulting
in higher differential settlement.

Rasouli and Fatahi [15] investigated the behavior of disconnected piled raft foundation to protect
high-rise buildings under the effect of the normal fault rapture. In this study, there was a comparison
between connected and disconnected piled raft foundation systems. The results assessed different
parameters such as permanent inter-story drifts, raft displacement, rocking, forces, and bending moments
in piles and raft. As expected from this study, the piles near the hanging wall have not avoided the bending
effect with 0.5 m differential settlement. Also, it experienced a maximum bending moment of about
7.3 MN.m that passed the maximum design bending moment 3 MN.m. The maximum differential settlement
of the raft foundation was 0.292 m that reduced to 0.1 m when the disconnected piled raft foundation had
been used.

From the literature data, it can be established that the provision of the partially connected piled raft
foundation system reduces the vertical settlement for disconnected piles and increases the vertical
settlement and reduces the horizontal settlement for connected piles. It was observed also that the highest
value of bending moment for connected one and lowest value for disconnected one at the top part of piles
head below the cushion layer. Only a very few studies deal with partially connected piles. Therefore, it is
essential to evaluate partially connected piled raft foundation systems under seismic loading with different
parameters such as thickness of cushion layer, no. of piles, L/D ratio for connected piles, and different
distribution patterns of piles. The covered dynamic response parameters include vertical settlement of the
foundation, horizontal displacement of the foundation, acceleration distribution inside the soil media, and a
bending moment of piles for different cases.

2. Methods and Materials
2.1.Earthquake Loading System

To simulate the earthquake loading in the laboratory, there are several techniques and methods, one
of them being using a shaking table. The shaking table is essential laboratory equipment that simulates the
loading that occurs during dynamic excitation as in an earthquake [16]. In this study, the uniaxial sinusoidal
motion was adopted by applying a suitable frequency using a shaking table device shown in Fig. 1. The
dimension of the shaking plate is 1 x 1 m and 1 ton loading capacity. According to [17], the scale factors
are important to select the suitable dimensions of experimental modeling. The motion was executed by
using a 3-phase electrical motor connected to a mechanical gearbox to change the rotating direction, and
regulate the motor speed and this motor was also connected to an AC-drive regulator. The motor operated
to make a slow-motion rotation, then the gearbox operated the motion arm. Many options could be changed
such as minimum, maximum, fixed, acceleration, and deceleration frequencies. All these factors affect the
motion type and behavior, the range of available frequency is 0-20 Hz. In addition to the AC drive, there
were time governor and protection devices shown in Fig. 1 by which the shaking time could be selected
and the emergency circumstances could be avoided.
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Figure 1. Shaking table and soil box with complete setup.

2.2.Recording Data and Instrumentation

To adjust the exact applied acceleration magnitude a calibration process must be done, this process
was executed as follows: for a specific period, the number of back-and-forth cycles was recorded and
compared with the results of the software, the result of the software was the acceleration obtained by
changing the velocity speed of the motion as shown in Fig. 2. Thus, for a specific value of velocity, it is easy
to select the correct number value of the acceleration in the software. The applied value of acceleration
was selected and compared with the data from El Centro earthquake history. These data were calibrated
using an accelerometer (Acc1) fixed on the base plate of the model after filling the steel model box with
soil. Fig. 3 illustrates the calibration results of the applied speed of the electrical motor and the resulting
acceleration. Different sensors were used in this study to get the actual behavior of a partially connected
piled raft foundation system. These sensors were: 5 accelerometers, 3 strain gauges along each pile length
to calculate bending moments values, and 3 LVDTs to calculate the horizontal, vertical, and base
displacements.
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Figure 2. The calibration of motor speed (rpm) and acceleration.
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Figure 3. Time history of the applied acceleration on the base of the model compared with El
Centro earthquake.

2.3. Materials
2.3.1. Bed Soil

The bed soil used in the model was dry sand obtained from Al-Najaf city (Irag). A summary of the
test results with standard specifications are presented in Table 1. According to the grain size distribution
results, it can be seen that the sand consists of fine grains. This sand is categorized as poorly graded sand
(SP) according to the Unified Soil Classification System (USCS), while the cushion layer soil is classified
as well-graded sand soil (SW).

Table 1. Laboratory tests for model and cushion sand soil.

Value (Cushion Value

Property Standard soil) (Model soil)

Specific gravity ASTM D854 2.68 2.64

Maximum dry unit weight (kN/m?) ASTM D4253 18.65 17.20

Minimum dry unit weight (kN/m?3) ASTM D4254 14.45 13.89

Experimental dry unit weight (kN/m3) (at Dr =50%) ~  --—-- 16.28 15.36
D1o (mm) 0.13 0.5

D3so (mm) 0.44 0.65

Deso (mm) ASTM D422 1.18 0.76

Coefficient of uniformity (Cu) 9.07 1.52
Coefficient of curvature (Cc) 1.26 1.1
Angle of internal friction (&) (Direct shear test) ASTM D3080 354 29

2.3.2. Pile and Raft Models

The pile model used in the current study was made of aluminum alloy and had a hollow square cross-
section of 14 mm outside dimension and a wall thickness of 1.5 mm. The embedded pile length was
350 mm used to model the disconnected pile and 370 mm to model the connected pile. For connected piled
raft model tests a bolt of diameter 10 mm and 30 mm long was provided at the top head of each pile to fix
the piles with raft and fastened with a nut. While the piles end was closed with a square aluminum piece of
side dimension 14 mm and 2 mm thickness. A square steel plate, of side dimensions (210 x 210) mm and
a thickness of 10 mm was used as a raft. The values of the poison’s ratio and modulus of elasticity for soil,
raft, and piles are displayed in Table 2.

Table 2. Mechanical properties for soil, pile, and raft foundation.

Property Name Soil Pile Raft
Poisson’s ratio, v 0.31 0.28 0.31
Modulus of elasticity, E (MPa) 12.3 4.8 x 10* 2.3 x 105
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2.4. Tests Preparation and Procedure

To reconstitute or prepare the sand samples for experimental model tests, several ways were used
such as raining, vibration, or tamping. In general, to provide relatively homogenous sand samples and to
get the required relative density, the raining procedure is considered the best among these ways. Many
trials were performed to draw a relationship between the falling height and the corresponding dry density
as shown in Fig. 4. From the curve, it is clear that the falling height should be about 20 cm to get the
required dry density of 16.28 kN/m?3 for bedding soil in the physical model and 10 cm to get the density of
15.36 kN/m3 for the soil of cushion layer. Fig. 5 shows the raining of bedding soil used in this study. The
raining technique used in this work consisted of a steel hopper of height 45 cm with a valve at the bottom
to control sand raining manually. A sieve of 4.75 mm opening size is attached to the bottom of the funnel
and connected to the hopper by a plastic joint to distribute the sand uniformly as shown in Fig. 5. The inside
walls of the container were divided into 6 intervals, each of 15 cm thickness, to ensure that the desired dry
density was obtained properly. To produce a homogenous sample overall in the container, the required
quantity of sand for each layer was weighted such that the designed dry density could be obtained. For
conditions of connected and disconnected piled raft model tests, a template provided by the steel mesh
method was used. Piles were tied with the steel mesh placed previously inside the container by the plastic
tie as shown in Fig. 5. The steel mesh was lifted up when the level of raining sand reached it.

18

17 A

Unit weight (kN/m3)
>

15

14

0 100 200 300 400 500 600 700 800
Distance from sieve to sand soil surface (mm)

Figure 4. The relationship between the height of falling and the dry density of sand.

Figure 5. Raining tool and positions of the piles within steel mesh.

Several conditions of piles with raft were studied in this work to show the effects of partially connected
piles on the behavior of building foundation under seismic loading. The proposed technique of partially
connected piles mixes the advantages of both connected piled raft systems and disconnected piled raft
systems. The studied patterns are shown in Fig. 6. The notations used in Fig. 6 are defined in Table 3.
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Figure 6. Patterns of piles and raft studied in this work.

The total settlement (horizontal and vertical) of the raft resulting from earthquake excitation was
measured using LVDTs connected to the raft model supported on the shaking table. This variation was
studied for single and group piles conditions under different static loads. Table 3 shows the details and
notifications of conducted experimental tests. The loading was applied on the piles in two stages, the first
stage referred to the vertical static axial load on the raft-pile surface with different values depending on the
calculated ultimate capacity of the foundation as a guide. During the second stage the horizontal seismic
load was applied with constant static loads.

Table 3. Details and notations of the conducted experimental tests.

Test No. of dis- No. of Max vertical Static
No Symbol Details connected connected displacement load
) piles (D) piles (C)  failure ratio (5+) (kg)
1 RFO Raft foundation only 1.06D 21.69
2 37cmV*or H** 1 pile L/D1=23.41 1.04D
3 1C 39cmV or H L/D2=24.68 e 1 0.87D 2.41
4 41cmV or H connected L/D3=25.94 0.81D
5 1D C2cmVorH 1 pile Cushion 2cm 1 o 0.94D 241
6 CécmV or H disconnected Cushion 6cm 0.945D :
7 1stP***V orH 2 piles connected Cush!on Zem 0.3D
8 : Cushion 6cm 0.7D
9 2C2b — . 2 piles Cushion 2cm 2 2 0.15D 9.64
10 2ndP****V or H disconnected Cushion 6om 0.67D
11 C2cmV or H 1 pile connected  Cushion 2cm 0.52D
12 1C4D CécmV or H . 4 piles Cushion 6cm 4 L 0.31D 12.05
disconnected
13 C2cmVorH 4 piles connected Cushion 2cm 0.33D
14 4c1D CécmV or H . 1 pile Cushion 6cm L 4 0.41D 12.05
disconnected
15 C2cmVorH 3 piles Connected Cushion 2cm 047D
16 3C6DH CécmV or H 6 piles Cushion 6cm 6 8 . 21.69
Disconnected 0.38D
17 C2cmVorH 6 piles Connected Cushion 2cm 0.35D
6C3DV 3 piles . 3 6 21.69
18 CécmV or H Disconnected Cushion 6cm 0.30D
19 C2cmVorH 6 piles Connected Cushion 2cm 3 6 0.59D
20 9CDH  ceemvorH 3 piles Cushion 6cm 3 6 0.79D 21.69

Disconnected
V*— Vertical displacement, H*— Horizontal displacement, V — Vertical distribution of piles, H — Horizontal distribution of
piles, 1stP***—First pattern, 2ndP****~second pattern.

3. Results and Discussion

Fig. 7-12 show the variation of raft settlement with time for a different number of piles (1, 4, 5, and
9) in the piled raft system. Fig. 7 shows that the maximum vertical displacement of the raft foundation
without piles is 16.76 mm under 21.69 kg as static building load. Increasing in length to diameter ratio of
piles from 23.41 to 24.68 and 25.94 mm decreases the displacement amplitude of the piled-raft system by
19.83 % and 22.59 %, respectively. This reduction is related to the effect of the shaft and lateral resistance
of piles. Using of disconnected piled raft produced good stability and resistance for vertical displacement
till 15-20 sec from the start of the effect of earthquake excitation as shown in Fig. 8. Using one disconnected
pile instead of one connected pile and increasing the thickness of the cushion layer from 2 to 6 cm had a
small effect in reducing the vertical displacement. Fig. 9 shows the benefit of using 2C2D1stP instead of
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2C2D2ndP by dropping the vertical displacement with 2 cm cushion layer from 4.85 to 2.47 mm. For 6 cm
cushion thickness, the displacement was dropped from 11.13 to 10.57 mm. Generally, using of 6 cm
cushion thickness is useless to reduce the displacement. 1C4D1stP with 6 cm cushion layer reduced the
vertical settlement compared with using 1C4D1stP with 2 cm cushion layer from 8.29 to 4.84 mm. In the
same time, the results of 4C1D2ndP for 2 cm and 6 cm cushion layers were equivalent. From these results,
it could be concluded that increasing the number of connected piles within a well-compacted cushion layer
increases the vertical displacement.

The variation of vertical displacement with time for the pattern of five piles is shown in Figto 10, the
vertical displacement was reduced from 8.29 to 5.33 mm when the patterns were changed from 1C4D to
4C1D with 2 cm cushion layer respectively. Increasing the thickness of the cushion layer to 6 cm was not
efficient in reducing the vertical displacement of the foundation system. It can confirm for the 9 piles
condition that increasing the numbers of connected piles compared with disconnected piles could increase
the vertical displacement. This appeared clearly by reducing the displacement from 9.38 to 7.52 mm with
changing the pattern from 6C3DH to 3C6DH with 2 cm cushion layer, respectively. Increasing the thickness
of the cushion layer to 6 cm slightly affected the vertical displacement of 3C6DV and 6C3DV due to the
seizing of the connected piles to the cushion material on the top of the disconnected piles. According to
Fig. 11, by increasing the thickness of the cushion layer from 2 to 6 cm, the maximum vertical displacement
was reduced from 5.60 to 4.83 mm for the pattern 6C3DV. Also, the maximum vertical displacement of
3C6DV decreased from 7.52 to 6.04 mm by increasing the thickness of the cushion layer from 2 to 6 cm.
This reduction in displacement could be attributed to the role of the 6 disconnected piles in the same
direction of earthquake vibration. Fig. 12 illustrates the variation of the maximum displacement for all
patterns as discussed in Figs. 7—11. Also, in Table 3, the maximum vertical displacement failure ratio (&rf)
compared with the equivalent diameter of the pile (D) is displayed for each test.

Time (sec)
0 5 10 15 20 25 30 35 40

0

2 1 ——RFO
4
6 -
-8 -
-10 A
12

14 4

Vertical displacement (mm)

-16 4

-18

Figure 7. Variation of vertical displacement time for raft foundation only (RFO).
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Figure 8. Variation of vertical displacement time for the system of one connected and one
disconnected piled-raft.
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Figure 11. Variation of vertical displacement time for 3 disconnected, 6 connected,

disconnected piled-raft systems.
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Figure 12. Variation of maximum vertical displacement for tested models.

Fig. 13—15 show the variation of the horizontal displacements measured at the raft foundation with
time for several tested models. Increasing the number of connected piles compared with the number of
disconnected piles increased the overall stiffness of the piled raft foundation system [12]. The lowest
negative and positive horizontal displacements are 22.813 and 38.598 mm measured for the soil model
6C3DV with cushions 2 cm and 6 cm thickness, respectively. It can also be seen that the highest value of
the horizontal displacement was 78.372 mm for 3C6DH with a cushion of 6 cm thickness. Generally, the
small number of connected piles causes less stiffness as mentioned above. The summary of the lowest
and highest horizontal displacements for all patterns of tested models is displayed in Fig. 16.
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Figure 13. Variation of horizontal displacement with a time of 1st and 2nd patterns of 2 connected
and 2 disconnected piled-raft systems.
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Figure 14. Variation of horizontal displacement with a time of 1 disconnected, 4 connected, and 1
connected, 4 disconnected piled-raft systems.
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Figure 15. Variation of horizontal displacement with a time of 3 disconnected, 6 connected,
and 3 connected, 6 disconnected piled-raft systems.
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Figure 16. Maximum and minimum horizontal displacements for all patterns of tested models.

The bending moment caused in the piles depends on the pile’s connection with the raft foundation,
cushion thickness, and locations of the piles within the raft foundation. The profiles of bending moment
along the pile length due to earthquake loading for one connected (CP) and one disconnected pile (DP) are
clarified in Fig. 17 and 18. It is observed with a strong earthquake (0.35 g), the maximum bending moment
occurred at the middle and top of the connected piles. In this study, the maximum bending moment
increased when the length of the CP increased. The maximum bending moments were — 425, — 460, and
— 486.68 N.mm for pile lengths of 37, 39, and 41 cm, respectively. The maximum bending moment was
observed in the top part of the connected pile due to fixed-free ends, on the contrary, when the cushion
thickness increased from 2 to 6 cm, the maximum bending moment had changed from + 335.76 N.mm to
+ 184.54 N.mm. All the maximum bending moments occurred at the top-middle part of the DP due to free-
free ends at the top-tip ends respectively. For the pattern 2C2D, the highest reduction in the maximum
bending moment was achieved when the pattern 2C2D2ndPC2cm had been used and the lowest reduction
was achieved when the pattern 2C2D2ndPC6cm had been used as indicated in Fig. 18. This is more
prominent for DP with a higher thickness of the cushion layer, where the stiffness of DP decreases the
overall stiffness of the foundation-pile system.

For two patterns 1C4D and 4C1D, in Fig. 19, the bending moment of the CP (center) in the pattern
1C4DC6cm was less than the bending moment of the CP (center) in the pattern 1C4DC2cm. Also, the
bending moment of the DP (corner) in the pattern 1C4DC2cm proved to be more bending compared with
the DP (corner) in the pattern 1C4DC6cm. With increasing the number of the connected piles, it can be
observed that the bending moment increased from + 403.63 N.mm to — 558.35 N.mm for the CP (corner)
and it decreased from +105.69 N.mm to — 83.106 N.mm for the DP (center). This observation can be
pronounced as a “shadowing phenomenon”. This phenomenon is used to contract the effect of the
interaction of the inner piles compare with the outer piles of the pile group under static or dynamic loads.
As an important factor in the design of a partially connected piled raft foundation, the location and number
of the connected pile’s CP can be considered for the patterns 3C6DH, 6C3DH, and 3C6DH. As displayed
in Fig. 20, in the pattern 3C6DH, the number of CP is less than the number of DP, and the CP (center)
shows more bending moment than the CP (edge). On the contrary, the DP (edge) shows more bending
moments than the DP (center). Here, the effect of shadow phenomena has more effect on disconnected
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piles compared with connected piles depending on the number of piles. For the pattern 6C3DH, the number
of CP is more than the number of DP, therefore increasing the number of connected piles will increase the
stiffness of the system. In this pattern, the bending moment of the CP (edge) is more than the bending
moment of the CP (corner). In the patterns 6C3DHC2cm and 6C3DHC6cm, the DP (center) sustained a
small bending moment due to the shadow effect of the surrounding connected piles. For the last patterns
6C3DVC2cm and 6C3DVC6cm, the CP (edge) and CP (corner) show the highest values of the maximum
bending moment. As expected, the DP (center) appeared the least values of the bending moment for the
same reason as the pattern 6C3DH. It is preferable to mention here, for the DP, during a strong earthquake,
must be compared between the destructive and designed bending moment. It is necessary to prepare
suitable reinforcement according to the arrangement of the DP in the group.
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Figure 17. Variation of bending moment with the depth of pile for the single pile patterns
(connected and disconnected).
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Figure 18. Variation of bending moment with the depth of pile for 2C2D1stP and 2C2D2ndP
patterns (connected and disconnected).

Bending moment (N.mm)
-600 -400 -200 0 200 400 600 800 1000
0 -

——1C4DC2cm (CP)
1C4DC2cm (DP)
1C4DC6cm (CP)
1C4DC6cm (DP)
4C1DC2cm (CP)
4C1DC2cm (DP)

——4C1DC6cm (CP)

——4C1DC6cm (DP)

Depth of pile (cm)

Figure 19. Variation of maximum bending moment with the depth of pile for 4C1D and 1C4D
patterns (connected and disconnected) piles.
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Figure 20. Variation of maximum bending moment with the depth of pile for 3C6DH, 6C3DH, and
6C3DV patterns (connected and disconnected) with RFO.

The acceleration induced by earthquake input motions on the base of the shaking table (Acc1) and
within soil layer strata were measured using three digital accelerometers: Acc4 at a depth of 20 cm, Acc5
at a depth of 30 cm, one accelerometer at a cushion layer (Acc3). Also, additional accelerometer was
placed on the top of the foundation surface (Acc2). The experimental results of the acceleration variation
along the pile depth are presented in Fig. 21-24. For the single pile condition as shown in Fig. 21, the
applied acceleration on the base of the shaking model is ranged from 0.31 to 0.38 g. For the CP, the model
1C39cm is recognized as the lowest value of acceleration 0.34 g on the top surface of the foundation.
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Figure 21. Variation of acceleration with the depth of pile for single pile patterns (connected and
disconnected) compares with RFO.
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Figure 22. Variation of acceleration with the depth of pile for 2C2D1stP and 2C2D2ndP patterns
(connected and disconnected) piles compared with RFO.
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The DP 1DC6cm is recognized as the highest value of acceleration 0.544 g. Increasing the thickness
of the cushion increased the stiffness of the system, which caused an increase in the value of the
acceleration through the cushion layer. For DP conditions, the seismic response of the DP raft foundation
system decreased the acceleration as the thickness of the cushion layer increases. This is due to the de-
amplification of the raft motion to the free-field ground response. Here, two behaviors of the raft foundation
(sliding and kinematic behavior) were observed [18-25]. As shown in Fig. 21 and 22, the seismic
acceleration response below the soil depth of 30 cm is less than the acceleration at depth of 20 cm below
the soil surface due to the effect of soil pressure. The pattern 2C2D2ndPC6cm showed the highest
acceleration on the top of the foundation. At the same time, the pattern 2C2D1sPC6cm with the same
cushion thickness had the same acceleration 0.589 g through the cushion and top surface of the foundation.

For the five piles patterns, it is observed from Fig. 23, the reduction in the seismic response
(acceleration effect) of the raft (Acc3) for the pattern 1C4D with a cushion thickness of 2 cm and less
reduction with cushion thickness of 6 cm. During a strong earthquake (peak ground acceleration of more
than 0.35 g), the main reason to reduce the acceleration of the raft foundation is due to the kinematic
interaction than due to the sliding behavior of the raft foundation. The patterns 1C4D and 4C1D with a
cushion thickness of 6 cm showed less variation between the acceleration of the cushion layer and raft
foundation surface. For the nine pile patterns, as shown in Fig. 24, the results were in reasonable
agreement. It is confirmed that, when the number of connected piles was more than the number of
disconnected piles in the system, there was less variation between the acceleration recorded in the cushion
and raft foundation surface. This variation also depended on the cushion thickness. The higher thickness
of the cushion layer showed more reduction as noted with the patterns 6C3DH and 6C3DV. The pattern
3C6DHC2cm displayed the lowest value of acceleration in the cushion layer. The pattern 6C3DVC2cm
displayed the lowest value of acceleration on the surface of the raft foundation. This is due to a straight
relationship between the thickness of the cushion layer and the stiffness that relates to the number of
connected piles.

Maximum Acceleration (g)

0.2 0.3 0.4 05 0.6 0.7 0.8

° \

|

20 >

/ﬂ_'
_ A7 ——RFO
§ 40 1C4DC2cm
s 4C1DC2cm
§- 60 1C4DC6cm
4C1DC6cm
&
100

Figure 23. Variation of acceleration with the depth of pile for 4C1D and 1C4D patterns (connected
and disconnected) piles with RFO.
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Figure 24. Variation of acceleration with the depth of pile for 3C6DH, 6C3DH, and 6C3DV patterns
(connected and disconnected) piles.
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4. Conclusions

In this study, the seismic response of the partially connected single and a group of piles under

different static loads was evaluated using shaking table centrifuge tests. An experimental model was
designed to depend on a virtual prototype dimension. Single and groups of 1, 4, 5, and 9 piles under
different patterns for connected and disconnected piles were made from aluminum material. Two
thicknesses of cushion layer were used in this study. Earthquake model tests were conducted by calibration
depending on data of peak ground acceleration (0.35 g) of El Centro earthquake. Based on the results of
the horizontal and vertical displacements, and acceleration of the piled raft foundation system with the
seismic bending moment analyses, the following findings and observations were summarized:

e The DP as a single pile or group of piles can appear with less seismic acceleration and
bending moment during strong earthquakes. Due to the structural connection of the
foundation-pile-soil system, the CP appeared high values of the seismic acceleration and
bending moment.

e The connection between the pile’s head and the raft foundation was controlling the values
of the bending moment. The CP appeared a larger bending moment at the top of the pile
while the DP always appeared the maximum bending moment at the mid part of the pile
length within partially connected piles. This is depending on the structural connection for
each pile, whether it is fixed-free or free-free ends. For single DP conditions, increasing the
cushion thickness reduced the variation of the bending moment. For single CP conditions,
increasing the length of the pile increased the variation of the bending moment. The
reduction in the bending moment of the DP within the partially connected piles group
depended on the number of CP within partially connected piles group when the thickness of
the cushion layer was increased. The CP in the center and corner had larger bending
moments for the patterns 1C4D and 4C1D, respectively. For the pattern 3C6DH, the CP in
the center had a larger bending moment than the CP in the edge. On the contrary for the
same pattern, the DP in the edge had a larger bending moment than the DP in the corner.
The DP in the center and edge and the CP in the corner and edge of the pattern 6C3DH
showed less difference in the peak bending moment. Also, The CP in the edge and corner
presented little difference from the pattern 6C3DV.

e Using a raft foundation only presented a high value of vertical displacement. Increasing the
length of a single connected pile decreased the vertical displacement. When the number of
connected piles is equal to disconnected piles, increasing the cushion thickness is useless.
The advantages of DP for seismic design are concluded in foundation behavior when the
number of disconnected piles is more than the number of connected piles.

e The pattern 2C2D2ndP showed less variation in the horizontal movement. For the other
patterns, increasing the number of connected piles compared with disconnected piles
contributed as an effective way to reduce the horizontal variation of the piled raft foundation
system.
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Abstract. The article presents comparative calculations of reinforced concrete beams using two types of
beam finite elements: with three and five nodal degrees of freedom. Calculations were performed both
taking into account the concrete and reinforcement physical nonlinearity, and without taking it into account.
The expressions for stiffness matrix elements and the load vector were obtained for the finite element with
five nodal degrees of freedom. Calculations taking into account physical nonlinearity were performed using
the variable elasticity parameters method. As a structure for comparing solutions obtained by the two types
of finite elements, a single-span clamped horizontal and inclined reinforced concrete beam were used. The
accuracy of calculating beam axis deformations and curvature depending on the number and type of finite
elements was assessed. It was shown that when performing linear calculations, bending moments,
longitudinal forces and displacements do not depend on the number of finite elements with five degrees of
freedom into which the beam had been divided. When solving physically nonlinear problems, if we refine
the finite element mesh, the solutions obtained for elements with three degrees of freedom tend to the
solutions obtained for a smaller number of elements with five degrees of freedom. The proposed beam
finite element with five nodal degrees of freedom makes it possible to determine more accurately the axis
curvature and deformation, which is especially important when solving physically nonlinear problems.

Citation: Tyukalov, Yu.Ya. The beam finite element with five degrees of node’s freedoms. Magazine of
Civil Engineering. 2024. 17(4). Article no. 12802. DOI: 10.34910/MCE.128.2

1. Introduction

The bending beams, compressed-bending and tensile rods are widely used in the building structures
for various purposes. A large number of scientific articles are devoted to the use of finite element method
(FEM) for calculation of such structures.

In [1], to calculate the beams on an elastic foundation, a finite element with three degrees of freedom
at the nodes was used. The article notes the simplicity of the mathematical apparatus and the clarity of the
diagram, which make the simplified FEM under consideration very flexible and allow us to solve the basic
problems of calculating beams on an elastic foundation and other problems.

Article [2] is devoted to the three-dimensional nonlinear finite element analysis of inflatable beams.
The beams under consideration are made of modern textile materials and, when inflated, can be used as
load-bearing beams or arches. A three-noded spatial element was used, which has five degrees of each
node freedom: an axial displacement along the beam element local axis, two transverse displacements
along the two main axes, and two rotation angles. It was shown that the beam models had been in good
agreement with the nonlinear thin-shell model.

In [3], the study develops a finite element formulation for the distortional buckling of I-beams. The
formulation characterizes the distribution of the lateral displacement along the web height by superposing
(a) two linear modes intended to capture classical non-distortional lateral-torsional behavior and (b) any

© Tyukalov, Yu.Ya., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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number of user-specified Fourier terms intended to capture additional web distortion. All displacement fields
characterizing the lateral displacements are taken to follow a cubic distribution in the longitudinal direction.

Currently, volumetric finite elements are often used to study reinforced concrete bars. In [4, 5], a
reinforced concrete beam is modeled using volumetric finite elements, taking into account the possible
slipping of reinforcing bars and fibers. Based on the results of the study, recommendations were made on
the reinforcement anchorage length.

In [6], a curved beam three-node finite element with nine degrees of freedom at each node was used
to model multilayer beams with an arbitrary cross-section. It was noted that the numerical results indicate
the effectiveness of the proposed contact solution to problems entailing various contact configurations.

Article [7] presents the formulation of strain-based finite elements for modelling composite beams
with finger joints considering slip between the layers. The finite elements were derived in accordance with
Reissner beam theory based on the modified virtual work principle where the displacements and rotations
had been eliminated from the problem and axial deformation, shear deformation and curvature of the layers
remain only functions to be approximated within the finite element. It was noted that the numerical model
had been thoroughly tested and the results had shown that the presented finite element formulation had
been an efficient tool for practical calculations.

Article [8] was devoted to the modeling of the nonlinear behavior of reinforced concrete structures
subject to transverse shear or torsion under monotonic and cyclic loading. The fiber beam element
approach was improved for shear effects. The 3D beam element was improved by adding an additional
degree of freedom, which represented the deformation displacements of the cross-section. The element
formulation was verified using an analytical solution for transverse shear, and 3D simulations of beams
subject to shear and torsion.

Article [9] presents a new finite element formulation for the nonlinear analysis of two-layer composite
planar frames with an interlayer slip. For each layer the geometrically nonlinear Reissner beam theory was
assumed. As shown in one of the numerical examples, the use of the geometrically linear theory instead of
the nonlinear one can lead to an error in determining the axial forces and bending moments in each layer
as big as 20-80 %.

To calculate reinforced concrete and steel concrete beams taking into account physical nonlinearity,
volumetric finite elements are often used [10-13]. A simply supported concrete fiber-reinforced beam was
modeled using nonlinear volumetric eight-node finite elements in [10]. The work made an important
conclusion: the presence of some fiber type in mortars can reduce compressive and flexural strength. This
can be attributed to several factors: a decrease in the density of specimens, weak interfacial adhesion and
negatively affected cement hydration, etc.

The principal purpose of [14] was to compare three different ways of determination of critical moment,
also in the context of structural sensitivity analysis with respect to the structural element length. Sensitivity
gradients were determined using the analytical solution, the finite difference and the finite element methods.
The most important conclusion drawn from the computational analysis carried out in this paper was good
agreement of all available methods, i.e., analytical methods, finite difference, and finite element methods,
to determine the critical moment in thin-walled single-span structures.

Article [15] presents numerical and experimental studies of T-shaped reinforced concrete beams.

The various finite elements types were used to model the performance of box girder bridges [16—18].
Article [16] formulated a novel one-dimensional refined beam FEM that takes into account non-uniform
distortional warping and secondary distortional moment deformation effect to analyze the deformation of
thin-walled multi-cell box beams. This finite element was based on an extended version of generalized
Vlasov’s thin-walled beam theory. The proposed one-dimensional beam elements demonstrated desirable
predictions for the deformation behavior of thin-walled single- or multi-cell box beams with constant or
variable depth. The accuracy and reliability of these predictions were compared to shell finite element
calculations.

Article [19] for the multilayer beams analysis proposes a finite element based on nonlinear Reissner
beam theory. The connection between the layers was specified by an arbitrary function of the stiffness of
springs, continuously distributed along the element length. The displacement field on which the stiffness
function depends upon was expressed in a local, deformed basis. The large movements and rotations were
taken into account. Distributed force which resulted from the interaction between layers, was included in
the governing equations to avoid the need for additional interface elements and to integrate the equations
using a single numerical method. The predicted deflection curve of each beam was compared to its
experimental counterpart over the entire load range up to failure, and the two curves were found to be in
reasonable agreement. A distinctive feature of the present analysis is that it captures not only the onset
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and propagation of the delamination process, but also the total post-peak load or softening response of
each beam.

Article [20] studied beam finite elements that use absolute nodal coordinates to express
deformations. Such finite elements use strain gradient components rather than rotational degrees of
freedom, resulting in a consistent and constant mass matrix. The article noted that most of the considered
methods for eliminating locking gave the expected results compared to classical finite elements.

Article [21] presented a method for determining all six stress components for a cantilever-type beam
that was subjected to concentrated end loads. The method considered an inhomogeneous cross-section
and used the cylindrically orthotropic properties of the material. The solution was based on a displacement
field formulation that includes unknown in-plane distortion and warping functions. A simple FEM procedure
was then used. The efficacy of the method was confirmed by a series of numerical examples corresponding
to the analytical results.

Article [22] addresses contact problems associated with large deformations of curved beams. Noted,
the contact was difficult to analyze due to uncertainty of the contact positions and strong nonlinearity. A
new adaptive differential quadrature element method was proposed to predict the contact positions of a
curved beam with a finite number of contact points. The simulation results showed that the proposed
element method significantly improved the efficiency and accuracy of solving the curved beam large-
deformation contact problem.

Article [23] proposes a general procedure of actions aimed at increasing the seismic resistance of
the foundations of turbine units. Implementation of the proposed methodology was carried out on a specific
example of a vibroisolated foundation: the dependences of seismic accelerations and displacements were
obtained for different variants of seismic isolation.

The beam finite elements are often used for the analysis of various multilayer’s types [24-26] and
multi-stage beams [27]. Article [24] presents a beam finite element for modal analysis of a double symmetric
cross-section made of a functionally graded material. The material properties in a real beam can vary
continuously in longitudinal direction, while the variation with respect to the transversal and lateral directions
was assumed to be symmetric in a continuous or discontinuous manner. The influence of shear force
deformation was taken into account, as well as the influence of longitudinally varying inertia and rotational
inertia.

Article [28] aims to study the influences of the viscoelastic and anisotropic properties of a material
on the dynamical behavior of the plate. For the first time, an integral model is used to consider the
viscoelastic properties of materials of an anisotropic structure. The integral mode correctly describes the
rheological processes occurring in the studied structure during the entire time. The presented mathematical
model makes it possible to obtain sufficiently accurate solutions that are well combined with experimental
results.

Articles [29-31] presented finite elements constructed based on the stress’s approximations. The
solutions were based on the additional energy functional, to which algebraic equilibrium equations were
added using Lagrange multipliers. The stresses or forces can be approximated over the finite element
domain by constant or piecewise constant functions. In [32], a beam finite element with five degrees of
freedom was proposed to solve problems of beam systems stability. A deformation and axis curvature were
added to the standard nodal degrees of freedom. These works show that such finite element makes it
possible to more accurately determine critical forces with minimum finite elements number.

A number of works present beam finite elements for the calculation of composite steel-concrete [33]
and wood, in combination with a steel profile [34], structures. In papers, the comparison of solutions with
experimental results was presented. The finite elemental analysis was also used for the design of laminated
timber beams [35, 36]. The works examine the bending and shear stiffness of wooden beams with a
composite cross-section. The tests of wooden samples and beams were carried out. A comparison was
made between the experimental data and the finite element analysis results.

The purpose of current work is to perform comparative calculations of reinforced concrete beams
using beam finite elements of two types: with three and five degrees of freedom at the node. The
calculations must be performed both taking into account the physical nonlinearity of concrete and
reinforcement, and without taking it into account. It assumes to evaluate the accuracy of calculating
deformations and curvature of the beam axis depending on the number and finite elements type, as well
as the accuracy of calculating stresses in reinforcing bars in the process of increasing the load until failure.
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2. Methods

When solving structural mechanics problems using FEM, taking into account physical nonlinearity,
the importance of determining deformations accuracy in the finite element region increases. The more
accurately the deformations are calculated, the more accurately the stiffness finite elements parameters
will be determined, and the more accurately the stresses and displacements will be determined.

N 2
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Figure 1. Variants of a rod finite element nodal unknowns.
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In the standard rod finite element (Fig. 1a), the following polynomials are used to approximate the
displacement fields:

w(x) =Ny (x)wy + Ny (x) @ + N3 (x) wy + Ny (x) 9y

Ny (x)==x[ (/1) 1T, Na(x) === (x/1)} = /1|
Ns(x)=1-x/1, Ng(x)=x/I.

The deformations at any point in the finite element cross-section are determined by the deformation
of the neutral axis €, and the axis curvature value Y, :

o0 (3) =2 = (- +10) 1
() =22 < S axt) 1 - 2[(390) 2o - o

6

5 (2x/l)—1] w, —%[(3’5/1)_1]@2‘

Thus, the neutral axis deformations are constant along the finite element length, and the axis
curvature changes linearly. The axis curvature value at the beginning or end of an element depends on the
displacement and rotation angle of the opposite node. Therefore, it is obvious that during the transition from
one finite element to another, at the nodal point the deformations can undergo a discontinuity, both due to

a jump in the axis deformation €, and due to a discontinuity in the axis curvature value . Below we will

give numerical examples illustrating discontinuities in the deformation fields at the nodal points of the finite
element mesh.

In [32], to solve rod systems stability problems, a finite element with five degrees of nodal freedom
was proposed (Fig. 1b). To approximate transverse displacements a fifth-degree polynomial was used, and
for longitudinal displacements a third-degree polynomial was used. The deformation of the neutral axis and
curvature were taken as additional unknowns at the nodes. Thus, if necessary, the deformations continuity
at nodal points is ensured.

The functions of a finite element transverse and longitudinal displacements are determined by
expressions (3-5):

w(x)=H, (x)w +H, (x) @y + Hy (x) 5 + Hy (X) Wy + Hs (x) 9y + Hg (x) 2

u(x)=H7 (X)u1+H8 (x)81+H9 (x)u2+]-[10(x)82_ (3)
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Hy(x)=1-10(x/1)’ +15(x/1)* = 6(x/1)’;
1 (x) =1 xf1=6(x/1)* +8 (/1) =3(x1)* |

Hy (x) zg[(x/l)z =3(af1) 43 (/1) ~(x/1)° |

Hy(x)=10(x/1)* =15(x/1)* +6(x/1); (4)
s () =1[-4(/1) +7 ()" =3(a11)° |
He(x) = 122 (/1) =2(f1)* + (1) |

Hy (x)=1-3(x/1)" +2(x/1)*;

Hg(x)=1 [x/l—Z(x/l)z—i-(x/l)q; .

Ho (x)=3(x/1)" ~2(x/1)’;
Hio (x)=1| =(x/1)* + (1)’ |

In this case, the neutral axis deformation varies along its length as a quadratic function, and the axis
curvature varies according to a cubic polynomial:

du

s (x) == [(x/l) (/1) -+ | 3(a/1)° = 4(af1)+1 |y +

©)
+ 2Ll = 1) Jua +[ 3511 =2(1)Je
Xo(x) = f;;”_ff[ (/1) +3 (/1) =2(3/1)" | +
+%[_3(x/1)+8(x/1)2 =S(1) Jor-+ | 1-9(a/0) +18 (/1) ~10(x/1)} [, + o

)30 2000”2017 (61151 Jo
+[3(x/l)—12(x/l)2 +10(x/1)3JX2

In the future, we will agree to denote a finite element with three degrees of freedom as FE-3, and
with five degrees of freedom as FE-5.

Let us obtain expressions for the secant stiffness matrix’s elements of a reinforced concrete finite
element, the cross section of which is shown in Fig. 2. A concrete and reinforcement can have arbitrary

nonlinear dependencies 6(8). The number of reinforcement layers in a section is also arbitrary.
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Figure 2. The beam cross section and deformations diagram.

Afi is reinforcing bar cross-sectional area; Zr; is coordinate of the reinforcing bar position along

Z, the axis; b, h are cross-sectional dimensions. We write the expressions for the median plane

deformations and the axis curvature in the following vector form:

_nNT _nNT
€0 =N,z,, xo=NyZy-

(8)

For FE-3 with three nodal degrees of freedom, we obtain the following expressions:

Ny =[N3(x)  Ng()]:
Nu=[M(x) N5(x) N5(x) Ni(x)].

9)

For FE-5 with five nodal degrees of freedom, the expressions will be as follows:

Ny =[Np(x) Ng(x) No(x) No(x)];
Ny =[M(x) N3(x) Ni(x) Ni(x) NE(x) Ng(x)):

W
(]
X1

WZ.

(0]

| X2

(11)

(12)

Using the above notations, the strain energy expression of the finite element will have the following

form:

_Len2

I 1 2
E = [0 JobES (20 = 2x0)° dde+EZII5E},iAf,,~(eo—zf,ixO) d.  (13)
1=

We take denotations for the cross-section rigidity parameters:
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n
/
EI(x)= Ih/z ZzbEgdZ+ > E}Afyizjzc’i;
i=1

K2
EA(x) ="\, bEjdz + > Ejdy (14)
1=

ES(x)= ﬁléjz zbEpdz + ”Zf:l EfAszp;.
i=
The expression (13) can be written in the following form:
E= %jé(EA(x)g% + EI(x) 15— 2E5 (x) g1 ) d. (15)
Substituting (8) into (15), we get:

W TwWT TWEW

E=%J'(§(E1(x)zTN NIz, +EA(x)zIN,NTz, -

(16)
~ES (x) 2y Ny Nyz, — BS (x)Nyz,Ny 2, ).
Let us introduce the following notation:
Koy = [ EI(x)Ny NLdx, Ky, =] EA(x)N,Nldx, .

K,y =-J; ES (x)N,NLdx.

The finite element stiffness matrix in the local coordinate system will have the following simple form:

K K'
KL = ww uv . (18)
K K

uv uu

For FE-5, the integrals (17) expressions will include the products of the third- and fifth-degrees
polynomials. The stiffness parameters (14) for nonlinear problems will be variable along the length of the
element. To calculate integrals (17), we apply the well-known Gauss-Legendre numerical integration
procedure:

18
K,, =— ZlGiEI(xl-)NW (x; )Ny, (%);
l:

n
Kuu =23 AN, ()] () (19
i=1
1" [(&; +1
Ky == > GES(x)N, (x)ND (%), x = (&2 )
i=1

Gl-, &l- are weight factor and integration point coordinate on the interval [-1, 1].

To calculate integrals (14) at points x; corresponding to the Gauss-Legendre coordinates, we use
the trapezoidal method:
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n+l ) nr )
El(x;)= X bAhEyzi + 3 Ey Ay ;77 55
k=1 j=1
n+l ng
EA(x;)= Y bAhEy + Y E} Ay (20)
k=1 j=1
n+l nr
ES(x;)= X bAhEyzi+ Y Ey jAp iz .
k=1 j=1 ‘

n is the sections number into which the section during numerical integration is divided by height. The
elasticity secant modules Elf and E}’j are determined from specified dependencies 0(8) for concrete

and reinforcement. In expressions (20), in accordance with the method of trapezoidal, the following
parameters are used:

(21)

h h(k—l) h/2n, k=1,k=n+1
2 n '

z, =——t——2 Ah=
hin, 1<k<n+l
The stiffness matrix K| expression was obtained in the local coordinate system of the finite element

X,Z, (Fig. 1). The direction cosine matrices C for moving to the global coordinate system are given

below:
[cosa. 0 0 0 sina 0
0 1 0 0 o0 0
0 0 cosa O 0 sina |
o 0o 0o 1 0 o]
—sina 0 0 0 cosa 0
0 0 —sina O 0 cosa |
[cosa 00 0 0 0 sina 0 0 O]
0 1 0 0 00 O O o0 O
0 0 1 0 00 O O o0 O
0 0 0 cosaa 0O O 0 0 sina O
0 0 0 0 1 o 0 O 0 0
=0 00 0o 01 0 0o o of
—sinaa 0 0 0 0 0 cosao. 0 O O
0 0 0 0 0 0 0 1 0 0
0 0 0 —sinae 0 0 O O cosa O
| 0 0 0 0 00 O 0 O 1 (22)
cosa:%. (23)

W1, Y, are coordinates of the finite element start and end in the global coordinate system. Using (22), we
obtain the stiffness matrix K; expression for finite element i in the global coordinate system:
K. =C'K,C. (24)

Let us calculate the nodal forces vector from the action of uniformly distributed loads on FE-5 in the
local coordinate system. The work of distributed loads will be expressed as follows:
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/
Aq = J.O[qzlw(x)ﬁthlu(x)} dx. (25)
q,1 =q,cos0—q, sina, ¢, =q,sino+q,coso. (26)
Substituting expressions (3—4) into (25), we will obtain:
z

Aq :ZEBLs Zy Z{ZW}Q

u

2 3 .72 3 2 ) (27)
BT _ Qle qzll qzll qzll qzll qzll qxll qxll qxll qxll
t 2 10 120 2 10 120 2 12 2 12
Vector z; = C"z. Then we will get:
A =2'CB. (28)

Calculating the derivative of work (28) with respect to the vector, we obtain the nodal forces vector
from the action of uniformly distributed loads in the global coordinate system.

R, =CB,. (29)

For FE-3 vector:

2 2
qzl —qzl qzl qzl qxl qxl

1 1 1 1 1 1
B, = . 30
L 2 12 2 12 2 2 (30)

From the vectors Rq formed for the finite elements, and the forces and moments concentrated in

the nodes, the load vector R for the entire system is formed. The global stiffness matrix of the system is
defined as the sum of finite element stiffness matrices

K=YK, (31)

l

We write the system of the nonlinear algebraic equations in the following form:
K(Z)Z=R. (32)
Z. is the nodal unknown'’s global vector for the entire system.

We will solve the nonlinear equations system (31) using the well-known method of variable elasticity
parameters. The main stages of solving the nonlinear problem are presented in Fig. 3.

1. k=0, Zy=0
2. k=k+1
3. Z,=K'(Z;)R=
2
Z(Zkaf _Zk_Lj)
2

27k

J
5. If eps >0.005 then goto 2

4. eps= J

6. Exit

Figure 3. The method of elastic solutions algorithm.
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3. Results and Discussion

The main aim of this study is to compare the values of curvature and axis deformation for various
finite elements sections, obtained when using two options for approximating displacements. As a structure
for comparing solutions obtained, using two variants of finite elements FE-3 and FE-5, we will use a single-
span clamped horizontal and inclined reinforced concrete beams (Fig. 4). A uniformly distributed vertical
load is applied to the beam. In reference sections, both displacements and rotation angles are excluded.

q: q:
EEEEEEEEEEEN
1 E
! ‘ 30°
a b

Figure 4. The horizontal and inclined beams.

The beam data are given in Table 1. Stress-strain diagrams for concrete and beam reinforcement
are shown in Fig. 5.

Table 1. The clamped beam characteristics.

Bottom reinforcement Top reinforcement
Beton  Reinforcement Length, m b,cm h, cm . .
Diameter, mm Zf, mm Diameter, mm Zf, mm
B30 A-llI 6 20 40 2d20 — 160 2d20 160

Tables 2 and 3 present the characteristics of concrete and reinforcement necessary for constructing
stress-strain diagrams.

Table 2. The characteristics of concrete.

Ry ,MPa Ry, MPa Ep] €p0 €p2 Eprl €ht0 Epr2

17000 1150 —0.000314 —0.002 —0.035 0.0000212 0.0001 0.00015

Table 3. The characteristics of reinforcement.

Rs » MPa €50 €52 €510 €512
350000 —0.00167 —0.015 0.00167 0.0015
AO
R |-
N
[ |
[ |
€2 & : :

i [ |
| —€ — | g
1 s2 s0 | [
i T T >
! ! ! €50 €52
: I I
1 I 1
| ! .
| | !
1 1 1
1 1 1
| . .
1 1 1
1 |
' —-R

S

a b

Figure 5. The stress-strain diagrams for concrete and reinforcement.
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3.1. Linear Calculations

To compare solutions, beam calculations were performed (Fig. 4) when it was divided along the
length into 2, 4, 8 and 16 finite elements. Calculations were performed in a linear formulation at the initial
value of the concrete elastic modulus £ = 30000 MPa. Reinforcement was not taken into account. The
distributed load was assumed to be equal to ¢ = 10 kN/m.

When calculating physically linear problems, it turned out that the bending moments and
displacements in all beam nodal sections are the same for both versions of finite elements, regardless of
the finite elements number. At the same time, we note that for the FE-5, the solution can also be obtained
if the beam is represented by only one finite element. In this case, the only unknown parameters are the
beam curvatures at the beginning and end. The solution even with this beam representation was exact.

Table 4. The beam sections axis curvature, ¢g=10 kN/m (Fig. 4a).

A section FE-3 [37] FE-5 .
. Bending
coordinates
moments,
along length, 2 elements 4 elements 8 elements 16 elements 1 element KN-m
m
0 —0.000578 —0.0007227 - 0.0007589 —0.0007679 —0.0007710 -30
0.75 —0.000289 —-0.0002891 —0.0002530 —0.0002620 —0.0002650 -10.313
1.5 0 0.0001445 0.0001084 0.0000994 0.0000960 3.75
2.25 0.000289 0.0002891 0.0003252 0.0003162 0.0003130 12.188
3.0 0.000578 0.0004336 0.0003975 0.0003885 0.0003850 15
0.00061
0.0003 17
£
5 0.00002F ,
5 0 2 3
=
2
o
@ - 0.000271
5
eee® 2 elements FE-3

4 elements FE-3
ee®e® § clements FE-3
m=® | clement FE-5

Figure 6. Axis curvature of the clamped beam (Fig. 4a).

Table 4 and Fig. 6 show the axis curvature values for various options for dividing the beam into finite
elements under the action of a uniformly distributed load. For FE-5, the curvature values are the same for
any elements number. Therefore, Table 4 presents the values for the case of the beam being represented
by one FE-5. Using FE-3 [37], calculations were performed when the beam was divided into 2, 4, 8, and 16
finite elements. A comparison of the results shows that when the finite element mesh is refined, the axis
curvature values in all beam sections tend to the values, which were obtained for one FE-5. The largest
deviation in curvature values is observed in the pinched point. Therefore, when using two FE-3, the
curvature value in the pinch point is 25 % less than the value obtained using FE-5. When using four
elements, the deviation in this curvature values is 6 %. Therefore, the beam dividing into four FE-3 is not
sufficient to obtain accurate curvature values in beam sections. We also note that the use of FE-3 gives
underestimated curvature values in the extreme section where the bending moment has a maximum value
by module.
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Table 5. The vertical displacements of the clamped beam, g=10 kN/m (Fig. 4a).

A section FE-3 [37] FE-5
coordinates
along length, m 2 elements 4 elements 8 elements 1 element
0 0 0 0 0
0.75 —0.000164 —0.000197 —0.000201 —0.000201
1.5 —0.000525 - 0.00059 —0.00059 —0.00059
2.25 —0.000885 —0.000918 —0.000922 —0.000922
3.0 —0.001049 —0.001049 —0.001049 —0.001049

Table 5 shows the displacement values of beam sections for various finite element mesh options.
The displacement values calculated at the finite element nodes are marked in bold, and the values in
intermediate sections located between the finite element nodes are shown in regular font. It is interesting
to note that the nodal points displacements when using FE-3 coincide with the values calculated when
using one FE-5, and the values at the intermediate points of FE-3 differ from the exact ones.

Thus, for any mesh, the nodal displacements for FE-3 are calculated accurately, and the
displacements of intermediate points between nodes approach the exact ones when the mesh is refined.
The use of FE-5, due to additional degrees of freedom, leads to the displacement’s refinement of
intermediate sections between the finite element nodes, as well as to the refinement of axis curvature and
deformations at the nodes and in the intermediate sections. In this case, for a clamped beam it is enough
to use one FE-5.

Figs. 7—8 show the calculation results of an inclined beam under the uniformly distributed load action
(Fig. 4b). In this case, in addition to curvature, longitudinal deformations also occur in the sections.

0 1 50
—— curvature
—— deformation
—0.0000014F 40
s — 0.0000028 Qw;
g ° vl
s <
o g
3 g 2
2 -0.0000042F
g
eoee 2 elements FE-3 10,
—0.000005 ' 4 elements FE-3
ee®e® § clements FE-3 0
ma® | clement FE-5 2 4 6 8
- 0.00000
elements number
a b

Figure 7. The deformations of the inclined clamped beam (Fig. 4b)
and errors in calculating curvatures and axis deformations for FE-3.

The graphs of changes in the inclined beam axis curvature, depending on the number and type of
finite elements, coincide with the horizontal beam graph (Fig. 6). In this case, compressive forces and,
corresponding to them, the beam axis longitudinal deformations arise too (Fig. 7a). When using FE-3,
longitudinal deformations change stepwise along the beam length, and when using FE-5, the deformations
change linearly, which corresponds to the law of longitudinal forces change. When FE-3 mesh is refined,
the longitudinal deformation's values tend to the corresponding values obtained for FE-5. However, even if
we use eight FE-3, the error in the longitudinal strains value is more than 10% (Fig. 7b). Fig. 7b also
presents the errors in the axis curvature and axis deformation calculation for FE-3 depending on the finite
elements number. Note that the error in calculating axis curvature is smaller but also significant when the
FE-3 number is small.

3.2. Nonlinear Calculations

To determine the calculating accuracy of the stress-strain state parameters, taking into account the
physical nonlinearity of concrete and reinforcement, the calculations were performed for an inclined beam
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(Fig. 4b) with symmetrical reinforcement (Fig. 2). The calculations were performed both for different loading
levels up to failure, and for different numbers of finite elements FE-3 and FE-5 at the same loading level

q, =40 kN/m. To guarantee high numerical integration accuracy, during nonlinear calculations the section

was divided in height into forty layers and nine Gauss-Legendre integration points were used along the
length of the finite element. The nonlinear problem was solved iteratively using the elastic solutions method
(Fig. 3). Fig. 8—10 show the calculation results of an inclined reinforced concrete beam (Fig. 4b) on the load
action g, =40 kN/m.

Displacement of the beam center

- 0.004
— FE-5
Eﬂ - 0.0045 FE-3
=
£
o —0.005
Q
=
o
172)
S -0.0055
~0.006
2 4 6 8

elements number

Figure 8. The vertical displacement of the beam center.

The left pinch moment The beam center moment The right pinch moment
— 80 80 - 80]
£ g £
E -90 Eﬁ 65 E — 90|
g - 100 g 50 g ~ 100
g — FE g 35 — FES g —110] — FES
g - 110  FE3 g — FE-3 = — FE-3
— 120
- 120 ] B ¢ 202 4 P g 2 4 6 ¢
elements number elements number elements number
a b c
Figure 9. The bending moments in the inclined beam at g_ =40 kN/m.
The right pinch force
The left pinch force The center beam force 200
~ 320 — 320
- 175
—~ 290 — 265
- 260 g —210// g -150
—— FE5 & &
— 230  FE3 - 155 — FE-5 —125 —— FE-5
- — FE-3 — FE-3
et 4 6 8 - 1003 4 6 8 - 100
2 4 6
elements number elements number
elements number
a b c

Figure 10. The longitudinal forces in the inclined beam at qz =40 kN/m.
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Comparing the calculation results shown in Fig. 810, the following conclusions can be drawn:

¢ when using FE-5, the displacements magnitude, bending moments and longitudinal forces
practically do not depend on the elements number into which the beam is divided;

¢ when refining the finite element mesh, the solutions obtained for FE-3 tend to the solutions
obtained for FE-5;

e the greatest difference between the two solutions is observed for the longitudinal forces

magnitudes; for a more accurate longitudinal forces calculation using FE-3, a mesh of at
least eight elements is required,;

e in contrast to the linear calculation, there is no coincidence of bending moments and
displacements at nodal points obtained using finite elements FE-5 and FE-3;

o with four finite elements mesh, the differences in the bending moments values do not exceed
5 %, and for longitudinal forces they can be more than 15 %.

Next, we compare the reinforcing bars stress values. Fig. 11-13 show the reinforcing bars stress
values for the support sections and the center of the inclined reinforced concrete beam for various options
for beam dividing on the finite elements under the load action. It should be noted that the reinforcement
stresses obtained for finite elements FE-3 and FE-5 differ more significantly, compared to the difference of
the bending moments and longitudinal forces values. Bending moments and longitudinal forces differ little
with the eight finite elements mesh, and the stresses in tensile reinforcement of the left and right support
sections, in this case, differ by 27-28 % (Table 6). These calculation results are consistent with the results
obtained from linear calculations, which showed that when we use FE-3, deformations and curvatures are
calculated less accurately than moments and longitudinal forces.

The stress of upper rod in the left pinch The stress of lower rod in the left pinch
400000 —~ 100000]
—— FE-5
E E —— FE-3
= 300000 —  — 150000
Z Z
2 g
2 200000 8 —20000
= — FE-5 &
— FE-3
— 250000
100000 ; . o 2 4 6 8
elements number
elements number
a b
Figure 11. The stresses of the reinforcement rods in the left pinch.
) The stress of lower rod in the beam center
The stress of upper rod in the beam center 200000
— FE-5
o o — FE-3
g 90000 28 150000,
Z 100000 .
) 2
@~ 110000 § 100000\/
2 — FE-5 2
@ - 120000  FE3
_ 50000
130000 7 . ; 2 4 P 3
elements number elements number
a b

Figure 12. The stresses of the reinforcement rods in the beam center.
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The stress of upper rod in the right pinch The stress of lower rod in the right pinch
400000 — 120000,
— FE-5
(o]
~ S - 140000 — FE3
£ 300000 Z
4 Az
::; % - 160000
© 200000 £ - 180000
= w
@ —— FE-5
FE-3 — 200000
100000 2 4 6 8
2 4 6 8
elements number
elements number
a b

Figure 13. The stresses of the reinforcement rods in the right pinch.

Table 6. The upper reinforcing bars stresses of the support sections, kN/m?2,

Number of The upper rod stress of the left pinch,

finite KN/m2 The upper rod stress of the right pinch, kN/m?
elements FE-3 FE-5 Difference, % FE-3 FE-5 Difference, %
2 119800 270700 55.7 135900 302400 55.1
4 158300 320400 50.6 185700 350000 46.9
8 230000 315700 271 250300 350000 28.5
16 280400 312665 10.3 313085 350000 10.5
32 297195 311805 4.7 337185 350000 3.7

Table 6 shows the tensile reinforcing bars stress values of support sections for various finite elements
numbers. The values given in Table 6 show that to obtain a reasonably accurate value we must use four
FE-5 or 32 FE-3. Obviously, the differences in stress are determined by the inaccuracy of calculating
curvature and longitudinal strain when we use FE-3. FE-5 allows you to calculate more accurately strains
of reinforcement and concrete, which is necessary to determine the level of load leading to failure. The
stress values of the stretched reinforcement on the support and, therefore, the deformations obtained when
we use FE-3 are less than the corresponding stresses calculated when we use FE-5. Therefore, the solution
obtained on the basis of FE-3 will determine overestimated failure load values, which will be shown below.

The comparative inclined beam (Fig. 4b) calculations were performed with a gradual load increasing

until the tensile reinforcement had reached the yield strength at the support and span sections. The beam
was divided into 8 finite elements.

The beam center

80
60
&
E 40
=) —— FE-5
20
—— FE-3
0

0 0.01 0.02  0.03 0.04

displacement, m

Figure 14. The vertical displacement of inclined beam center.

Fig. 14 shows the vertical displacement changes graph of the beam middle with load increasing. As
is known, the system displacements obtained on the Lagrange functional basis when the mesh is refined
tends to exact values from below. The approximation to exact values is achieved by increasing the total
degrees of freedom number. FE-5 has a greater degrees of freedom number of the nodes compared to the
FE-3, therefore, with the same finite element mesh, it gives a more pliable and closer to accurate solution.

In addition, the ultimate load obtained using FE-5 is g, = 75 kN/m, and that obtained using FE-3 is
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q, = 80 kN/m. The ultimate loads differ by about 7 %, and the displacements at the ultimate load differ by
30 %.

The left pinch The beam center The right pinch
8 80 80)
60 60 60
E £ £
£ 4 S 40 Z w
) o o
20 - FE_S 20 _ FE-S 20 — FE-S
—— FE-3 — FE-3 _ FE3
0
° 0010010200 0 50 100 150 % 50 100 150 200
-moment, kNm moment, KNm -moment, kNm
a b c

Figure 15. The moments in the inclined beam (Fig. 4b).

The bending moments of support sections that arise after the tensile reinforcement yielding onset
when we calculated with FE-5 were less than the corresponding moments obtained when we used FE-3
(Fig. 15). Accordingly, the midspan bending moments (Fig. 15b) for FE-5 were larger than those for FE-3.
Thus, after the plastic deformations formation, the bending moments’ distribution along the beam length
becomes different for the two finite elements types, in contrast to the elastic stage of the deformations.

The upper rod in the left pinch
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Figure 16. The stress of the upper rod in the left pinch.

The lower rod in the beam center
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Figure 17. The stress of the lower rod in the beam center.
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The upper rod in the right pinch
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Figure 18. The stress of the upper rod in the right pinch.

Figs. 16—18 show the tensile reinforcement stresses change of the support sections and span middle

with an increase of the distributed load to the maximum level. At the same load level, the reinforcing bars
stresses of the reference section obtained using FE-5 are greater than the corresponding stresses
calculated using FE-3. For example, under load the stresses difference was 21 %. Note that, accordingly,
the tensile reinforcement plastic deformations for FE-5 began at a lower load.

4. Conclusions

When performing linear calculations, the bending moments, longitudinal forces and displacements
do not depend on the number of FE-5 into which the clamped beam is divided. Only one element
can be used. For any mesh, the nodal displacements when using FE-3 are calculated accurately,
and the intermediate points displacements between nodes approach the exact ones when the mesh
is refined. Using FE-5, due to additional degrees of freedom, leads to the displacement’s, axis
curvature and deformations refinements of the intermediate sections between the finite element
nodes.

When solving physically nonlinear problems with refinement of the finite element mesh, the
solutions obtained for FE-3 tend to the solutions obtained for FE-5. The greatest difference between
the two solutions was observed for the longitudinal forces’ magnitudes. To calculate more
accurately longitudinal forces using FE-3, a mesh of at least eight elements was required. Unlike
the linear calculation, there was no coincidence of bending moments and displacements at nodal
points obtained using finite elements FE-5 and FE-3.

FE-5 allows more accurate calculation of deformations of the reinforcement and concrete,
especially at the extreme points, which is necessary to determine the load level leading to failure.
The stretched reinforcement stress values on the support and, therefore, the deformations when
we used FE-3 were less than the corresponding stresses for FE-5. Therefore, the solution obtained
on the basis of FE-3 will determine overestimated breaking load values.

The proposed beam finite element with five nodal degrees of freedom makes it possible to
determine more accurately the axis curvatures and deformations, which is especially important
when solving physically nonlinear problems.
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Abstract. The paper is dedicated to developing a comprehensive analysis method of the criteria for defining
the compressible thickness critical for estimating long-term settlements in buildings and structures situated
on soft soils, focusing on their creep behavior. This study introduces an engineering method grounded on
the criterion of soil's undrained condition within the mass, considering both elastic and residual
deformations through equivalent creep deformations. Unlike previous methodologies, the proposed method
facilitates the assessment of long-term settlements by incorporating creep effects over time, employing
undrained shear strength for both normally consolidated and overconsolidated soils. The method enables
settlement calculations based on static-sounding data, enhancing predictions' accuracy and reliability. This
research endeavors to broaden the application of numerical and analytical calculations in real-world
practices, employing elastoviscoplastic soil models to design structures on weak foundations.
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1. Introduction

Understanding the intricate behavior of soils and rocks in their natural state is significant in
geotechnical engineering, as it aids in designing and implementing earth structures and foundations. A vital
aspect of this comprehension is the ability to predict the long-term settlements of structures built on soft
soils, which requires a sophisticated understanding of soil behavior under different loading conditions [1,2].
This research builds upon significant advancements in the elastoviscoplastic soil model, incorporating the
viscoelastic and plastic deformation characteristics to improve settlement predictions. The model's
capability to encapsulate the viscoelastic and plastic behavior of soils over time represents a pivotal
advancement in geotechnical engineering, particularly for structures built on compressible soil layers [3].

The necessity of this study is underscored by the demand for accurate and reliable models during
the design and construction phases of infrastructure projects on soft soils. Traditional models often fail to
capture the intricate and time-dependent behavior of soils, which can result in inaccuracies in settlement
predictions. This research aims to enhance the criteria for determining the thickness of compressible soils
and apply an elastoviscoplastic model, thus establishing a more robust framework for predicting soil
settlements. This effort is expected to contribute to developing safer and more durable infrastructure [4].

© Vasenin, A., Sabri, M.M., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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Supported by a broad spectrum of literature, the foundation of the proposed approach signifies the
continuous evolution of soil modelling techniques and their application within geotechnical engineering. The
calibration and validation of elastoviscoplastic soil models have been instrumental in providing critical
insights into the behavior of Resedimented Boston Blue Clay under diverse loading conditions, serving as
a benchmark for the model's development [3]. The work by Ter-Martirosyan [5] defining the parameters of
such models further informs this research's methodology, emphasizing the importance of precise
parameterization for accurate soil behavior representation.

Furthermore, research on probabilistic approaches to compressible soil thickness [6] and assessing
liquefiable soil layers [7] have introduced a statistical perspective to understanding soil consolidation
processes, offering a complementary viewpoint to this study. Studies on the behavior of deformable soil
media under compaction [8] enhance the understanding of soil-structure interaction, particularly in road
construction. Examination of soil-reinforcement interaction parameters [9] provides valuable context for
evaluating the performance of structures built on compressible subgrades, thus significantly enriching the
research framework.

Wroth's study [10] laid the groundwork for understanding the natural state of geotechnical materials
under various conditions. This foundation is crucial for designing and implementing effective earth
structures and foundation systems, enabling engineers to predict, how soil and rock will behave under
different loads.

The introduction of a soft soil model by Vermeer and Neher [11], which accounts for creep, represents
a significant advancement in computational geotechnics. This model allows for more precise simulations of
time-dependent soil deformation, enhancing the ability to predict long-term settlements of structures on soft
soils. Such a model is vital for designing and maintaining durable infrastructure on challenging ground
conditions.

Schmidt's research [11] into earth pressures at rest and their relation to stress history has deepened
the understanding of soil mechanics. By highlighting the influence of past stresses on current geostatic
conditions, Schmidt's work aids in accurately assessing the stability and safety of geotechnical structures.

Perzyna's exploration [12] of fundamental problems in viscoplasticity laid the theoretical groundwork
for analyzing materials that exhibit viscous and plastic behavior under stress. This theory is crucial for
modelling the behavior of geotechnical materials under load, contributing to the design of structures that
can withstand the complexities of real-world conditions.

The practical application of theoretical frameworks is exemplified by Khankelov [13] through their
modelling of segmental excavator working tools for soil compaction. This work showcases integrating
research findings into engineering practices, demonstrating, how theoretical models can be applied to solve
practical engineering problems, thereby improving construction techniques and equipment.

Advancements in unified constitutive models have ultimately contributed to safer and more efficient
infrastructure designs. These developments closely align with ongoing efforts to refine elastoviscoplastic
models, which are crucial for enhancing the accuracy of settlement predictions in soft soils. As the field
continues to evolve, these sophisticated models are becoming indispensable tools for geotechnical
engineers, enabling them to address complex soil-structure interactions and ensure the stability and
longevity of constructions built on challenging ground conditions [14-18].

The current study aims to develop an elastoviscoplastic soil model to refine settlement prediction
accuracy.

2. Methods
2.1.Basic equations of the elastoviscoplastic model
of the soil environment and the criterion of compressible thickness
The deformation components for elastoviscoplastic soil models are determined by the sum of elastic

8; and viscoplastic deformations SZP :

€;;

_ o€ vp
ij =& tE&; . (1)

Let us consider the criterion for limiting the compressible thickness under the conditions of a one-
dimensional problem.

For the rate of viscoplastic deformation in the one-dimensional case, the general relation is valid:



Magazine of Civil Engineering, 17(4), 2024

W p* B p* B
Eve = eq =E&NnC eq ) 2)
Tip
p.new p.new
N—k"
p=—-7— (3)
u

By integrating equation (2), subject to constant effective stresses, we can obtain expressions for the
increment of relative volumetric strain in the form:

p p
eq eq
Ag,.=p"In 1+J'é P La’r =u'In 1+L fq 4)
pp,new Tre‘f Tref pp,new

By equating the logarithm of the second term to zero in equation (4), we can obtain a criterion for
limiting the compressible thickness (hereinafter, Tref =T ):

t| p* ’
o =1 (5)
T Pp new

The value of the current equivalent volumetric pressure will be:

T)p
peq — p;({new [?] ; (6)
&€
p;‘{new = p;q exXp }\,*——vk* > (7)

86 — volumetric plastic deformation at the loading step.

The resulting defining equation turns out to be expressed through a new value of over-consolidation
pressure p;,f[new, which, according to (7), in turn, depends on the accumulated value of viscoplastic
deformation. Meanwhile, the equation for the components of the viscoplastic deformation rate can be
expressed through the reference value of the over-consolidation pressure p;q (determined during

standard compression tests) considering (31) in the form of the equation:

B B
* eq * eq _&€
év,c :”_ fq— :“_ p_eq exp _*V . (8)
Y\ Ppnew T\ Py H

Since when deriving equation (6), it was assumed that the increments of creep strains should be
reduced to zero, the indicated equation can be reduced to the form:

1
T)p
p=p)=p} (7] : 9)
The current value of the equivalent volume pressure during loading is determined by equation (9)

since the loading vector (one-dimensional case) is located on the K|, line:

2
peq — <1+2K0’NC)GZC 1+[T|K0] .
P 3 M ’

cs

(10)
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Substituting (10-13) into (9) express the known criterion for limiting the compressible thickness
[19,20]:

1

G,y =0 OCR(;)B—I ) (14)

The criterion for limiting the compressible thickness, expressed by (14), makes it possible to calculate
settlement in one-dimensional conditions in time at the stage of completion of consolidation as for an
elastoplastic medium according to the relation:

S(t>t,,)=
Cﬂ
C. G, :+t0_,; C,,;itO0,.,;(t\C-C
(1)'-[ 7 1g zp,i zg,i at zp,i zg,i (_ S (15)
1+ 0 Ozg,i Ozc,ref T

Ca Ca Cﬂ
C, Ceref (1 )C—C C, G.pi+t0.0i(t)\C.—C G.piTOi(t)\C—C
H_’]g ﬂ(_ e +J‘H c lg zpsl zg,t b at zp,i zg,i N

0 0 T T
1+e¢ Gogi \T I+e O ref T O ref T

where H is the depth of the compressible thickness, assigned by equation (14).
2.2. Criterion for the undrained nature of soil action

Equation (8), in general form, allows evaluating the criterion for the undrained behavior of soil in a
massif under the condition that the volumetric deformation is equal to zero:

—e€ WP
g, =¢,+g, =0.

Accordingly, in this case, the magnitude of volumetric viscoplastic deformation is determined by the
expression:

eq

e” =—¢¢ =—k"In peq (16)
Po

Substituting equation (16) into (8) leads to obtaining, by analogy with (5), the criterion equation for
the undrained state of a soil mass for the case of a one-dimensional problem in the form:

ipqu % u*—i(%f%“*_
W p,) ) \py! T 0 ) (O an
A k" kK
_L[Gzp+czgj W[ OO0 |0 .
T G O.q

By analogy with equation (14), a criterion for the undrained nature of work in a soil massif could be
obtained in the form of a relation:
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The two-component equation (15) for calculating settlement is determined by the accepted relation
(1), which expresses the volumetric deformation as the sum of elastic and creep deformation. In Fig. 1 the
trajectory for calculating the settlement under the two-component expression (15) is shown in blue color.

Oc,new

Ozg  Ccor Ot Opgrer Ocrer

8

“87 TAGE (OCR=1) T = tday T = 1lday

Figure 1. Scheme for determining settlement under one-dimensional conditions.
On the other hand, the total amount of strain can be expressed as a relation in which the equivalent
amount of creep strain determines the total amount of strain:

g = sgp . (20)

In this case, the equation for calculating the settlement will take the form (the trajectory is shown in
Fig. 1 in green):

Cc 1 Gzp,i+czg,i :_[H Cc lg O;
0

H
S(t>t =
( g eop) '[0 1+ €y GCO,I 1+ €y GCO,I

(21)
In equation (21), the symbol G; denotes the sum of household and additional effective stresses in
the skeleton of the soil massive (Fig. 1).

In equation (21) the concept of the initial value of over-consolidation pressure is introduced,
corresponding to the intersection of the household stress level (from its weight) with the line of standard
compaction by a horizontal line:

a C[Z

TG AfT)C
Geor = GCO,}’ef (7) = ngOCR (?j . (22)

Considering relation (21), a one-component expression for calculating settlement is obtained:

o C o; t Fa H C o; t Fa
S(t>teop)= €1 L |- |= €1 L -1, (23
( p) IO 1+eq 8 Gco,ref(J IO 1+eg s ngOCRA(TJ )

where H is the depth of the compressible thickness, assigned in accordance with equation (18).
To perform verification procedures, determining the degree of plasticity (19) is possible based on the
ratio of the logarithms of the initial value of the over-consolidation pressure (OCRO ref) and the over-

consolidation pressure, calculated, for example, by Terzaghi’s method (OCRref) :
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Based on the processing of several experiments for the parameter of normalized undrained strength
[21,22], the following ratio was suggested:

{Stj} {S—} OCR™ = mOCR™. (25)
oc nc

GV \4

(24)

Considering relation (25), the amount of settlement represented by (23) takes the form of an
expression depending on the value of the undrained strength of the soil and the normalized coefficient of
undrained strength m in a normally compacted state:

Ca Ca
C, _— t\C. C m(t)\C,
S(Z > teop) _ j‘é‘l ¢ g O; Su,nc (_JCC = J'(I)L[ ¢ _lg G;m (_)Cc ' (26)
I+ey 7| 0.9 Syoe \T l+ey 7| Syoc\ T

Accordingly, the criterion for limiting the compressible thickness can be expressed in the form of an
equation depending on the ratio of the reference values of undrained strength in overconsolidated and
normally compacted states (or their normalized values for a SHANSEP type structure, equation (25)):

|:SU:| C
o .
6., =0, || =% [E]CC 1|=o,, | 20 (EJC“ ~1|=0k,, (1), (27)

zp zg
!
L Oy ne |

where ku,l- (t) — the coefficient of limitation of compressible thickness (undrained work) is variable in time.

Considering (27), it is possible to obtain a general one-component expression for calculating
settlement over time using two criteria for limiting the compressible thickness:

H C, o; Si
1 i at L <1
J.O 1+€0 ng,l' ng,i (1+kl(t))
S(t> ey ) = e i ] (28)
r_lg ] at L >1
Jo 1+¢, ng,i(1+ku,i(t)) ng,i(1+ki(t))

Undrained shear strength relationship used in (26) can often be approximated from static-sounding
results.

Mayne [23], based on a correlation analysis of over-consolidation pressure and resistance to
penetration of the probe cone for 49 types of clays, proposed a simple relation:

OCR =k (29)

Oy

Here k is the proportionality coefficient, which, according to the results of statistical processing, was
0.29.

By grouping the ratios (28) and (29), the equation (30) is obtained:
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Equation (30) can be modified based on more complex relations between overconsolidation
coefficients or undrained shear strength based on static-sounding results (considering the developing pore

pressure in the massif).
3. Results and Discussion

3.1. Example of Settlement Calculation using Undrained Strength Parameters

An example of calculating the settlement over time is the administrative building in the central part of
St. Petersburg, erected on a slab foundation on a weak foundation (dimensions 30%x25 m in plan). Fig. 2

and 3 show the physical and compression properties of the clay soils composing the site.
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Figure 2. Physical properties of clay soils composing the site: a) density;
b) porosity coefficient; c) is the moisture content at the yield boundary; d) plasticity index.
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Figure 3. Properties of clay deposits according to empirical dependencies:
a) compression index, b) unloading/ recompression index, ¢) secondary consolidation index,
d) coefficient B (equation (3)).

The results of static sounding are shown in Fig. 4a.
Equations (27) and (28) for calculating settlement include the normalized parameter of undrained

shear strength and the value of undrained strength in the over-consolidated state (in situ).
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For approximate estimates of non-consolidated-undrained shear strength in St. Petersburg, a well-
known relation can be used that uses the resistance value of the probe cone during static sounding with a

constant coefficient N, ~19:

q.
Cyue =2, 31
uuc <19 (31)

where g, — resistance to penetration of the probe cone, kPa.

Relations (26) and (27) are valid for consolidated-undrained tests. Accordingly, it is necessary to
convert non-consolidated-undrained characteristics into consolidated-undrained ones to use these
equations. It can be done, for example, based on Chen's research [24], connecting isotopically
unconsolidated-undrained and isotopically consolidated-undrained strengths by the ratio:

Suue - 0.911+0.499{SU—‘{C} . (31)
oc

Scruc Gy

The theoretical solution for the normalized parameter of isotropically consolidated-undrained
strength in a normally compacted state will take the form:

A : A
Scruc M1 3sin(¢) [1
_ M1 10 32
Mere { c, LC 2{2} 3—sin(@)| 2 (52)

At angles of internal friction of the compressible mass of 28°-32°, the normalized parameter of the
isotropically consolidated undrained strength will be 0.29-0.32 (Fig. 4b). Based on equation (31), the value
of isotropically consolidated undrained strength can be calculated. The value of its normalized parameter
is also shown in Fig. 4b.
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Figure 4. Engineering-geological conditions of the site: a) graph of penetration resistance
to the probe cone during static sounding; b) determination of the normalized parameters
of the undrained shear strength in a normally compacted and over-consolidated state (31), (32).

Using relation (25), the value of the soil mass over-consolidation coefficient can be approximated
based on the ratios of the calculated normalized parameters of undrained shear strength. In general, the
calculated value of the overconsolidation coefficient for the engineering-geological conditions of St.
Petersburg is in reasonably good agreement with the determination based on the empirical relationship
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(29) with a coefficient & = 0.28-0.29. Accordingly, the settlement of the soil mass can be calculated using
equations (27) and (28), based on relation (30).

Fig. 5a and 5b show the results of calculating the total stresses in the soil mass, the reference value
of the overconsolidation pressure and the value of vertical relative deformations in time (under the center
of the loaded area of the slab — mainly under compression conditions).
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Figure 5. Results of engineering calculations: a. distribution of stresses
in the massif and the initial/reference value of over-consolidation pressure; b.
relative vertical deformations of the massif at different times.

Fig. 6 compares observed and calculated settlements over time based on numerical solutions (soft
soil creep, soft soil models) and the proposed engineering method using undrained shear strength
parameters. According to the calculation results, the predicted precipitation values based on the
engineering and numerical methods (according to the SSC model) are nearly 25-100 years. In the
remaining (mainly initial) periods, the engineering calculation overestimates the development of settlement,
which is explained by the failure to consider the phenomena of filtration consolidation (the solution was
obtained at constant maximum effective stresses in the soil mass), as well as the failure to consider the
construction time of the building.
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Figure 6. Comparison of calculation results based on numerical solutions (SSC, SS models)
and the engineering method.

3.2. Discussion of Research Results

The presented work aims to develop an engineering method for calculating settlements of buildings
and structures on weak soils. The obtained solutions make it possible to calculate long-term precipitation
over time by modifying the layer-by-layer summation method.

For weak soils and additional loads comparable to the reference value of overconsolidation pressure,
a one-component equation (23, 28) that already includes the elastic parts of deformations can be used to
calculate settlement. The method's main advantages include the simplicity and speed of calculations and
the ability to control the depth of the compressible soil mass at each calculated moment in time. The
procedure for verifying the compressible layer limitation coefficients involves checking whether the
calculated values are close to zero [19,20], which is especially important for thick layers of weak clayey
deposits.

Considering the disturbance of natural structure of the samples, the calculated coefficients of
limitation of the compressible thickness are often equal to zero or negative, leading to incorrect estimates
of the degrees of deformation of the soil massif. The compressible layer limitation coefficients thus
determined can be directly used to calculate settlement over time.

Values of consolidated undrained strength based on laboratory tests and indirect field methods, such
as static probing, impeller testing, and dilatometric studies, can be used to perform calculations. It is
possible to use a combination of these indirect field methods to calculate the settlement.

Also, an undoubted advantage of the one-component method is the possibility of using the concept
of the ratio of secondary consolidation indices and compression indices in a power dependence (23, 26,
30) [25]. This approach for calculating settlement using field methods can be applied even at the sail
classification level using appropriate regional correlations.

4. Conclusion

The paper provides method for calculating long-term settlements of buildings and structures on soft
soils, considering their creep. Based on the results of this research, the derived conclusions are as follows:

1. A comprehensive framework (the results of which are expressed in Equations 28 - 30) has been
established and validated for assessing the limit of compressible thickness in soft soils and for
predicting long-term settlements through an elastoviscoplastic model (Equations 1-23), as detailed
in this study.

2. The introduced elastoviscoplastic model provides a sophisticated understanding of soil mechanics
under load, capturing both immediate and progressive deformations by incorporating viscoelastic
and plastic characteristics of soil, thus offering an accurate representation of soil behavior under
sustained loading conditions.
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3. Criteria for determining the limiting compressible thickness have been developed. These criteria
assist in identifying significant segments within the soil profile that are vital for settlement
calculations, thereby enhancing the foundation design and evaluation processes on soft soils.

4. The precision of the model in predicting settlements has been illustrated through extensive
numerical simulations. A conducted sensitivity analysis emphasizes the importance of accurate
parameterization, highlighting the necessity of precise soil property determination for reliable
results.

5. The practicality and reliability of the model and its criteria have been reinforced through empirical
validation against real-world studies. The alignment of model predictions with observations from
diverse engineering projects confirms the model's validity and potential to refine construction
methodologies by enabling more informed foundational design decisions on soft soils.

This research marks a significant advancement in modelling soil behavior and predicting long-term

settlements, enhancing the understanding of elastoviscoplastic soils.
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Abstract. This study investigated the replacement of fine concrete aggregates with recycled aggregate.
The results showed that the effect of recycled aggregate, so that, replacing 25, 50, 75 and 100 % of natural
aggregate led to an 8, 23, 15 and 11 %, respectively, increase in the compressive strength of lightweight
concrete samples. Based on these results, a microstructural analysis of the contact zone of the concrete
using various types of aggregate was conducted. The shrinkage and expansion development of samples
containing recycled aggregate formed from demolished waste differed from that of ordinary concrete, and
the findings over 90 days indicated the impact of the substitution percentage in the recycled aggregates
contained in the mixture. When 100 % fine natural aggregate was replaced with recycled aggregate,
expansion increased by 15 % at 14 days and shrinkage increased by 45 % at 90 days as compared to
references. Cement hydration in concrete mixes using different types of aggregates has been investigated
by using an X-ray diffraction. The results showed that the sample without recycled aggregate from
demolition waste LW-1 contained the maximum amount of CsS and C2S compared to the sample with
recycled aggregate from demolition waste LW-5, which can harden when interacting with water. The
concrete samples used to evaluate the abrasion resistance were first cured for 28 days. The results
revealed that the abrasion Ah values for samples containing recycled aggregate were lower than that for
the reference samples.
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1. Introduction

Natural disasters and armed conflicts unfortunately can cause significant destruction to cities and
infrastructure. In addition to the environmental effect and costs associated with obtaining and processing
natural resources for the creation of new building materials, handling the waste from such disasters and
reconstructing destroyed cities is undoubtedly a critical task. The traditional approach of using raw materials
for construction can indeed have negative implications for sustainability and the principles of Green
Building.

The high efficiency of using scrap concrete as a secondary concrete filler has been confirmed by
numerous studies conducted in this direction. As reported in [1], the aggregates account for more than half
of the material composition and up to 60-75 % of the total volume of concrete mix. Because of the
increasing consumption for construction, which results in up to 48 billion tons of aggregates being used
yearly for concrete production [2], the notion of using recycled concrete aggregate (RA) in the making of
concrete was proposed. As compared to natural aggregate (NA), RA has 30 % lower embodied energy and
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60 % lower CO2 emissions, which makes it more environmentally friendly and promotes sustainable
construction [3]. European nations have been striving to employ RA in brand-new concrete structures since
the early 1980s. Several studies have been conducted that looked at recycled aggregate concrete (RC)
and came to the conclusion that using RA is practical and widely acceptable [4]. Since up to 50 % of the
materials used in the concrete for their contemporary constructions are recycled, Zurich, Switzerland, has
been a leader in RC for more than 15 years. The percentage of non-concrete mineral components added
to the concrete has been capped at 10 % in certain other nations, such as Finland and Germany [5]. In
order to enhance RC’s qualities and broaden its use as a respectable concrete in the building industry,
numerous studies have been undertaken on the material. It is conceivable that the RC-built structures may
be torn down once more at some point or for other causes, such as ongoing conflicts and natural disasters
in specific regions [6—11].

According to [12], raising the strength from 30 to 40 MPa may decrease abrasion losses by
approximately 17 %, while employing steel fibers with volumetric contents of 0.75 and 1.0 % can enhance
abrasion resistance by over 23 %. As a multi-recycled aggregate (MRA), which is RA made from RC, will
be employed in this instance, the created debris will be utilized. Concrete will be multi-recycled as a result
of the application of MRA in its manufacture (MRC). There have not been many studies that have looked
at the mechanical and other characteristics of MRC with various replacement amounts. By using MRA as
an aggregate replacement for NA up to 100 % when studying the mechanical behavior of MRC [13, 14], it
was discovered that the compressive strength was slightly decreased and that the third generation of MRC
could outperform the necessary strength by at least 25 % replacement, demonstrating the beneficial
influence of MRA.

Large amounts of concrete trash are created through the planned destruction of old buildings and
structures, technical and natural disasters, and armed conflicts in different nations [15]. To address the
seepage problem of recycled concrete, the effects of altering parent concrete strengths, the ratio of recycled
aggregate, fly ash concentration, and water gel ratio were investigated using a design orthogonal
experiment. Water gel ratio, matrix concrete strength, recycled aggregate replacement rate, and fly ash
percentage were shown to have a significant to modest influence on the impermeability of recycled concrete
[16]. According to [17—18], these wastes should primarily be used for new construction as well as repair
and restoration work in their occurrence places. It is important to employ raw resources in this case, from
demolished buildings and structures, to produce construction materials, including “green composites”.
Several papers, as is shown in [19], investigate the usefulness of recycling trash from destroyed buildings.
Future research opportunities identified in [20] include:

1) detecting pollutant sources in construction and demolition waste generated by industrial structures;
2) creating complete pollution control strategies for construction waste;

3) improving construction and demolition waste recyclability;

4) creating enhanced assessment standards for debris and repurposed materials;

5) broadening the scope of demolition waste flows study;

)
6) establishing a demolition waste management fee scheme;
7) developing improved approaches for evaluating construction waste management performance;
8) investigating a better application of technology in demolition waste management;
9) minimizing construction waste from the beginning of the project;
0

10) minimizing waste from construction during the building process.

The results of this study are important not just for a better understanding of demolition waste
research, but they may also help operators improve their waste management efficiency and reduce related
pollutants.

The search for a more ecologically responsible strategy that has both economic and social benefits
is aided, as described in [21], by the examination and use of foreign experiences in the processing of
municipal solid waste and its secondary use. The rule of affinity of microstructures, which directs the
selection of raw materials for composites with comparable physical and mechanical properties, is one part
of this field. Composite binders with low water requirements have been developed. Their strength is roughly
double that of the original cement, with 50-70 % of the crushed slag or quartz sand in its composition giving
the same strength as Portland cement. It was proven that quartzite sand screening can be employed as
filler in the production of fine-grained concretes [22, 23]. Based on the aforementioned, it can be concluded
that the use of recycled materials from demolition waste aims to reduce costs associated with construction
by making efficient use of resources and accounting for the complex influence of environmental and energy-
saving factors, as well as the value of territories in urban planning [24].
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The scientific innovation is that the nature of the processes of construction of samples based on
recycled aggregate from fragments of demolished buildings has been conceptually established and
empirically validated as a complicated polyfunctional system.

2. Materials and Methods

2.1. Materials

The binder utilized was Ordinary Portland cement (OPC) CEM 1/42.5N (Belgorod cement, Russian
Federation). Tables 1-2 show the chemical and mineralogical compositions, as well as the physical and
mechanical properties of Portland cement. Portland cement has a specific surface area of 230-250 m?/kg.
NA from a nearby area in the Anbar governorate (Iraq) and an expanded clay fraction of 5-10 mm were
used as raw materials (Fig. 1). Tables 3-5 show the characteristics of sand, gravel, and expanded clay.

Table 1. Mineralogical and chemical composition of Portland cement type CEM 1/42.5N.

Chemical composition, % wt. Mineralogical composition, % wt.
SiO2 CaO MgO Al203 Fe20s3 SOs3 Alkalis CsS C2S CsA C4AF
4.19 84.73 0.57 1.37 3.30 1.11 0.70 59.3 17.8 6.6 14.2

Table 2. Physical and mechanical properties of Portland cement type CEM 1/42.5N.

Setting time, h:min Flexural strength, MPa Compressive strength, MPa
start end 3d start end 3d
2:25 3:28 6.2 2:25 3:28 6.2

Table 3. Characteristics of the sand used.

Characteristics Value

Specific gravity, kg/m3 2400

Fineness modulus 1.85

Content of dusty, clay and silt particles, % wt. 0.75
Bulk density, kg/m?3 1450

Absorption capacity, % 9.85

Table 4. Characteristics of expanded clay.

Characteristics Value

Compressive strength, MPa 0.3-3.5
Water absorption, % 25
Freeze-thaw resistance, cycles 17
Bulk density, kg/m?3 350
Porosity, % 49

il

Figure 1. View of expanded clay.
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The composition of the demolition and construction waste of buildings and structures in Iraq is shown
in Table 5. According to the table, debris and cement concrete make up 99.88 % of the trash generated
during building and demolition projects in Iraqi cities due to hostilities. In Fig. 2, the view of the crushed
demolition waste is depicted.

Table 5. Demolition waste compositionto

Material OPC Crushed stone Fiber Wood Metal Plastic Gypsum
Content, %  38.60 61.30 0.02 0.01 0.03 0.03 0.01

Table 6. Characteristics of the buildings and structures demolition and construction waste.

Density, kg/m? Bulk density, kg/im® Porosity, % Water absorption, %
2560 1233 52 20

e

>

Figure 2. View of the crushed demolition waste.

After being crushed by a jaw crusher, the crushed stone from concrete waste reveals intermittent
mortar component interlayers that are firmly clinging to the grains of the rock. Surfaces of crushed stone
can have thin layers of hydrated phases when there is not a layer of cement-sand mortar. There is every
reason to expect that this will increase the cement matrix’s adherence in concrete. This notion is supported
by the discovery that cement paste adheres to a wide range of materials, including quartz, granite,
limestone, and clinker, with increasing consistency with time. These assumptions are supported by previous
studies [22, 23].

2.2. Methods

Construction waste was processed with a jaw crusher laboratory (ECO building materials, Russian
Federation) to produce aggregate (Fig. 3). Utilizing an average particle size of not greater than 5 mm. This
material was utilized as a fine aggregate in compliance with the sieve analysis criteria.

Figure 3. Laboratory jaw crusher.
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The microstructure features and properties of raw materials and the samples were investigated using
both theoretical and empirical approaches. A scanning electron microscope with an accelerating voltage of
8.0 kV was used to analyze the morphology of raw materials and miniature concrete samples measuring
15 x 15 x 4 mm. The microstructure of materials was studied using a Tescan MIRA 3 LMU scanning
electron microscope. The model is designed to operate under varying vacuum conditions (up to 150 Pa) in
the sample chamber (Fig. 4). Working in a low vacuum, while maintaining all the advantages of a high
vacuum, provides the opportunity to study non-conducting materials without first applying a layer of heat-
conducting material. Scanning electron microscope allows the use of a raster method for imaging, which
consists of sequential point-by-point scanning of the surface under study with a thin electron beam. In this
case, the detector registers secondary electrons generated by the electron probe.

Figure 4. Electron microscope “Tescan MIRA 3 LMU”.

The results showed that the use of recycled aggregate has an effect on abrasion resistance. LKI-3
abrasion circles were used on cube samples measuring 70 x 70 x 70 mm to determine abrasion. Abrasion
tests were performed on samples that had been dried to a consistent weight before assessment. Following
drying, the samples were measured and weighed to an accuracy of 1 mm and 0.1 g. The sample was
clamped with an applied pressure element and subjected to an axial load of 300 + 1 N. The sample was
rotated at 30 + 1 rpm after applying 20 g of typical corundum powder to a steel disk. After each cycle, the
disk and specimen's front surface were cleaned and rotated 90°. Between each test cycle, the specimen
was weighed to within 0.1 g accuracy (Fig. 5).

A3Ub AR
.3‘:“_“:\1 AHWR

Figure 5. LKI-3 abrasion device.

The chemical components of raw materials and microscopic concrete samples were evaluated using
an X-ray spectrometer with an integrated diffraction system. The study of the mineralogical composition of
raw materials and fragments of destroyed buildings and structures was carried out by X-ray phase analysis
using an X-ray diffractometer model “ARL X'TRA. Thermo Fisher Scientific’ with the use of which it is
possible to determine the crystallographic, quantitative and qualitative parameters of materials, their phase
composition, structural features and surface quality (Fig. 6).
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Figure 6. X-ray diffractometer model “ARL X’TRA. Thermo Fisher Scientific”.

The determination of the chemical and mineral composition of samples was carried out using an ARL
9900 WorkStation series spectrometer with a built-in diffraction system using the X-ray fluorescence (XRF)
technique. The modular design and various additional options provide the ability to use this unit to solve a
wide range of problems in a variety of production conditions (Fig. 7).

Figure 7. Spectrometer “ARL 9900 WorkStation”.

Recognition of products of mineral composition and new formations was also carried out using
differential thermal analysis and differential thermal device “NETZSCH STA 449F1” (Fig. 8).

Figure 8. Differential thermal device “NETZSCH STA 449F1”.

The thermo gravimetric analyzer was used to conduct thermo gravimetric and differential thermal
analyses (DTA). The amount of slump is measured after the liquid has been poured into a 30 cm high cone.
The mean density of the material was determined using concrete cube samples of 100 x 100 x 100 mm.
Six samples were obtained in each series to ensure acceptable results. A portion of the samples were
hardened for 3 and 28 days under normal conditions, while another portion was hardened for one day while
steaming using the “3 h + 8 h + cooling” technique (isothermal holding temperature 80 °C). The overall
computed inaccuracy is less than 4 %.
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3. Results and Discussion

3.1.Scanning Electron Microscope Images of Construction Waste

Fine aggregate was produced by grinding the demolition waste. Fig. 9 shows SEM images of the
obtained aggregate. Table 7 provides the mineral composition of aggregate produced from demolition
waste.

SEM MAG: 5.00 kx MIRA3 LMU

View fleld: 555m | SEM HV: 50kV 10 ym

SEM MAG: 15.0 kx MIRA3 LMU
View field: 185 ym | SEMHV: 50KV Spm

Figure. 9. Micrographs of aggregate obtained from demolition waste:
a) 5 mkm; b) 10 mkm; c¢) 20 mkm.

Table 7. The mineral composition of recycled aggregate from construction waste.

Sizes of Mineral content, %
rticles, .

b Ca(OH), Si02 CaCO; C-S-H CsS C2S
0.0-5 10.60 58.7 5.40 5.30 7.40 8

A considerable number of sharp particles may be seen in the aggregate from concrete waste as seen
in SEM pictures, and this number increases as particle size decreases from 2.5 to 0—0.16 mm. This type of
aggregate is the most sensible since it strengthens the interfacial transition zone by providing adhesion
between the aggregate and cement matrix.

According to studies [25-29], the comminuted shape of the particles and their high silica and clinker
mineral content will also contribute to their high activity. The particle form that has been crushed leads to a
significant particular surface area, which interacts with the cement clinker's hydration byproducts. The
reasonable reactivity of the particles of grinded concrete debris is also a result of the high silica content and
previously unhydrated clinker minerals.

3.2. Compressive Strength

The C8/10 expanded clay concrete class experimented with substituting natural sand with synthetic
crushed sand. The research investigations have been carried out using 1.8 mm demolition waste in place
of sand, both partially and completely. Concrete mixes were created in this instance by using natural sand
(control composition) and partial replacement artificial sand (25, 50, 75 and 100 %) (Table 8). According to
the results of a study, the use of demolition waste increases the compressive strength of expanded clay
concrete. This can be attributed to an increase in cement paste adhesion (Fig. 10).

Table 8. Lightweight concrete compositions and properties.

Materials content, kg/m? . Compressive

Portland  Natural Demolition Expanded Slump — Density, =4 rength
Mix ID ortlan atura emolition Expande Water  test,cm kg/m? i )

cement sand waste clay a
LW-1 475 600 - 410 240 3-4 1674 15.2
LW-2 475 450 150 410 243 4-5 1658 17.4
LW-3 475 300 300 410 249 3-4 1666 19.5
LW-4 475 150 450 410 255 3-4 1674 18.2

LW-5 475 - 600 410 270 34 1671 17.6
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Figure 10. Compressive strength of lightweight concretes.

Experiments showed that when recycled aggregate replaces natural sand in lightweight concrete,
the strength of the concrete increases rather than diminishes. Recycled aggregate was created by the
classification of screening of crushed fragments of demolished waste, and it may be used as fine aggregate
in concrete. The results of measured compressive strength for concrete samples surpassed those of
previous authors by 12-35 % for lightweight concrete [30].

3.3. Microstructure Study

The interaction space of the paste of cement and the aggregate created from scrapped debris is
shown in Fig. 11. The cement matrix's surface has a thick intergrowth and germination of concrete debris,
and the two appear to be one cohesive unit.

= S
View flelei: 100.0 ym Dat: SE 111 MIRA3 TESCAN
SEMHV:S0KY | SM: RESOLUTION |20 um wi

Figure 11. The zone of contact between the cement paste and the recycled aggregate.

The first phase in which the aggregate collects water from the concrete mix and the water retained
in the pores, like in capsules, will offer an inflow of moisture for additional hydration of the binder, ensuring
a thick contact zone. The water from the aggregate pores is drawn out by clinker minerals and new growths
after the formation of a capillary-porous microstructure, increasing the rate of cement hydration without
adversely influencing the workability of the concrete mix. Due to the presence of partially hydrated belite
and portlandite particles, which make about up 15-25 % of fresh concrete, secondary (residual)
cementitious characteristics may be present in concrete waste if it is small and has not undergone
hydrothermal treatment.

The next step was to study the further hydration of concrete with the composition of cement and
recycled aggregate from concrete scrap, at the age of 28 days. It can be seen that the microstructure of
the samples is significantly compacted, the pores become smaller, they are gradually overgrown with cubic
crystals of calcium hydro-alumoferrites, and partially or completely overgrown with calcium hydrosilicates
(Fig. 11). The rough surface of semi-dissolved cubic crystals contributes to their better adhesion to calcium
hydrosilicate crystals of a colloidal degree of dispersion. It is noted that the formation of the contact zone is
so densely overgrown with neoplasm products that it is viewed with great difficulty.
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View field: 100.0 pm Det: SE MIRA3 TESCAN Det: SE MIRA3 TESC“:
SEMHV: 5.0kV  §M:RESOLUTION 20 um

SEMHV:50KY  SM:RESOLUTION |20 pm i /]

Figure 12. The zone of contact between the cement paste and natural sand.

Fig. 12 shows the contact zone of cement stone and grains of natural sand. The photo clearly shows
the boundary, on the surface of which fine-grained calcium hydrosilicates form, forming a dense mesh layer
of neoplasms that fills the entire space.

As a result, concretes made from waste concrete have greater cement matrix adhesion, which
improves the eventual product's deformability, fracture resistance, dynamic load resistance, and other
characteristics. These results have already been demonstrated in [22, 23], which are based on the rule of
affinity of microstructures.

3.4. Shrinkage and Expansion Deformations

The impacts of alternating shrinkage and expansion of the material cause the development of
destructive processes in concrete, which lead to permanent deformations and destruction of the material
structure. Therefore, concrete shrinkage and expansion deformations are significant because they affect
the basic qualities of structural elements. In this scenario, the acceptable concrete hardening regime is
critical. As a result, after assessing shrinkage and expansion deformations for lightweight concrete, the
samples were immediately placed in a typical hardening chamber with a relative humidity of up to 95 % and
an air temperature 18-22 °C. Following two days of typical hardening, measurements were taken to assess
sample deformations and moisture content changes. At the ages of 3, 7, 14, 28, 60, and 90 days, studies
were conducted to detect sample deformations and changes in moisture content. Fig. 13 shows the test
results.

£ 07 | Stagel Stage ll
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Figure 13. Shrinkage deformations of lightweight concrete.

Fig. 13 shows the evolution of autogenous shrinkage in mixtures containing various aggregates and
water adsorptions. The results revealed three phases of hardened concrete growth, including fast shrinkage
(Stage 1), micro-expansion (Stage Il), and continuous shrinkage (Stage Ill). Stage | lasts around 5 days
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after “Time zero”, whereas Stage |l lasts approximately 8—7 days. The autogenous shrinkage evolution of
the performance of concrete built with various particles shows a significant difference. The autogenous
shrinkage of the mixes made using recycled aggregate from demolition waste is almost insignificant for the
first day before entering a shrinkage stage lasting around 9 days. This remarkable evolution pattern is
characterized by little deformation and expansion lasting around 8 days.

Eventually, it is discovered that the commencement time of Stage Il is uniform in all mixtures, and
that variances in shrinkage growth during this stage are dependent on the amount of recycled aggregate.
In addition, a temperature gradient distribution will be created within the matrix by the thermal energy
produced by the hydration reaction of mixes with different aggregates, and thermal deformation will be a
major element in how the samples behave when they gradually shrink on their own.

3.5. Cement Hydration in Concrete Mixes using Different Types of Aggregates

The benefits of reusing recycled aggregate from concrete scrap crushing were discovered using
current X-ray phase analysis. An analysis of X-ray patterns of the samples showed that the intensity of C3S
and C:2S reflections decreases with the transition from a sample LW-1 to a sample LW-5. The sample
LW-1 (without recycled aggregate from demolition waste) contains the maximum amount of C3S and C2S
compared to sample LW-5 (with maximum amount of recycled aggregate), which can harden when
interacting with water (Fig. 14).
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Figure 14. X-ray of cement paste, recycled aggregate and expanded clay.

It should be noted that the recycled aggregate from concrete scrap and expanded clay have certain
porosity, which is clearly visible. The presence of porosity in the screening of concrete scrap crushing will
certainly ensure an increase in the strength of the cement stone in the long term. Water trapped in the
pores, as in capsules, will provide an influx of moisture for further hydration of the cement, which explains
the increase in compressive strength.

3.6. Abrasion Resistance

In comparison to the reference samples, the abrasion testing results indicated that the samples
containing recycled aggregate from demolition waste had a better resistance to abrasion. Table 9 shows
results of the abrasion resistance test for lightweight concrete.

Table 9. Abrasion resistance test results for lightweight concrete.

Mix ID Density, kg/m?® Compressive strength, MPa Abrasion, g/lcm?
LW-1 1674 15.2 0.8
LW-2 1658 17.4 0.7
LW-3 1666 19.5 0.6
LW-4 1674 18.2 0.6
LW-5 1671 17.6 0.7

It has been established that the samples LW-3 and LW-4 containing recycled aggregate allow for the
production of lightweight concrete with up to 25 % lower abrasion than other samples. It is worth mentioning
that the main reason for abrasion resistance is the presence of gravel in the recycled aggregate, which is
inherently friction resistant.

4. Conclusions

This paper investigates the potential of reusing demolition waste to solve two problems: disposal of
waste and concrete physic and mechanical characteristics. Its high activity is a result of its sharp shape,
and high silica and clinker mineral concentration. Based on the results of the study, the following
conclusions can be drawn:
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1. The mechanical properties of lightweight concrete are produced in a manner similar to using natural
sand when construction waste from buildings and other structures is used as a fine aggregate.
These properties are the result of the dense development and sprouting of concrete debris onto the
cement matrix’s surface, which has given them the appearance of being a permanent fixture.

2. The additional cementitious material provides for higher compressive strength and a better contact
zone of lightweight concrete when substituting recycled aggregate made from demolition waste.
This is due to previously unreacted clinker mineral hydration products, which compact the
microstructure of concrete waste. Because more hydration products are formed in a constant
volume, the area of the matrix's interfacial transition of cement and aggregate can be compressed.
Long-term strength of the cement stone would certainly increase with the existence of porosity, and
water trapped in the pores, like in capsules, will give an input of moisture for further hydration of the
cement, which explains the increase in compressive strength.

3. The water absorption of crushing screenings of fragments of destroyed buildings and expanded
clay is 4 times higher than that of gravel. This explains the high consumption of water, which is
absorbed and retained in the pores and microcracks of cement stone and aggregate grains.
Lightweight concrete based on cement, recycled aggregate from demolition waste, and expanded
clay (LW-2) shows the smallest shrinkage of 0.071 mm/m, which makes it possible to recommend
this concrete for use in the construction of residential and civil facilities.

4. Anincrease in the strength of samples with demolition waste of concrete scrap is explained by the
presence of aggregate porosity, which encapsulates a small fraction of water, which provides
additional hydration in the absence of water in the surface layers. According to the studies carried
out and the results obtained, it can be noted that in order to ensure a normal hydration process, it
is necessary to create the essential moist conditions for gaining strength by covering the molded
products with a film or tarpaulin with an exposure of up to 28 days.

5. Using recycled aggregate from building waste allows producing lightweight concrete with up to
25 % less abrasion than other samples. It is important to note that the primary reason for abrasion
resistance is the presence of gravel in the recycled aggregate, which is naturally abrasion resistant.

In the future, research can be carried out to create completely cement-free binders, in which recycled

aggregate and just grinded building waste are used as cement.
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Abstract. This article investigated mechanical behavior of the masonry of historic buildings. It was assumed
that reliable cracking processes can be obtained by modeling masonry as a continuous medium and using
the Jointed Masonry Model (JMM). The paper gives an analytical review of JMM, identifying the input
parameters required for its use. Laboratory tests of brick blocks and mortar for uniaxial compression were
carried out and the results of these tests are presented. It is proposed to use the triaxial compression test
methodology for rocks for cylindrical samples drilled from bricks. Based on the obtained laboratory data, a
method for obtaining input parameters for JMM was proposed. To verify the obtained input parameters of
JMM, the construction of a numerical model to predict the stress-strain state of historic masonry buildings
was proposed. As an example, old workshop buildings located in the area near St. Petersburg were
considered. The results of numerical calculations were compared with the results of building facades
surveys for the presence of cracks and opening widths in them. It was found that the zones of the greatest
shear deformations were formed mainly in the corners of window and door openings, mainly in the right
and left parts of the model. Their position had a qualitative convergence with the results of surveys. The
process of formation and qualitative change of zones of limiting compressive and tensile stresses that were
formed in the walls of buildings was analyzed using different sets of input parameters of JMM. The influence
of dilatancy effects on the stress-strain state was also considered. The study found that a reliable
description of the mechanical condition of historic masonry can be obtained using JMM, whose input
parameters should be based on the results of laboratory tests. The conducted work showed that along with
classical methods of surveys it was possible to use methods of humerical modeling to predict areas where
crack propagation occur for historic masonry buildings.

Citation: lovlev, G.A., Belov, N.V., Zileev, A.G. Numerical prediction of crack formation in historical
masonry  buildings. Magazine of Civil Engineering. 2024. 17(4). Article no. 12805.
DOI: 10.34910/MCE.128.5

1. Introduction

Nowadays the preservation of old historic buildings is an important task in the construction industry.
Historic centers of modern cities are formed mainly by old brick buildings. In the conditions of rapid urban
development, many new buildings and underground structures are being constructed in close proximity to
historic buildings. It becomes relevant to assess the current state of historic buildings and the possibility of
their reconstruction for further exploitation. The question arises about the ways to predict the fracturing
accumulated in brick buildings during their existence.

Over many years of existence, accumulated deformations in foundation stone structures lead to
emergence of cracks, brick falling out, and peeling of plaster. These are characteristic features of many
historic buildings, because engineering methods of designing foundations at that time could not accurately
predict the geomechanical processes occurring in the surrounding soils.

© Iovlev, G.A., Belov, N.V., Zileev, A.G., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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The object of the study is the masonry of historic buildings. The aim of the study is to obtain a reliable
prediction of crack development in historic brick buildings. In the framework of continuum mechanics and
solid mechanics approaches, when implemented by numerical methods, more sophisticated and complex
constitutive models become one of the main ways to increase the reliability of the description of the
mechanical state.

Researchers have developed a large number of nonlinear constitutive models aimed at determining
the tensile strength of masonry and bricks [1, 2], which consider the anisotropy of properties caused by
mortar joints [3, 4] and complex interaction between the masonry blocks [5-10]. However, most of these
approaches are implemented under plane stress or plane strain conditions, which leads to negligible effects
on the macroscopic elastic behavior [11], but significantly affects the nonlinear response [12]. More complex
three-dimensional models have been proposed within the continuum [13] and discrete [14—16] approaches,
for example, models that take into account the accumulation of material fracture provide a good
representation of the post-fracture behavior [17, 18]. Only some of them consider the nonlinear behavior of
both the soil mass and crack development phenomena in masonry for the two-dimensional [19-21] and
three-dimensional [22—-26] cases.

Italian researchers [27, 28] proposed a three-dimensional nonlinear model for the mechanical
behavior of brick structures called Jointed Masonry Model (JMM). JMM is a modification of the better known
Jointed Rock Model (JRM) [29, 30]. In the same studies, on verification tests, it is shown that JMM is able
to reliably reproduce various mechanical tests of brick masonry units. The advantages of numerical
modeling are demonstrated in the article [31], and the possibilities of PLAXIS for solving geotechnical
problems are given in [32—-34].

This study aimed to accurately describe the mechanical condition of historic masonry. However, the
masonry of historic buildings is often characterized by heterogeneity of physical and mechanical properties
[53]. Work [54] describes the causes of degradation of ceramic bricks and, consequently, justifies the
combined effect of the aging process on the strength of the masonry. The presence of holes inside the
bricks, caused by the production technology, is the cause of stress redistribution [35]. This factor increases
the difficulty and possibility of data systematization from existing researches.

At the same time, when considering historic masonry, large-scale laboratory tests composed of
assembled wall sections become difficult to achieve. This means that it is impossible to verify the correct
operation of JMM based on these tests.

It can be assumed that for the mechanical behavior of historic brick masonry, the determination of
the input parameters of JMM requires a set of mechanical laboratory tests. These tests should be performed
separately for bricks and masonry. Taking into account the variety of influencing factors, the input
parameters thus obtained will describe the mechanical behavior of a particular object. To verify the obtained
parameters, it is possible to compare the crack development pattern in the numerical model with that
obtained from the survey results.

Under these conditions, the development of a methodology for obtaining input parameters for JMM
of historic masonry buildings with their further verification with the results of surveys becomes an urgent
task.

2. Methods

The paper describes the process of deformation and crack formation in historic masonry building
structures using a user-defined JMM in the PLAXIS 3D software package.

In order to determine the input parameters of the model, an analytical review of JMM is performed.
To determine some of the input parameters for JMM, a set of laboratory tests is performed. For finding the
cohesion and internal friction angle of bricks and mortar, either uniaxial tensile (UT) or triaxial tests (TXT)
must be performed. Since masonry structures are under volumetric stress conditions, TXT is more
preferable.

The tests performed for masonry structures are not enough to specify all parameters for JMM. To
determine the remaining parameters, additional lab tests were carried out and data from tests on bricks
and mortar from published researches results was used [38—40]. For example, the paper [41] summarizes
the information about the deformation parameters of bricks and mortar.

There are also investigations aimed to determine the strength properties of bricks and mortar. In [42—
45] results from tests on brick masonry under different types of stress-strain state are presented. A number
of works [46-51] investigates the bond strength between mortar and brick as well as the mechanical
parameters of masonry mortar. Articles [52—-54] provide data on mortar tests in triaxial compression tools.
The obtained input parameters are summarized and given in the table below.
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It is also necessary to verify the obtained input parameters. For this purpose, a numerical model of
the building under consideration is built. The mechanical state of the numerical model is reduced to the
mechanical state of the building by loading the building model with the given precipitation accumulated over
the period of the building existence’.

2.1.Constructive Design of the Workshop Building

One building of the 17 forts and batteries erected on the Kronstadt roadstead is considered as an
example of historic masonry. The fort was originally built of wood in 1724. After a major flood in 1824, the
structures were rebuilt in stone in 1833. There are 12 buildings on the fort’s territory. It lost its military
significance by the beginning of the 20t century, but it was still used in the defense of Leningrad (St.
Petersburg) during the World War Il. The right-flank curtain building (workshops) was built in 1914 and is
located in the southwestern part of the fort. Fig. 1 shows a general view of the central and inner facades of
the building.

Figure 1. General view of the workshops?.

The workshops are located between the horseshoe shaped tower (on the right in fig. 1) and the half
circular tower (on the left in fig. 1). Fig. 2 shows a first-floor plan of the building.

Building foundation is a strip, with a heterogeneous structure, which include different components,
such as granite blocks 10-50 cm in height, ceramic bricks and limestone. Lime-sand and cement-sand
mortar was used as a binder. The depth of the foundations reaches 6.4 m from the first-floor level.

" Forty Kronshtadskoi kreposti — shedevry rossiiskogo inzhenernogo dela pervoi poloviny XIX v. [The forts
of the Kronstadt Fortress are masterpieces of Russian engineering in the first half of the 19th century]. [Online] URL:
https://youtu.be/vjIP8JxezHk?si=W-f2NJ3NrvxOagfw (reference date: 24.06.2024); Yandex Maps [Online]. URL:
https://yandex.ru/maps/-/CDGOI-LS (reference date: 24.06.2024).

2 Forty Kronshtadskoi kreposti — shedevry rossiiskogo inzhenernogo dela pervoi poloviny XIX v. [The forts of the
Kronstadt Fortress are masterpieces of Russian engineering in the first half of the 19th century]. [Online] URL:
https://youtu.be/vjIP8JxezHk?si=W-f2NJ3NrvxOagfw (reference date: 24.06.2024); Yandex Maps [Online]. URL:
https://yvandex.ru/maps/-/CDGOI-LS (reference date: 24.06.2024).
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Figure 2. First floor plan of the workshops?.

The walls are made of ceramic solid bricks using a complex lime-sand mortar. The outer walls are
2.5 bricks thick, with a total width of 640—705 mm. The walls from “C” axis to 10-axis reach at least 850 mm
wide. The internal walls in the middle (near the stairwells) are 2.5 bricks thick, with a total width of 600-700
mm.

The ceilings are mainly in the form of concrete arches supported on metal beams. Fig. 3 shows their
general view. As a coarse filler for the slabs crushed bricks are used. The average height of the slabs is 25
cm.

Figure 3. General view of the slab structures®.

2.2.Jointed Masonry Model
2.2.1. Strength parameters of the model

To analyze mechanical behavior of masonry structures, JMM was used [27, 28]. As it was mentioned
above, this model is a modification of the better known JRM implemented in PLAXIS 3D. JRM is an
anisotropic elastoplastic model designed to simulate the behavior of stratified and fractured rock mass.

JRM assumes that there is rock mass with a definite layering direction and preferential crack
orientations. A total of three such orientations can be specified. Each i-th direction has its own normal and
shear stresses (Fig. 4). Shear stresses are limited according to Mohr-Coulomb failure criterion. When the
maximum shear stress on one of the directions is achieved, plastic flow occurs and both associated and
unassociated flow rules can be used.

In addition to the shearing along the crack planes, the tensile stresses are limited by a specified value
according to Rankine’s criterion. The Mohr-Coulomb yield function and the tensile yield limit are defined by
equations (1) and (2):

C . .
f;' = |TS,1|+ O-n,i tal’l(pl —Cn,i , where i = 1,..,I’lp0, (1)

, .
fi =G =5 where i=1,..m,0, @

where 7, < 3 is the specific orientation considered;

3 Forty Kronshtadskoi kreposti — shedevry rossiiskogo inzhenernogo dela pervoi poloviny XIX v. [The forts of the
Kronstadt Fortress are masterpieces of Russian engineering in the first half of the 19th century]. [Online] URL:
https://youtu.be/vjIP8JxezHk?si=W-f2NJ3NrvxOagfw (reference date: 24.06.2024).

4 Slmmexc.Kaprer [Online]. URL: https://yandex.ru/maps/-/CDGOI-LS (reference date: 24.06.2024).
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! _ crack orientation number;

7,,; — shear stresses, acting along i-th direction;

o : . . N
! _ normal stresses, acting perpendicular to i-th direction;
Pi _ friction angle in the i-th direction;
Co . . N
0.7 _ cohesion in the i-th direction;

0,0 . . : L
10, _ tensile strength in the i-th direction,

where C10.i <Co,i cOty;

Similarly, it is possible to describe the behavior of masonry structures composed by solid blocks
(bricks) and weakening surfaces (mortar joints). JRM well describes the behavior of masonry in the
horizontal joint plane orientation (direction 2) (Fig. 5). However, unlike the rock mass, masonry tends to
have a well-defined, chessboard structure. Thus, in the vertical direction (direction 1) (Fig. 5) there is an
additional grip between the surfaces of the blocks. As a result, the tensile and shear strength of the masonry
increases along the interconnected section (interlocking effect).

A b g

o

| ] | ]
L
1 | | |

X
Figure 4. Global and local coordinate Figure 5. Definition of plane 1 and plane 2 in
systems in 2D conditions [27]. JMM [27].

Considering masonry in general, it is worth noting its heterogeneity, which is that the material of
bricks and mortar are characterized by different deformation properties. The lateral extension of a brick
blocks is much smaller than that of mortar for the same stress acting values. As a result, during the
deformation of the masonry, the more intense lateral expansion of the mortar will cause additional tensile
stresses in the bricks due to the strong cohesion between the brick block and the mortar. This effect
increases with a decrease of the mortar grade [55, 56].

On Fig. 6a the section of wall made of bricks with height @ and length b is shown. As the stress 72
increases, the fragment of the wall sustains longitudinal strains, most of which are realized by deformations
of the mortar due to its high deformability. The longitudinal mortar strains are accompanied with lateral
strains, which are constrained by the bricks above and below (more precisely by cohesion and internal

frictional forces between the mortar and the bricks). As a result, tensile stresses 1 will arise in the bricks.
This effect is increased because of the different values of the lateral extension.

O-n,Z =

Each brick is under compression stress 0-2, acting perpendicularly to the plane of the

. - . . 0,1 <0 . .
horizontal mortar joints, also the bricks are under tensile stress nl 1 acting perpendicularly to the

TS,Z

plane of the vertical joints and tangential stress acting in the plane of the horizontal joints, as shown

— T
in Fig. 6b. The stress 52
to the central vertical axis.

is due to friction between the bricks and mortar and has an opposite sign relative
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Figure 6. Stress state acting on: a) a part of the masonry wall [27]; b) the single block [27].

To consider the effect of grip between the brick halves, see Fig. 6a. Using the failure criteria

o
described in equations (1) and (2), the tensile strength tlin plane 1 can be rewritten as:
n b
11 =001+ (€2 = 0pp tangy) =, (3)

where 7 is the height of the part of the wall, while 7 is the corresponding number of bed joints.

The height of the block joint can be written as:
h

a:;. (4)

Using equation (4), equation (3) can be rewritten in the following form:

b
O,1=0,01+—Cy» ——0, > tan @,.
11 0150275 Tn2 %) (5)

) . . I . 0,01 .

The first term of equation (5) is the contribution of the tensile strength 10,1 i plane 1, the second
term includes the contribution of cohesion 0.2 between the joints in plane 2, and the third term represents
the contribution of frictional forces tan along horizontal joints under the action of compressive stresses
Gn,2

If we abandon the effect of grip between the bricks in plane 2, i.e., remove the modification of the
original JRM, then the tensile stresses will be equal:

01 =010, (6)
Thus, it follows from equation (6) that the tensile stresses will be the same as the tensile strength

o
10.1 along the vertical joints.

In turn, the grip effect between the bricks leads to an expansion of the yield surface and an increase
in tensile strength. The increase in tensile strength in plane 1 involves a corresponding increase in the
existing cohesion (Fig. 7).

b b
¢ =Coy~ (% n2 tan g, — 502 J tan ¢ (7)
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Figure 7. Modified Mohr-Coulomb criterion [27].

Thus, in the formulation of JMM for cohesion forces (7), the effect of interlocking blocks is considered
by a new parameter defined as follows:

b
=tan @, —.
B ) 2a (8)
That coefficient (8) is a function of the dimension ratio of the bricks, while the ratio between the tensile
and shear strength is constant.
Equations (5) and (7) can be rewritten as:

041 =0401— POy +Cop——; ()
tan @,

tan @, .
tan(pzj P (10)

€ =Cy1— [/BO_n,Z —Co,2

It should be noted that in JMM, masonry is considered as a continuous medium, so material failure
can occur at any point in the area of interest.

Modern masonry structures are characterized by higher tensile strength and cohesion at vertical
joints, while old masonry has weak strength and cohesion, near to zero, as a result of mortar degradation
at joints. Under such conditions, it is possible to ignore the strength components related to tearing and
cohesion.

Then equations (9) and (10) can be rewritten as:
011 =—P0,5; (11)

q :—ﬂUn’z tangpl. (12)

Thus, equations (11) and (12) describe the case of complete mortar degradation in masonry. Since
in the horizontal direction (direction 2) there is no grip effect between the bricks, the strength parameters in
JMM, relative to JRM, are unchanged. As a result, direction 2 is the weakest when loads are applied.

As mentioned previously, JMM can specify up to three sliding directions. Two of them are typically
used to specify the masonry pattern. The direction of the sliding surface is described by the angle of

incidence * and the angle of rotation ) . The angle N is defined by turning the sliding plane around

the x-axis clockwise; the angle ) is defined by turning the sliding plane around the z-axis,
counterclockwise. For masonry, a properly defined pattern is set according to the scheme in Fig. 8.



Magazine of Civil Engineering, 17(4), 2024

X11 = (‘JUF)
2.1 = 90°

Figure 8. JMM bed and head joint plane orientation [27].

Thus, to describe the strength parameters of the masonry using JMM, it is necessary to find the
following set of strength parameters:

b _ cohesion of the brick block;

Pv _ friction angle of the brick block;
Yb_ dilatancy angle of the brick block;
Obis _ tensile strength of the brick block;
Cm _ shear cohesion of the mortar;

Pm _ friction angle of the mortar;

Vi _ dilatancy angle of the mortar;

o .
m.! _ normal cohesion of the mortar;

a _ block height;

b _plock width.
2.2.2. Elastic parameters of the model

It is assumed that the macroscopic structure of the masonry is a homogeneous anisotropic medium
where the movement of blocks is replaced by the average movement of the homogenized medium. The
general behavior of the medium is calculated with adequate accuracy without considering the motion of
each individual block.

In addition to the strength parameters, JMM also considers the isotropic elasticity of the masonry

due to the shear modulus G and Poisson’s ratio ¥ . When the deformation parameters of bricks and mortar
are available separately, the homogenization procedure of the parameters [57] converts to the equivalent
parameters of the masonry. These parameters describe the general behavior of the masonry in the elastic
zone.

The shear modulus is given by equation (13), and the Poisson’s ratio V' is calculated as an average

between "12 and “2!, calculated from equation (14):
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1o, 4a L1

G aK, b*K,+4abK, 1y (13)
Vi Vo, s . ”
E,  Ey 20w, +u;) (14)

The normal joint stiffness K, is given by equation (15), the shear joint stiffness K, — by equation
(16),

_ EbEm .

", (Ey—E,) 19)

1 1

K, = mytlyy ———.
t " Im Mp = My, (16)
The Lame’s coefficients are calculated by equations (17) and (18),

__ B

M v, (17)
_ VpElp

P 1=2v)(14vy) (18)

The Young’s moduli of masonry are calculated as arithmetic mean of Young’s moduli values head
£l and bed £2 (19), (20):
1 1 1 Ay +2
" " b T <Hp

E aK, 4w, 4GmA,+2u7) 19)
o g T * 2 (20)
Ey, 4abK,+b°K, 4uy, AQGuyAy +2u)

Thus, to specify the elastic parameters of the masonry as a homogeneous continuum medium, the
following set of parameters should be determined:

By _ Young’s modulus of brick;
M —Young's modulus of mortar;
Vb _ Poisson’s ratio of brick;

1% . , .
m _ Poisson’s ratio of mortar.

2.3. Getting Input Model Parameters according to the Results of Laboratory Tests

The program of mechanical compression tests is standard for similar materials and is described in
the Russian regulatory literature (GOST R 58767-2019 “Mortars. Test methods using reference specimens”
and GOST R 58527-2019 “Wall materials. Methods for determination of ultimate compressive and bending
strength”). Based on the uniaxial compression tests performed, the peak strength of bricks and mortar are
defined. Obtained data is used to calculate the average parameters of the masonry. Then, in accordance
with the Russian regulatory documents, the values of normal and shear cohesion of the mortar are
determined.

Tests were also performed on cylindrical specimens drilled out of bricks for uniaxial and triaxial
compression tools (TXT) using techniques similar to those used for laboratory rock testing.

For this purpose, samples of brick and masonry mortar were taken from the walls of the workshop
buildings. The extraction of masonry fragments was carried out in three sites on each floor of the building
(Fig. 11). 15 brick samples were collected. During sampling, it was found that during construction, bricks
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from several manufacturers were used. A large textural heterogeneity of the samples was observed. This
phenomenon is directly related to the features of the ceramic brick production in the 19t century, namely
the imperfection of the technology of forming bricks, which led to the formation of imperfect texture.

The rest of load-bearing elements: floor beams, slab floor, foundations — were specified by a linear-
elastic model. To specify the slab material, concrete samples were extracted from cemented crushed bricks
and used for uniaxial compression test (UCT).

2.3.1. Laboratory methodology for brick material

UCT were carried out in accordance with prescribing displacements, with loading speed not
exceeding 0.5 mm/min, full mythology described in Russian State Standard GOST 21153.2-84 “Rocks.
Methods for determination of axial compression strength”, and TXT — in accordance with GOST 21153.2-
84 “Rocks. Method for determination of triaxial compressive strength”. All tests were carried out on SPGU,
Toni Hendrick and MTS 816 Rock Test System presses.

Selected bricks were dried for two months at room temperature in a non-ventilated dry room. After
drying, some of the bricks were prepared for testing. According to the methodology, the selected bricks
were divided into two halves. The beds of each brick were smoothed with gypsum mortar with grade G5
(Fig. 9) and laid bedded on top of each other.

i 2 A

Figure 9. Brick samples prepared for UCT, compiled by the authors.
For extra alignment, cardboard sheets of up to 1 cm thick were placed between the brick beds.

From the stretcher faces of the rest bricks, cylindrical core samples were drilled for UCT and TXT.
The result of drilling and the final look of the specimens are shown in Fig. 10.

. )
Figure 10. Cylindrical samples prepared for TXT and UCT, compiled by the authors.

The surfaces of the cylinder specimens were grinded, and visual defects on the surface were “cured”
with plasticine.

To construct failure line of the bricks, in addition to UCT, 3 series of tests with different values of
lateral compression were performed. Lateral compression varied in the range from 2 to 6 MPa with step of
2 MPa.

2.3.2. Laboratory methodology for mortar material

The test program for mortar joint material included testing cubic samples of 20—40 mm under uniaxial
compression according to the methodology described earlier. To make the mortar samples of the desired
size, large pieces were removed from the masonry and cut into 20-40 mm square plates. Then two plates
were cemented together with a layer of gypsum paste 1—2 mm thick and G5 grade. Top and bottom surfaces
were also smoothed with a thin layer of gypsum. Fig. 12 shows the final views of the specimens before
testing.
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Figure 11. Samples of wall and floor materials, Figure 12. Mortar samples prepared for
compiled by the authors. testing, compiled by the authors.

2.4.Creating numerical model for verification

As a part of the restoration work of this object, measurements of cumulative unequal settlements and
building tilt were made. Fig. 13 shows a profile of measuring the cumulative unequal settlements of the
building. The largest differential settlement is iua = 0.015. Everywhere the vertical walls deviation is
observed. The largest detected wall decline is jax = 0.028. In general, the wall along A-axis deviates to the
“island” side by up to 108 mm. Cross walls also have tilt towards the island, which is demonstrated by the
existence of inclined through cracks in them. At the same time, the wall on B-axis (sea facade) remains
stable.
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Figure 13. Diagram of the accumulated settlements across wall A. The values are given in
millimeters?®.

In PLAXIS 3D software package, the numerical simulation of the whole workshop building was
performed. In current research, the interaction between soils and foundations of the building is not
considered directly. The available results of the survey allow to model in-situ settlements of the foundation
footing by specified displacements along it. Fig. 14 represents the general view of the numerical model. To
achieve adequate results, the building walls were modeled with mesh coarsners factor equal to 0.07. Thus,
the numercial model contains 324675 finite elements. In “staged construction” section three steps were
performed sequentially:

1. All building structures were modeled. Displacements along the footings of all foundations in all
directions were forbidden.

5 Forty Kronshtadskoi kreposti — shedevry rossiiskogo inzhenernogo dela pervoi poloviny XIX v. [The forts of the
Kronstadt Fortress are masterpieces of Russian engineering in the first half of the 19th century]. [Online] URL:
https://youtu.be/vjlP8JxezHk?si=W-f2NJ3NrvxOagfw (reference date: 24.06.2024).



Magazine of Civil Engineering, 17(4), 2024
2. The computational step required to reach the equilibrium state and set the accumulated strains to
zero.

3. The accumulated strains were repeatedly set to zero again, and the diagram of vertical settlements
along the base of the foundation of wall A was created.

a) b)

Figure 14. Design scheme of the workshop building: a) general view of the design scheme with
given displacements; b) sectional drawing of the building, compiled by the authors.

3. Results and Discussion
3.1.Laboratory Tests Results

3.1.1. Obtained mechanical parameters of brick samples

Fig. 15 shows a typical failure mechanism of the half’s brick samples. When processing test results,
test results that strongly deviated from the sample mean were discarded. Table 1 shows the obtained
deformation moduli and uniaxial compression stress of masonry bricks. Fig. 16 shows the obtained stress-
strain curves of bricks under uniaxial loading.
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Figure 15. General view of the
brick samples at failure,
compiled by the authors.

Figure 16. Stress-strain relations curves for brick samples,
compiled by the authors.

Table 1. Geometrical properties of brick specimens and test results.
Block

Block width . Mass ucs Young’s modulus
No. llen?:]:, b mm Block height 4, mm m.q o MPa E GPa
1 125 135 147 4675 3.7 0.4
2 115 105 120 2605 4.5 0.3
3 120 100 140 4400 15.1 0.5
4 120 118 155 4640 12.2 0.2
5 125 125 130 4002 6.0 0.1
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The failure mechanism of the drilled brick specimens after UCT and TXT shown in Fig. 17, 18.

Figure 17. General view of cylindrical
samples at failure after TXT, compiled by the
authors.

Figure 18. General view of cylindrical samples
at failure after UCT, compiled by the authors.

The received results are characterized by high heterogeneity, therefore, they should be processed

with a certain safety factor.

Heterogeneity is probably caused by various manufacturing technology of tested bricks and different
sampling sites. Moreover, heterogeneity was observed even in speciments drilled from the same brick,
which may reflect the influence of the historical distribution in stress-strain state applying to the brick
surfaces and therefore lead to different microfracture formation. In the future, more sophisticated statistical
procedures, such as the use of artificial neural networks, should be applied to samples with such

heterogeneity [58, 59].

Obtained results allow identifying the dependence between increasing strength limit of bricks with

growing lateral compression. Fig. 19 shows the final set of stress-strain curves.
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Analysis the obtained data shows the influence of the scale effect on the test results [60], because
uniaxial compression stress (UCS) of brick parts is much lower than that USC of cylindric samples. The
average UCS of bricks parts is 8.28 MPa, while the average UCS of cylinder specimens is 18.77 MPa.

Thus, the ratio of these values may give a scale factor k equal to 0.44. The indicates and influence of the

scale effect on the test results for bricks is given in [61, 62]. The coefficient k is used in further to reduce
the strength limits and deformation moduli. The resulting parameters are presented in Table 2.

Table 2. Geometrical properties of brick cylindrical specimens and test results decreases by

k.
. _ Lateral Volume Young's
Site Sample Diameter  Height = Mass  pressure strength modulus Poisson’s
location number d,mm A,mm MmM,g o3.MPa k-0, MPa k-E. GPa ratio V
1 39.9 93.4 196.8 2 12.52 3.54 -
1 2 39.9 93.3 201.9 4 17.99 3.42 0.274
3 39.8 82.5 192.1 2 15.51 7.44 0.136
4 39.9 94.8 224.3 6 27.57 6.07 0.254
) 5 39.8 94.8 266.7 6 31.07 15.98 0.080
6 39.8 93.0 243.1 0 8.93 2.27 -
7 39.9 87.8 246.9 4 29.30 14.75 0.104
8 39.8 87.4 249.2 6 33.37 18.42 0.310
9 39.8 85.2 249.8 2 16.59 5.89 0.008
3 10 39.9 93.2 256.4 6 35.68 6.76 -
11 40.0 92.8 191.4 0 9.25 1.35 —
12 39.6 92.1 189.6 0 7.71 1.79 -
13 39.9 69.5 145.1 0 9.82 1.70 -
14 39.1 91.3 210.3 0 5.67 1.50 —
40 L
©
= 7
-
7
g
24 y s
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Figure 21. Mohr’s circles for UCT and TXT and Mohr-Coulomb failure envelope, compiled by the
authors.

From the obtained failure line of the brick (Fig. 21) the value of the internal friction angle of the

38° ¢, =1.17

material Py = , cohesion MPa were defined.

&

From TXT curves for dependency volume strain versus axial strain & are plotted. This graph

is shown in Fig. 20.
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The obtained data illustrates changing signs of volumetric deformations, which means the dilatancy
existence with an attenuated character. Using equation (21) proposed by Vermeer and De Borst [63], the
average value of the dilatancy angle for each sample are calculated.

= arcsin L
v Ag, —2Ag ’ (21)

where Ag, — volumetric strain increment; A&, — axial strain increment.

Depending on the chosen range for any curves, the dilatancy angle takes values differing from the

+5°

angle of internal friction by in both directions. Therefore, the dilatancy angle was taken to be equal to

—_ o
the angle of internal friction Vo= 38 . In this case, an associated law of plastic flow rule is valid for the
brick material.

The tensile strength was defined by two methods. First one is geometrical, by plotting the Mohr-
Coulomb failure line in the tensile zone. The second method from tabulated data in Russian regulatory

documents, according to which o, ,,. equals 200 or 180 KH/m?, depending or brick grade. Grades where
defining during building survey.
In the homogenization procedure of elastic parameters for masonry, the average value of the

deformation modulus from results of UCT equal to E, =1722
Vp = 0.17

MPa, was used. The lateral stain coefficient

(Poisson’s ratio) based on TXT defined as
3.1.2. Obtained mechanical parameters of mortar material

Table 3 shows the deformation modules and UCS for masonry mortar and the stress-strain curves
of the mortar under uniaxial loading.

Table 3. Geometrical properties of mortar specimens and test results and stress-strain
relations curves for mortar samples, compiled by the authors.

10 @ Width : Volume Young'
o Height gs
9 .= i m?m Length, helg I\r/llqass strength modulus
- . a,mm ’
8 b | mm » mm 9 GV, MPa E, GPa
7 1 29.0 36.0 42.0 95.3 9.09 0.56
)
6 ‘ ‘ ‘ 2 35.0 40.0 33.0 95.3 6.69 0.62
5 i A vy S
2 LYo 3 380 400 440 1508 6.25 0.75
3 4 37.0 40.0 56.0 187.0 5.35 0.37
2 - : T 5 35.3 400 380 108.6 6.41 0.61
1 Relative longitudinal
o deformations (x10-3) 6 40.0 36.0 53.0 158.6 3.93 0.66
0 5 10 15 20 7 40.0 40.0 375 125.0 5.45 0.49

In the homogenization procedure of elastic parameters for masonry, the average value of the

E’" =3556.1 MPa, was used. The lateral strain coefficient, based on data

o
y, =025 - =06
from [39, 40], was assumed to be " ““ with the ratio R , where R is the ultimate compressive

strength of the mortar.

deformation modulus equal to

3.2. Summurised Input Parameters for JIMM and Numerical Simulation

The structures of the foundation, walls and slabs are implemented as three-dimensional elements.
The slab beams are made in the form of ideal-elastic wire elements. For the walls, 2 sets of input parameters
were considered (see w.1 and w.2 in Table 4). First set included lab test data and scientific research
materials. Second set was based on tabulate data in Russian regulatory documents. The input JMM
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parameters are presented in Tables 4, 5. An elastic model was adopted for the floor beams, with the input
parameters in Table 6.

Within the framework of scientific and educational work, it was not possible to obtain all necessary
parameters of adhesion and the angle of internal friction of the solution; the results of studies were used to
set them [46—49]. The dilatancy angle was taken to be equal to the angle of internal friction. In this case,
an associated law of plastic flow rule is valid for the mortar material.

Table 4. Input parameters of masonry Table 5. Input parameters of foundations
walls for JMM. and slabs for Linear Elastic model.
) w.1 w.2 Foundation
Material Material Foundation of internal Floor
a b a b
walls
, kH/m?3
Y 19.7 19.7 19.7 Y’ kH/m3 20 20 20
G, kH/m? 4.58E05 8.00E05 6.18E05 )
E,or . kH/m 13.00E6 0.80E6 8.826E6
A% 0.19 0.2
Coe » KHIM? 1760 800 650 v 0-2
o
) 38.04
Pme Table 6. Input parameters of flor beams for
Ve, © 38.04 Linear Elastic model.
O, mc » KHIM? 1350 200 180 Material I-beam profile N18 I-beaﬁzgroﬂle
SFherq 1.07 Y, kH/m? 78 78
[e]
a1 90 A, m? 2.790E-3 5.340E-3
[e]
a2, 90 I, m 0.01450E-3 0.05740E-3
C;» kH/m? 160 160 15, m 0.8730E-6 2.880E-6
[e]
@i 30 E,op . kHm? 210.0E6 210.0E6
v ° 30
o, kHIm? 140 80
a1 ° 0
az’z, © 0
3.3. Numerical Simulation Results and Comprasion with Survey Data

In PLAXIS 3D two calculation situations were considered, namely (a, b) by used sets of masonry
materials (Table 4, 8). In addition, two more calculation scenarios were considered, so in models a and ¢
masonry materials were used considering the associated plastic flow rule. In models b and d materials
without regard to dilatancy were used (Table 8). Thus, 4 calculations with different sets of input parameters
to JMM were performed. The results of a set of laboratory tests on bricks correlate with the results obtained
by other authors [36, 38]. The obtained parameters of JMM adequately correlate with the input parameters
accepted by other researchers [27, 64].

Fig. 22 shows the results of the building survey with the defects applied to wall A. The numerical
modeling results are shown in Fig. 23—25. It can be noted that the shear strains presented in Fig. 23 with a
good reliability are formed in the same places as observed wall defects. Cracks are concentrated at the
lintels above the window and door openings in the left and right parts of the facade. There is also a
detachment of the cornice under the building’s roof. The nature of the distribution, the angle of inclination,
and the direction of development indicate the sedimentary nature of their occurrence, which is confirmed
by the results of numerical calculations.The similarity of the survey and numerical results indicates that
there is a visual qualitative convergence between the behavior of real masonry structures and those
predicted by the numerical model based on JMM.
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It may be concluded that mostly cracks in the building facade are formed as a result of irregular
settlement of the building foundations. The obtained result demonstrated the effectiveness of JMM for
predicting the development of cracks in historic masonry buildings.

It should be noted that a set of tools PC PLAXIS 3D can not fully describe the interaction of different
structural elements of the building, which leads to distorted simulation results.

Figure 22. Scheme of building facade defects®.

Comparing calculation results for two input parameters set indicates the observed qualitative
similarity of deforming processes in the masonry. Second input parameters set (calculations ¢ and d), which
used tabulated data in Russian regulatory documents, show widespread development of tension zones
(Fig. 24), due to lower (almost two times) tensile strength of normal cohesion of mortar and lower (seven
times) tensile strength of bricks. The tensile strength of the bricks was intentionally decreased to
demonstrate a further failure process in the tensile stress zones. At the same time, for ¢ and d input
parameters set an additional increase of plastic strains in the compression zones was also observed. In
the right and left lower corners of the building, the compressive loads have such magnitude that reaching
the strength limit and material failure occurs (red points in Fig. 24c), which is practically not observed in the
scenario a.

Numerical results derived with input parameters for JMM based on tabulated data lead to a more
conservative solution and include relatively large fracture zones. Thus, the parameters according to the
scenario ¢ enable to consider the worst-case scenario for this problem conditions.

The dilatancy angle determines the direction of the plastic potential vector with respect to the Mohr-
Coulomb vyield surface. As a consequence, dilatancy is responsible for the proportional relation between

_ (o)
plastic volume strains and plastic shear strains. Thus, if y=0 , as it was assumed in calculations (b, d),
volumetric strains occur only under the volume compression stress paths, see Fig. 25 (b, d), while shear

strains develop more intensively, see Fig. 23 (b, d). For cases where y=¢ , extra volumetric deformations
occur in zones where stresses level exceed Mohr-Coulomb failure criterion, as is shown in Fig. 25 (a, ¢)
and Fig. 23 (a, ¢).

The presence of dilatancy affects the angle of inclination of the formed zones of shear deformations
(or zones of crack development) from window openings, in relation to the horizon, which is especially
evident in the right side of the building (Fig. 23). Also, the location of cap and hardening points is changed
(Fig. 24).

Both cases of flow rule, associated and no-associated, are presented in the paper.

¢ Forty Kronshtadskoi kreposti — shedevry rossiiskogo inzhenernogo dela pervoi poloviny XIX v. [The forts of the
Kronstadt Fortress are masterpieces of Russian engineering in the first half of the 19th century]. [Online] URL:
https://youtu.be/vjlP8JxezHk?si=W-f2NJ3NrvxOagfw (reference date: 24.06.2024).
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Figure 23. Achieved shear strains after applying defined displacements, compiled by the authors.

The diagrams showing the zones of crack formation and development during nonuniform building
settlement correlate with the diagrams obtained by the model developers [27, 28], other researchers [8]
and by comparing the simulation results with discrete [64] and other [14] approaches.

Table 8. Considered
calculation scenarios.

Case Input Dilatancy
parameters
by:
laboratory w=0
b laboratory v =0°
c tablulated V=0
data
d tablulated v =0°
data

B Failure point M Tension cut-off point
¥ Cap point # Cap + hardening point
A Hardening point ¥ Liguefied point

Figure 24. Achieved plastic points after applying defined displacements, compiled by the authors.
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Figure 25. Achieved volume strains after applying defined displacements, compiled by the
authors.

4. Conclusions

A set of laboratory tests was carried out, strength and deformation properties of historic bricks and
masonry were obtained. To determine the mechanical behavior of bricks under triaxial stress state, a new
method of laboratory testing was proposed - by drilling cylindrical specimens from the brick body. A method
for obtaining JMM input parameters based on uniaxial tests of mortar and bricks and triaxial tests of bricks
was proposed.

It was found that the parameters thus obtained were sufficient to determine the mechanical behavior
of historic brick masonry using JMM. The principle of JMM operation was demonstrated on the example of
a historic brick building constructed in the beginning of the 20t century. Numerical modeling of the main
load-bearing structures of the building was carried out, considering the subsidence of its foundation part.
Based on the results of the study, the following conclusions were obtained:

1) The JMM qualitatively described the processes of crack formation with a high degree of reliability,
which indicated the possibility of verifying the obtained input parameters of JMM in a similar way.

2) The parameters of brickwork obtained as a result of tests adequately described the process of
deformation of a real structure. Further refinement of the test methodology is required. Emphasis should
be placed on the scale effect that occurs when testing brick samples. This phenomenon significantly affects
the resulting masonry input parameters.

3) A large heterogeneity of the mechanical properties of the tested samples should be noted, which
leads to a distortion of the final values of the parameters. More extensive research is required in this
direction.

4) When modeling masonry with parameters from tabulated data, more conservative solution was
obtained. The formation of zones with excess tensile strength was observed, which was related to the
tensile strength of the brick material.

5) Relatively closer agreement with the survey results was achieved when the input parameters for
JMM were obtained from lab tests of the bricks, in this way it is possible to verify the input parameters of
the JMM model.

6) Calculations considering dilatancy better present the distribution of volumetric deformations in the
zones of crack initiation. Based on the received results, it was difficult to conclude which version of flow
rule better describe survey findings.
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The results allow to conclude that numerical simulation of historic brick buildings can be used as well

as their surveys, which will make it possible to clarify the positions of crack development zones in hard-to-
reach places and/or in places which was missed during the surveys.

The methodology for determining JMM input parameters is particularly relevant for cases where

large-scale testing with sections of old masonry structures is not possible. The considered approach has
the prospect of being used to describe the further state of the brickwork during aging by setting an increased
differential settlement of the walls of the building.
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Abstract. This research aims to produce lightweight self-compacting concrete (LWSCC) using lightweight
expanded clay aggregate (LECA) as coarse aggregate. The additional aim is to study the influence of steel
fiber and hybrid fibers (steel and polypropylene (PP)) on the properties of LWSCC in fresh and hardened
state. Furthermore, compressive, tensile, and flexural strengths of LWSCC specimens (with and without
fibers) are tested after being subjected to the fire exposure. In this study, four LWSCC mixtures with
different fiber percentages (0 % fiber, 1 % steel, 0.75 % steel + 0.25 % PP, and 0.5 % steel + 0.5 % PP)
are prepared and tested. The specimens were burned at temperatures 25, 300, 400, and 600 °C. The
results show that all mixtures have excellent resistance to segregation and high ability to filling and passing.
The presence of fibers slightly reduced the workability of LWSCC. The mechanical properties of LWSSC
decrease with increasing temperature. The results show that mixtures containing fibers have good
mechanical qualities and spalling resistance compared to mixtures without fibers when exposed to fire.
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1. Introduction

Self-compacting concrete (SCC) was first invented in 1986 in Japan by Prof. Okumara. This type of
concrete is extremely fluid and does not require vibration or tamping after pouring, it can fill the space
between the reinforcement and the corners of the molds [1]. Superior deformability and segregation
resistance characterize this type of concrete. Advantages of using SCC include reduced construction time,
labor costs, and noise pollution, as well as the ability to fill crowded and thin portions with ease [2].One of
the drawbacks of SCC is its large cost, which is due to the usage of large amount of Portland cement and
chemical additives. The SCC cost can be lowered if the mineral additions replace a portion of the Portland
cement [3]. Mineral additives used in SCC production also have positive economical and environmental
effects [4].

Many modern architectural projects are using increasingly structural lightweight concrete (LWC) due
to its low density [5]. LWC has good heat insulation due to low thermal conductivity as well as superior
sound insulation [6, 7]. Since the forces of earthquakes that influence civil engineering buildings and
structures are proportional to the mass of those buildings and structures, it is essential to reduce their mass
for earthquake sustainability [8]. Lightweight concrete can be produced in three ways:

1) by substituting the conventional mineral aggregate with lightweight aggregate (this type of concrete
is known as lightweight aggregate concrete);
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2) by incorporating gas or air bubbles into concrete (air-entrained concrete);
3) by excluding sand from the aggregate (no fines concrete).

Lightweight aggregate concrete is the most common type [9]. Despite its many benefits, LWC has
some disadvantages due to the low density of lightweight aggregates, which causes the segregation of
aggregate from the mixture [7]. Unsuitable vibration of LWC can cause inefficient distribution of lightweight
aggregates, i.e. particles float to the surface of concrete, resulting in forming of a weak layer [10]. Since
SCC does not require vibration, using lightweight particles in SCC can help to overcome this problem.
Lightweight self-compacting concrete (LWSCC) is a novel concrete that combines the benefits of both SCC
and LWC. Inclusion of lightweight aggregates in SCC helps to achieve better strength-to-weight ratio,
thermal properties, and fire resistance when subjected to high temperature. Using lightweight aggregates
also helps to reduce the dead load of buildings [11, 12]. LWSCC needs no external vibration and can spread
into place, fill the formwork and encapsulate reinforcement without any bleeding or segregation [13]. When
concrete is exposed to extreme temperatures, a common phenomenon known as spalling can occur,
significantly reducing the stability and affecting the structural safety of concrete. Incorporating
polypropylene (PP) or steel fibers into concrete is an effective method of preventing spalling [15]. The
spalling resistance of concrete containing steel fiber has been shown to be lower than concrete containing
PP fiber [16]. Al-Obaidey conducted research [32] to study the effect of steel fibers on fresh and some
mechanical properties of LWSCC. According to the findings, using of steel fibers led to negative effects on
fresh properties. The steel fibers had the marginal effect on compressive strength, while for both splitting
and flexural tensile strengths significant increase was obtained with increasing of steel fibers content.
Hachim and Fawzi studied the effect of the type of lightweight aggregate (Thermostone and Porcelinite) in
production of LWSCC, the effect of using silica fume (SF) and high reactivity metakaoline (HRM), and the
effect of using different ratios of w/cm ratio (0.32 and 0.35) on the properties of LWSCC in the fresh and
hardened state. The results indicate that the air dry density for LWSSC of Porcelinite aggregate is
1964 kg/m?® and the compressive strength is 29.57 MPa after 28 days for w/cm ratio 0.32. The air dry density
for LWSCC of Thermostone aggregate is 1820 kg/m3 and the compressive strength is 25.75 MPa after 28
days for w/cm ratio 0.32. The results demonstrated that the HRM performance, which is locally available,
is better than SF in production of LWSCC [33]. Wu et al. in [15] studied the effects of PP fiber on the spalling
characteristics and mechanical properties of LWSCC at elevated temperature. The results indicate that the
addition of PP fibers greatly reduces the risk of LWSCC spalling. The thermal damage and the loss in
residual mechanical properties of LWSCC with PP fibers are smaller compared with that without PP fibers.
AL-Radi et al. investigate in [2] mechanical properties of SCC with PP, steel, and hybrid fibers at high
temperatures. At temperatures below 200 °C, SCC reinforced with steel fiber shows significant
improvement in mechanical properties; at temperatures over 200 °C, these properties begin to drop.
Mechanical properties of SCC reinforced with PP fiber dropped at 200 °C. Occurrence of explosive spalling
was reduced by using SCC reinforced with steel and PP fibers.

The purpose of this study was to evaluate the properties of LWSCC in fresh and hardened state
employing light expanded clay aggregate (LECA) as coarse aggregate. This study also investigated the
influence of hybrid fibers on the aforementioned properties. In addition, it evaluated the compressive,
flexural, and splitting strengths of LWSCC specimens after being subjected to fire exposure at various
temperatures (300, 400, and 600 °C).

2. Methods and Materials
2.1. Materials

2.1.1. Cement

Ordinary Portland Cement (OPC) was used in this research (CEM 1-42.5R). The physical and
chemical requirements were in accordance with the specifications of 10S.5 [17]. Tables 1 and 2 show the
properties of OPC.
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Table 1. Chemical properties of OPC.

Oxides Test results (% by weight) Limit of 10S.5 [17]
CaO 62.8
SiO2 20.57
Al2O3 5.56 —_—
Fe203 3.32 —
MgO 2.91 5.0 (max)
SOs 2.23 <28 % forCsA>3.5%
I.R 1.00 1.5 (max)
L.O.l 1.94 4.0 (max)
Main compounds of OPC
CsS 5079 e
C2S 2074 e
CsA 912 e
CsAF 1010 e

Table 2. Physical properties of OPC.

Physical properties Test results Limits of 1QS.5 [17]
Specific surface area m?/kg (Blain method) 381 > 280
Setting time (Vicat apparatus)
Initial setting, min 165 2 45 min
Final setting, hr : min 4:30 <10 hr
Soundness (Autoclave method), % 0.14 <0.8
Comp. strength at 2 day, MPa 23 =20
Comp. strength at 28 day, MPa 44 2425

2.1.2. Fine Aggregate

In this research, natural sand from the region of Al-Ukhaidir was used as fine aggregate in
accordance with 10S.45 specifications [18].

2.1.3. Lightweight Expanded Clay Aggregate (LECA)

In this study, LECA was used as lightweight coarse aggregate with maximum size 10 mm. Fig. 1
shows the dry LECA that was soaked in water for one day before being added to the concrete to obtain
saturated surface dry LECA particles.

* LECA soaked in water for 24 h J
T —

Figure 1. Lightweight expanded clay aggregate (LECA).

Table 3 shows properties of LECA.
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Table 3. Properties of LECA.

Property Results Limits of 10S.45/1984
Specific gravity 0.65 —
Absorption, % 21 —_—

Bulk density (loose), kg/m? 320 -
SOs 0.07 <041

2.1.4. Silica Fume (SF)

In this study, Sika SF with an activity index of 122 % was used. The chemical and physical properties,
as well as the activity index, all meet the requirements of ASTM C1240-14 standard [19].

2.1.5. Limestone Powder (LP)
LP was used as an inert mineral filler to enhance the workability and resistance to segregation.
2.1.6. Superplasticizer

In this research, BETONAC®1030, a very effective polycarboxylate-based plasticizer, was used. It
was designed to enhance workability and improve slump flow. As a result, the concrete has superior
workability without segregation. The superplasticizer used in this study meets the requirements of ASTM
C494 standard [20].

2.1.7. Water

The mixing and curing water used in this study was clean and free of impurities, in accordance with
10S.1703 specifications [21].

2.1.8. Steel Fiber

Hook-end steel fibers 35 mm in length and 0.55 mm in diameter with an aspect ratio of 64 were used
in this research. This fiber was produced by Bundrex (South Korea). The properties of steel fiber are shown
in Table 4.

Table 4. Properties of steel fiber.

Appearance Hook
Length 35 mm
Diameter 0.55 mm
Aspect ratio “L/D” 64
Density 7800 kg/m?
Tensile strength 2200 MPa

2.1.9. Polypropylene Fiber

Sika PP fiber used in this research was 12 mm in length, 18 ym in diameter and had density
910 kg/m?3. Table 5 shows the properties of PP fiber.

Table 5. Properties of PP fiber.

Shape Straight
Color White
Length 12mm
Diameter 18 um
Modulus of elasticity 4000 N/mm?
Specific gravity 0.91 g/lcm?

2.2. Mixture Proportion

In this research, LWSCC mixtures were designed to produce structural lightweight concrete that
would meet the requirements of the European guidelines for self-compacting concrete [22] and ACI 213R-
03 guide [5]. Therefore, several experimental mixtures were conducted to produce this type of concrete. In
this study, four LWSCC mixtures were made with different fiber volume fractions (O fibers, 1 % steel, 0.75 %
steel + 0.25 % PP, and 0.5 % steel + 0.5 % PP). The properties of all four mixtures are shown in Table 6.
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Table 6. The concrete mixes.

Binder content High range water

LP, Water, w/b Sand, LECA, reducing Steel PP

3 3 . 3 3 admixtures fiber, fiber,
kg/m kg/m ratio kg/m kg/m (HRWRA), % by wt. kg/m? kg/m?

of binder content

Mixtures  Cement, SF,
kg/m®*  kg/m®

MR 480 80 30 195 0.34 800 150 1.6 0 0
MS 480 80 30 195 0.34 800 150 1.65 78 0
M SP1 480 80 30 195 0.34 800 150 1.71 58.5 2.275
M SP2 480 80 30 195 0.34 800 150 1.77 39 4.55

Where MR is the reference mix, MS is the mix containing steel fiber only, MSP1 is the mix containing hybrid fiber
(0.75% steel + 0.25% PP), and MSP2 is the mix containing hybrid fiber (0.5% steel + 0.5% PP).

2.3. Mixing Procedure

Since LECA has a high capacity for water absorption, it was soaked in water for 24 h before being
added to the mixture, and then spread out in the laboratory for an adequate period of time to obtain a state
of dry saturated surface. LECA was treated in this way to keep it from absorbing excess mixing water. The
process for mixing was as follows:

4) sand and LECA were mixed in the mixer for 1 min;
5) dry ingredients (SF, cement, and LP) were added;

6) water with superplasticizer was added to dry ingredients, and the mixture was mixed for another
5 min;

7) finally, steel and PP fibers were gradually mixed into the mixture until a consistent distribution was
achieved.

2.4. Burning and Cooling

The day after making, the concrete samples were removed from the molds and stored in water for
up to 28 days. They were then stored in the laboratory at about 23 °C for up to 56 days (28 day in water
and 28 day in air). The LWSCC samples were subjected to fire exposure at 300, 400, and 600 °C according
to ASTM E119-00a [31] in a furnace specifically designed for this purpose. The temperatures in this study
were chosen based on the results of some previous studies [2, 14]. A digital thermometer, as shown in
Fig. 3, was used to record the temperature. After reaching the desired temperature, the samples were kept
in the furnace for another hour. After that, the samples were taken out and gradually cooled down to room
temperature.

Figure 2. Burning furnace. Figure 3. Digital thermometer.
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3. Results and Discussion

3.1. Fresh Properties Results
3.1.1. Slump Flow Tests and Tsoomm Value

The flow ability of fresh concrete can be evaluated by slump flow tests with Abrams cone. Table 7
and Fig. 4a show the results of slump flow tests. All of the mixtures showed a diameter of slump flow
between 650 and 760 mm. All mixture were in accordance with the European guidelines for self-compacting
concrete [22] requirements. The slump flow diameter of LWSCC reduced significantly with added fibers in
comparison to the mixture without it. The addition of fibers increased flow resistance and decreased flow
ability as a result of increased adhesion and friction between the fibers and aggregate.

Tsoomm values represent the time necessary for the concrete to reach a diameter of 500 mm during
slump flow test (i.e. viscosity). The values varied between 2.1 and 3.7 sec. The addition of fibers to LWSCC
mixtures increased Tsoomm values. This was attributed to the increase in flow resistance and the decrease
in flow ability as a result of increased adhesion and friction between the fibers and the aggregate [29]. As
has been demonstrated in similar studies [27].

3.1.2. V-Funnel Time

The V-Funnel test was used to determine the viscosity and filling ability of SCC [22]. The findings of
the V-Funnel test are shown in Table 7 and Fig. 4b. The values ranged between 7 and 10.5 sec. This
indicated an increase in the V-Funnel flow time when fibers were included in the LWSCC mixture. This was
due to an increase in the viscosity factor of the mixtures, which resulted in concrete with greater cohesion
and adhesion. As a result, the exit velocity of fresh concrete through the tab door of the V-Funnel device
was slowed down. As has been shown in similar studies [26].

Figure 4. Testing of fresh properties.

Table 7. Fresh properties tests results.

Mixtures Slump flow, mm Tso0mm V-Funnel, sec L-Box Segregation resistance (SR), %
MR 760 21 7.0 0.98 18.3
MS 690 27 8.5 0.90 125
M SP1 675 3.2 9.7 0.85 9.2
M SP2 650 3.7 10.5 0.80 7.7

3.1.3. L-Box Test

In this study, the L-Box with two bars was used to evaluate the passing ability of LWSCC. The findings
of the blocking ratio (BR = H2/H1) tests are shown in Table 7 and Fig. 4c. The results ranged between 0.8
and 0.98. This indicated that the addition of fibers into the LWSCC mixture lead to a decrease in blocking
ratio (BR). The addition of fiber had a negative effect on passing ability because it increased flow resistance
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and decreased flow ability as a result of increased adhesion and friction between fibers and aggregate, as
has been demonstrated in similar studies [26].

3.1.4. Sieve Segregation Tests

Sieve segregation was used to measure segregation resistance, as shown in Fig. 4d. Table 7 shows
the segregation values for all LWSCC mixtures. According to the results, mixes with added fibers showed
lower values when compared to mixtures without fibers. This is due to the distribution of fibers in concrete,
which resulted in formation of a network that could effectively prevent aggregate particles from becoming
separated from one another. This is why LWSCC with fibers had a higher resistance to segregation. The
segregation values for all LWSCC mixtures were within the limits set by the European guidelines for self-
compacting concrete [22].

3.2. Hardened Properties Results
3.2.1. Compressive Strength

Compressive strength test for LWSCC was conducted using 100 x 100 x 100 mm cube in
accordance with BS EN 12390-3 standard [23]. Table 8 shows the compressive strength values at 28 and
56 days. Compressive strength of LWSCC with fibers specimens (MS, MSP1, and MSP2) increased by
approximately 19, 14, and 7 % compared with the reference mixture (without fiber). The fibers enhanced
mechanical bonding, which slowed the formation of micro-cracks, limited their further spread, and thus
increased compressive strength. Fig. 5 shows the compressive strength of LWSCC mixture after exposure
to burning at different temperature. The results showed that compressive strength decreased with
increasing temperature in both the specimen with and without fibers. The compressive strength of specimen
without fibers decreased by approximately 22, 35, and 55 % at 300, 400, and 600 °C, respectively, due to
incompatible changes in the volume of cement paste and aggregate during heating and cooling, leading to
dissolution of the interfacial bond [28]. Compressive strength of LWSCC specimen containing steel fibers
decreased by approximately 14, 22, and 41 %. Compressive strength of specimen containing hybrid fibers
(0.75 % steel + 0.25 % PP) decreased by approximately 16, 30, and 46 %. Compressive strength of
specimen containing hybrid fibers (0.5 % St + 0.5 % PP) decreased by approximately 19, 32, and 48 % at
300, 400, and 600 °C, respectively. Heating negatively affected all mechanical properties of LWSCC.
However, steel fibers prevented cracking and mitigated damage caused by increased temperatures. The
melting of PP fibers resulted in the formation of a large number of small holes between concrete materials,
which contributed to the decrease in compressive strength in specimens containing PP fiber. This agrees
with other research findings [2].

Table 8. Hardened properties tests results.

Compressive strength, MPa  Splitting strength, MPa Flexural strength, MPa Density,

Mixtures

28 days 56 days 28 days 56 days 28 days 56 days kg/m?
MR 25.6 27.2 2.5 2.8 3.9 41 1710
MS 30.5 33.1 3.6 4.1 6.2 6.5 1850
MSP1 29.2 31.8 34 3.8 5.8 6.1 1800
MSP2 27.6 29.2 3.1 3.5 5.3 5.6 1740
35
& 30
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e 25 -
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Figure 5. The compressive strength of LWSCC after exposure to different burning temperature.
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3.2.2. Splitting Strength

Splitting strength test was conducted using 100 x 200 mm cylinder in accordance with ASTM C496
standard [24]. Table 8 shows the splitting strength values at 28 and 56 days. LWSCC mixtures with fibers
(MS, MSP1, and MSP2) had a higher splitting strength than those without fibers by approximately 45, 38,
and 25 %, respectively. This was because fibers prevented the formation of micro-cracks in the concrete,
thus the tensile strength increased [29]. Fig. 6 shows the splitting strength of LWSCC mixture after exposure
to burning at different temperature. The results showed that the splitting strength decreased with increasing
temperature in both the specimen with and without fibers. Splitting strength of LWSCC specimen without
fibers decreased by approximately 30, 48, and 73 % at 300, 400, and 600 °C, respectively. Splitting strength
of specimens with steel fibers decreased by approximately 14, 31, and 51 %. Splitting strength of
specimens with hybrid fiber (0.75 % steel + 0.25 % PP) decreased by approximately 18, 34, and 57 %.
Splitting strength of specimens with hybrid fiber (0.5 % steel + 0.5 % PP) decreased by approximately 20,
42, and 64 %, respectively. Loss of strength could be caused by a number of factors, including the
difference in thermal expansion between the aggregates and cement paste, the degree of drying of the
cement paste, and the disintegration of the aggregates.

45
&
s 4
=35
o
c 3 1
Q
525 E MR
(7]
2 24 m MS1
(7]
g 151 — MSP1
- 1 | _
® MSP2
s 05 - —
=
:Q,. 0 i T T T 1
25°C 300°C 400°C 600°C
Temperture °C

Figure 6. The splitting strength of LWSCC after exposure to different burning temperature.

3.2.3. Flexural Strength

Flexural strength test was conducted using 80 x 80 x 380 mm prism in accordance with ASTM C293-
08 standard [25].Table 8 shows the flexural strengths values at 28 and 56 days. In comparison to reference
mixtures without fibers, the flexural strength of LWSCC mixtures containing fibers (MS, MSP1, and MSP2)
increased by approximately 58 %, 48 %, and 36 %, respectively. This was due to the presence of fibers
that prevented the appearance of micro-cracks in the concrete. These results were similar with those
obtained by other researchers [2, 30]. Fig. 7 shows the result of flexural strength of LWSCC mixture after
exposure to burning at different temperature. The results showed that the flexural strength of LWSCC with
and without fibers decreased with increasing temperature. At temperatures 300, 400, and 600 °C, the
flexural strength of LWSCC specimen without fibers decreased by approximately 25, 40, and 73 %. Flexural
strength of specimens with steel fibers decreased by approximately 14, 25, and 55 %. Flexural strength of
specimens with hybrid fiber (0.75 % steel + 0.25 % PP) decreased by approximately 19, 32, and 65 %.
Flexural strength of specimens with hybrid fiber (0.5 % steel + 0.5 % PP) decreased by approximately 22,
37, and 69 %, respectively. The reason is that the high temperature had altered the properties of the
concrete. Since calcium hydroxide dehydrates at high temperatures, the cement paste contracted. When
flexural strength decreased, many micro- and macro-cracks appeared in the specimens due to the thermal
incompatibility of the cement used in the paste and the aggregates.
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Figure 7. The flexural strength of LWSCC after exposure to different burning temperature.

4. Conclusion

In this study, we conducted a set of experiments to determine the impact of fire exposure on the

mechanical properties of LWSCC specimens at different temperatures, as well as to study the effect of
using steel and hybrid fibers on same parameters. Based on the discussed results, the following can be
concluded:

e All mixtures met the SCC limitations recommended by the European guidelines for self-
compacting concrete [22]. Thus, all mixtures had high filling capacity and segregation resistance.
The addition of fiber to the mixtures decreased the workability of LWSCC, but the mixtures still
met the requirements of the European guidelines for self-compacting concrete [22].

e When compared mixtures without fibers (MR) to mixtures with steel fiber (MS) and hybrid fibers
(MSP1, MSP2), slump flow diameter decreased by approximately 9, 11, and 14 %. Tsoomm
increased by approximately 28, 52, and 76 %. V-Funnel increased by approximately 21, 38, and
50 %. L-Box decreased by approximately 8, 13, and 18 %. Sieve segregation resistance
decreased by approximately 25, 31, and 40 %. For this reason, large amount of superplasticizer
was added to these mixtures in order to preserve their workability.

e The incorporation of steel fibers increased the mechanical properties significantly.

e When specimens were subjected to fire, the compressive strength, tensile strength, and flexural
strength decreased.

e When compared to the reference mixture, mixtures with steel and hybrid fibers improved the
concrete’s residual mechanical qualities at temperatures between 300 and 600 °C.
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Abstract. This study investigated the suitability of two engineered earthen materials manufactured by
mixing different proportions of sand, silt, and clay for rammed earth constructions under dry conditions. The
first mix contained 30 % fine material, whereas the second mix contained 50 % fine material. Test
specimens were prepared by static compaction to 4.5, 25, 50, and 100 MPa, equilibrated at relative humidity
values of RH = 35 % and RH = 55 % and tested in the lab to characterize plasticity, mechanical, hydric,
and thermal behavior. The materials showed a drying shrinkage of no more than 4 %, depending on the
initial water content and the unit weight of the material. The results indicated a remarkable increase in
materials elastic stiffness and strength of 50 % to 120 % and 10 % to 70 %, respectively, with increasing
dry unit weight or compaction energy. The increase in soil suction led to a profound improvement in stiffness
and strength, owing to an increase in capillary bonding. In addition, the increase in finer content from 30 %
to 50 % significantly enhanced the mechanical behavior. If a minimum compressive strength of 2 MPa is
considered, then compacting the earthen material to 50 MPa or greater would provide sufficient strength
under the operational humidity RH=55 %. For the mix with 50 % finer content, a compressive strength of
almost 5.75 MPa was achieved when the material was compacted to 100 MPa and equalized to RH =55 %.
As relative humidity increased, materials strength decreased where the amount of reduction was found to
be inversely proportional to the compaction level and the maximum dry unit weight. The dynamic adsorption
behavior was, largely, independent of the amount of compaction energy or finer content. The dynamic
adsorption test indicated that the tested materials exchange a considerable amount of moisture with the
atmosphere. Compared to traditional brick and concrete blocks, the materials showed good insulation
characteristics. It was observed that the increase in finer content yielded slightly higher thermal conductivity
values. Overall, the engineered material examined in this work can be potentially used for rammed earth
under dry conditions.
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1. Introduction

The exceptional environmental and energy challenges, particularly in arid regions, have mandated a
rebirth of sustainable construction materials and building technologies. One of the major differences
between modern and ancient earthen constructions recounts to the ability to engineer a material with
preferential properties, such as high strength and excellent durability. Modern earth building techniques
have been developed with the objective of optimizing quality control, increasing construction efficiency and
reducing labor and material costs.

As a sustainable replacement for conventional building materials like concrete or fired bricks,
rammed earth provides a number of advantages. The embodied energy and carbon dioxide footprints of a
rammed earth construction can be much lower than that of an identical structure composed of more

© Hasan, E.L., Al-Sharrad, M.A., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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traditional materials, such as concrete or masonry [1-3]. In addition, rammed earth buildings outperform
traditional buildings in terms of the energy consumed during buildings operation, thanks to the outstanding
hygrothermal properties [4, 5]. Moreover, raw rammed earth is eco-friendly and can be fully recyclable.

Despite the numerous advantages of rammed earth regarding sustainability, various limitations
restrict its extensive use for constructions. Because of the profound effect of water on the raw rammed
earth, the mechanical behavior is always disputable. The admission of moisture into the wall can decrease
material strength significantly as a consequence to suction decrease. These concerns have been emerging
over the last few decades, see for example [6, 7]. Moreover, rammed earth constructions are quite sensitive
to rain and wind erosion and to the effect of aggressive environments, so they frequently need a protection
against weathering [8-10].

According to [11], the soil should generally contain a high proportion of sand and gravel, along with
silt and just enough clay to serve as a binder, which is also able to provide acceptable hygroscopic and
thermal characteristics. According to [12], rammed earth should have a clay fraction of 5 % to 15 %, a silt
fraction of 15 % to 30 %, and a sand with fine gravel fraction of 50 % to 70 %.

An interesting statistical analysis of numerous plasticity data on compressed earth blocks (CEB) and
adobe was performed in [13]. The analysis indicated significant variation in the liquid limit (LL) and the
plastic limit (PL) values for both the CEB and adobe. Nevertheless, according to the researchers, three
quarters of the LL values of the CEB material were between 25 % and 45 %, whereas more than half of
these values were between 20 % and 40 % for the adobe material. The analysis of the PL values showed
that the majority of the PL values were between 15 % and 29 % for both, the CEB and adobe materials.

Having knowledge of the shrinkage factors such as shrinkage limit, linear and volumetric shrinkage
is essential to regulate swelling and shrinkage and to avoid serviceability problems such as crack
generation and material disintegration in rammed earth buildings. The occurrence of these problems
depends on the type and percentage of clay, the materials gradation, and the amount of moisture.
Maniatidis and Walker in [11] cited few examples of maximum permissible linear shrinkage values, ranging
from 0.05 % to 3 %. According to numerous studies e.g. [14—16], shrinkage and plasticity of the earthen
material can be regulated partly by controlling sand proportion.

Durability in the context of earth construction means the ability of the structure and all its elements
to withstand the destructive action of weathering and other actions without degradation to the expected
service life [11]. The German standard DIN 18945 [17] classified earth bricks with respect to their resistance
to water penetration into three classes. The first class should possess sufficient resistance under partial or
complete exposure to water without weather protection. The second class should possess sufficient
resistance under weather protection condition. The third class is not water resistant and can be specified
to only dry applications such as stacked walls. In the present work, the researchers utilized local soils to
engineer a sustainable building material favorable for sustainable constructions in arid climate regions with
the best use of the passive energy from the atmosphere.

2. Methods and Materials
2.1. Materials

For the present work, local soils brought from two borrow sites near Ramadi city, Iraq, were collected.
Two soil types were selected; Soil 1 was a fine material, while Soil 2 was sand. The mineral composition of
these soils was examined by performing X-ray fluorescence (XRF) with a Spectro XLab Pro analyzer.
Table 1 shows the main minerals comprising these soils.

Table 1. Mineral composition of Soil 1 and Soil 2.
(%) by weight

Element - -
Soil 1 Soil 2
Sodium 1.61 0.09
Magnesium 4.02 0.36
Aluminum 10.61 1.21
Silicon 41.98 71.07
Sulfur 2.39 0.35
Potassium 2.74 0.08
Calcium 15.58 2.57
Titanium 0.83 0.16

Iron 6.00 1.07
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2.2. Mixtures and Experimental Procedures

2.2.1. Grain size distribution (GSD)

The grain size distribution was determined according to the ASTM Standard D422 [18] by dry sieving
for the material larger than 75 ym and a hydrometer for the material smaller than 75 ym. Soil 1 comprised
of 50 % silt and 50 % clay, whereas Soil 2 comprised of 100 % sand.

Neither Soil 1 nor Soil 2 complies with the gradation requirements for earthen building materials
suggested in the literature e.g. [19]. Therefore, two new soils were fabricated, namely: Mix 1 with 70 %
sand, 15 % silt, and 15 % clay, and Mix 2 with 50 % sand, 25 % silt, and 25 % clay. The gradation curves
of Mix 1 and Mix 2 are shown in Fig. 1.
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Figure 1. Grain size distribution of Mix 1 and Mix 2.

2.2.2. Plasticity

The liquid limit and plastic limit tests were performed on materials finer than 0.425 mm (sieve No.
40), according to the ASTM Standard D4318 [20]. The plasticity index (Pl) was determined as the difference
between the liquid limit and the plastic limit of the soil. The shrinkage factors test was performed by the
water submersion method of the ASTM Standard D4943 [21] on materials finer than 0.425 mm, taken from
Mix 1 and Mix 2. Initially, the samples were mixed thoroughly with water to form a paste with a water content
higher than the liquid limit by 10 %. In this test the shrinkage limit (SL), shrinkage ratio (R), volumetric
shrinkage (Vs), and linear shrinkage (Ls) are determined. The values of the plasticity factors for Mix 1 and
Mix 2 are summarized in Table 2.

Table 2. Plasticity factors of the mixes.

E E &z, & & £% . %
= = o = o [0) 0]
g © - £ < occ ¢
— o 0 n S o n
LL PL Pl SL R Vs Ls

(%) (%) (%) (%) (%) (%)

Mix 1 48.4 23.62 24.8 20.3 1.78 59.7 79.1
Mix 2 54.3 24.2 30.1 14.6 1.82 90.5 82.5

2.2.3. Specimen preparation

Test specimens with 100 mm height and 50 mm in diameter were fabricated by static compaction. A
compaction rig was manufactured, as shown schematically in Fig. 2, following the proposal of [22, 23]. This
method targets increasing material density, hence providing higher compressive strength, by applying a
static compressive force on a laterally confined soil specimen. Specimens were prepared by thoroughly
mixing predetermined proportions of the materials in a dry state, then the required amount of water was
introduced. Specimen compaction was achieved by pouring one-third of the wet material, each time, inside
the mold, then applying constant displacement compression (0.1 mm/min) until a target compressive
pressure of 4.5, 25, 50, and 100 MPa was reached. The specimen was unloaded then extruded and taken
for weight-volume measurements before being properly stored inside a plastic bag until the next stage. The
static compaction pressure 4.5 MPa was relatively small and was only taken as a reference, equivalent to
the standard Proctor compaction.
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Figure 2. Schematic diagram of the compaction rig.
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2.2.4. Compressive strength test

The material stiffness and compressive strength were investigated by performing unconfined
compression tests on specimens with different initial unit weight values and moisture states, according to
the ASTM Standard D2166 [24]. The test was performed at a constant loading/unloading rate of 1 mm/min.
Young’s modulus was obtained by performing loading-unloading cycles, between one-ninth and one-third
of the estimated compressive strength. The elastic modulus was determined as the average slope of the
lines best fitting the unloading branches of these cycles. It is assumed that material behavior is elastoplastic

during loading but mainly elastic during unloading. The specimens were subsequently loaded to failure to
measure the unconfined compressive strength.

2.2.5. Soil suction test

In this work, the matric and total suctions of the materials were measured indirectly with the filter
paper technique, in which the filter paper has a predefined water retention curve. Under vapor equilibrium
condition inside a closed system, the soil suction is inferred from the water content of the contact filter paper
for matric suction and non-contact filter paper for total suction. Three identical specimens with 20 mm height
and 50 mm in diameter were initially prepared at each compaction pressure of the two mixes at the target
optimum water content and maximum dry unit weight. Two of these specimens were equalized at a constant
temperature of 20 + 2 °C to a constant mass at relative humidity values of RH =55+ 2 % and RH =35 %
2 %. These values correspond to the prevailing winter and summer humidity values in Ramadi, respectively.
Matric and total suction of these samples were measured with the filter paper technique by the ASTM
Standard D5298 [25], using Whatman No. 42 filter papers. Alternatively, for a given constant temperature
and relative humidity, the value of total suction can be obtained by using the Kelvin equation [26]:

v =21 (RH), (™)

m

where R is the universal gas constant (8.31 J mol-' K-'), T' is the absolute temperature (K) and V), is the

molar volume of water (18*10-% m3/mol). The containers were kept closed for 10 days in order to achieve
vapor pressure equilibrium of the water in the filter papers, the specimen and the air inside the container.

2.2.6. Moisture buffering

The absorptive behavior of the material was evaluated by measuring the moisture buffering value
(MBV) following the NORDTEST project method described in [27]. The practical MBV is calculated as
follows:

MBV Am

practical = SA%RH > (2)

where MBmecU-ca, quantifies the amount of moisture (Am) gained or released per exposed surface

area (S) over a given time interval as a result of a variety of relative humidity (A%RH). For each mix, four
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samples with 100 mm height and 50 mm in diameter were prepared at the optimum water content and dry
unit weight corresponding to 4.5, 25, 50, and 100 MPa compaction pressure. These specimens were then
conditioned inside a humidity room to the same relative humidity of RH=55 %. The specimens were
mounted in an upright position in such a manner that the top and the curved faces were the only ones
exposed to RH variation. Subsequently, the samples were subjected to a step cyclic increase/decrease of
RH between 75 + 2 % and 50 £ 2 % until a virtually constant mass of water was absorbed/released over
the last few cycles. The step increase/decrease was performed every 12 hours. Meanwhile, the specimen
weight was frequently recorded.

2.2.7. Thermal conductivity

The steady-state coefficient of thermal conductivity of the earthen material was tested using WL373
thermal conductivity meter, as shown in Fig. 3. Soil specimens with 30 mm height and 21 mm in diameter
were compacted to predefined moisture and unit weight values inside a HDPE tube, which was placed
inside the compaction mold. A set of three specimens were prepared at the maximum dry unit weight of
each compaction pressure. Then two of each set were equalized at a relative humidity of RH =55 £ 2 %
and RH = 35 t 2 %, under a constant temperature of 20 + 2 °C. The test specimen is mounted between a

heat source and a heat sink. A steady-state heat flux (Q) was applied, while the temperature drop across
the specimen (AT) was monitored and measured by thermocouples installed close to the specimen faces.

The coefficient of thermal conductivity (k) was calculated under steady-state temperature distribution
as [28]:
L
k = Q—a (4)
AAT

where L and A are the length and the cross-sectional area of the sample, respectively.
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Figure 3. Thermal conductivity meter model WL373.

3. Results and Discussion
3.1. Compaction Characteristics

The compaction curves of Mix 1 and Mix 2 for 4.5, 25, 50, and 100 MPa compaction pressures are
shown in Fig. 4. The maximum dry unit weight increased and the optimum water content decreased with
increasing compaction energy. For Mix 1, the maximum dry unit weight increased from 19.94 kN/m?3 to
21.91 kN/m3, while the corresponding optimum moisture content decreased from 10 % to 4.2 % when
compaction pressure increased from 4.5 to 100 MPa. Similarly, for Mix 2, the maximum dry unit weight
increased from 19.02 kN/m3 to 21.51 kN/m3, while the corresponding optimum moisture content decreased
from 12.5 % t0 5.8 %.

The variation of dry unit weight with compaction energy, as shown in Fig. 5, follows a nonlinear
pattern, in which the former tends toward an ultimate virtual value corresponding to zero porosity. Therefore,
the higher the compaction pressure, effectively up to 75 MPa, the lower the porosity. Mix 2 always showed
lower unit weights compared to Mix 1, despite its high finer content. This is probably attributed to the higher
suction values attained by Mix 2 specimens. In addition, the corresponding decrease in porosity was found
to be from 22.1 % to 14.4 % and from 25.7 % to 16.0 % for Mix 1 and Mix 2, respectively. These
observations are in good agreement with those reported by many researchers, e.g. [22, 29].
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Figure 5. Variation of as-compacted maximum dry unit weight with compaction pressure.

3.2. Moisture Equalization

The moisture equalization was performed under the constant temperature 20 £ 2 °C and the relative
humidity RH = 55 + 2 % and RH = 35 + 2 %. Over the equalization period, specimen’s water content was
decaying exponentially. Moisture equilibrium was practically achieved, under a given constant RH, when
the mass of the specimens varied by less than 0.1 % during a minimum of one week. On average, moisture
equilibrium was achieved after at least one month. In theory, the rate of evaporation of pore water is affected
by the difference in relative humidity of the pore air and that of the adjacent air outside the specimen. In
principle, the drying process continues until a particular vapor pressure satisfying equilibrium condition is
achieved. Fig. 6 illustrates that a modest increase in the dry unit weight took place due to moisture

equalization of Mix 1 and Mix 2 specimens originally compacted at the optimum moisture content to 4.5,
25, 50, and 100 MPa.

The amount of shrinkage that occurs due to drying from the as-compacted state to the state at
RH=35 % was calculated based on the specimen volume before and after the equalization. A general trend

emerged that the higher the initial water content, the higher the drying shrinkage will be. Conversely, the
higher the dry unit weight, the lower the drying shrinkage will be. The maximum amount of drying shrinkage,
which was nearly 4 %, is considerably lower than the volumetric shrinkage (see Table 2). Thanks to the
compaction technique that allows production of dense material at rather low optimum moisture content (4—
7 %). By the end of the equalization stage, no shrinkage cracks or discontinuities were observed in the
specimens. This promotes the selected material for the next level of the investigation, as illustrated in the
following sections.
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3.3. Soil Suction

Fig. 7 presents the variation of total and matric suction with degree of saturation, measured after
achieving moisture equilibrium at RH=55 % and RH=35 % as well as at the as-compacted states. Both total
and matric suction values were progressively increasing with saturation decreasing. For a given water
content, Mix 2 expectedly showed higher suction values than Mix 1, owing to the higher clay content, which
in turn resulted in smaller pore sizes and higher adsorption. It appears that the moisture equilibrium brought
the saturation and the suction to a residual state. At the residual water content region, most likely at water
contents less than 2 %, the residual total and matric suction became the same. This is anticipated where
the capillary effect ceases and the available water forms a thin layer surrounding the solid particles. The
variation of suction with saturation, i.e. with RH, has several consequences on earthen material strength
and the hygrothermal response, as will be explained later in this paper. It was noticed that the higher the
dry unit weight of the soil, the more slowly the saturation declines when suction is increased (i.e. when the
RH was set to 55 % and 35 %). The soil specimen’s smaller, interconnecting pores most likely caused this.
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Figure 7. Variation of total and matric suction with degree of saturation for: (a) Mix 1, (b) Mix 2.
3.4. Mechanical Behavior

Three identical specimens initially compacted to 4.5, 25, 50, and 100 MPa for each mix. The main
objective was to determine the effect of the compaction pressure (hence the dry unit weight), moisture
variation, and finer content, on the stiffness and strength of the unstabilized earth. To imitate the effect of
materials moisture variation triggered by ambient humidity variation, two of each three identical compacted
specimens were brought to moisture equilibrium at RH = 55 % and RH = 35 % inside the humidity room.
Fig. 8 presents typical stress-strain response for specimens compacted to 100 MPa. Fig. 9 captures the
effect of dry unit weight increase on earthen material stiffness and compressive strength for Mix 2. These
material variables increased substantially, in a nonlinear fashion, with increasing dry unit weight as a result

of frictional resistance increase.
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Figure 8. Typical stress-strain behavior for specimens compacted at 100 MPa: (a) Mix 1, (b) Mix 2.
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Figure 9. Variation of Young’s modulus and the compressive strength with dry unit weight
for Mix 2.

3.5. Effect of the Relative Humidity Variation

The effect of relative humidity variation, expressed in terms of total suction, on the stiffness and
compressive strength of Mix 2 specimens is shown in Fig. 10. The total suction appears to have a profound
effect on the stiffness and strength of the earthen material. A similar observation can be found in [30]. The
increase of suction produced a remarkable increase in Young’s modulus and compressive strength. For
instance, compressive strength of specimens compacted to 50 MPa increased from just about 1400 kPa to
slightly less than 2600 kPa for Mix 1 and from 2200 kPa to 4750 kPa for Mix 2, over suction variation from
the as-compacted state to that corresponding to RH=35 %. As the earthen material dries, capillary suction
increases leading to an increase in stiffness and strength.

Raw earth is characterized by the presence of meniscus water bridges between particles, which
generate capillary bonding thereby increasing the overall strength and stiffness of the material. In other
words, the mechanical properties of compacted earth improve, as degree of saturation decreases with
decreasing ambient humidity. At the same time, the material becomes more brittle as the ability of the
material to undergo substantial plastic straining before failure decreases with drying, see for example Fig. 8.
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Figure 10. Variation of strength and Young’s modulus with suction for Mix 2.

Results analysis indicated that Mix 1 could provide a minimum compressive strength of 1300 to
2900 kPa and provide a maximum compressive strength of 2300 to 3500 kPa when the material statically
compacted to pressure level between 25 and 100 MPa, as shown in Table 3. Instead, Mix 2 could provide
a minimum compressive strength of 3300 to 5750 kPa and provide a maximum compressive strength of
3700 to 6000 kPa when the material statically compacted between 25 and 100 MPa. The minimum and the
maximum figures above correspond to the RH = 55 % and RH = 35 %, respectively. For a given compaction
condition, the compressive strength decreases with increase in relative humidity as per Table 3. The
reduction in strength appears to show a dependency on the compaction level where specimens compacted
at 100 MPa preserved more strength upon wetting than those compacted at 50 and 25 MPa. That suggests
that material mechanical behavior is more controlled by variables, such as pore size and pore size
distribution, than by the effect of suction.

Table 3. Reduction in strength produced by an increase of RH from 35 % to 55 %.

c . Compressive strength (kPa) Reduction in
, ompaction pressure
Mix strength
(MPa) RH=35% RH =55 % 0
(%)
25 2300 1300 43
Mix 1 50 2600 2000 23
100 3500 2900 17
25 3700 3300 11
Mix 2 50 4750 3700 22
100 6000 5750 4

3.6. Moisture Buffering

Each specimen was subjected to seven cycles of a relative humidity step change between RH =
50 % and RH = 75 %. The moisture buffering value (MBV) was calculated from Equation 1, see a typical
variation of the MBV in Fig. 14 for Mix 2. During the first few cycles, the MBV tended to be greater for
moisture absorption than for moisture release. The last few cycles indicated that the tested material has a
moisture buffering values of about 1.50 and 1.55 (g/ (m?%RH)) for Mix 1 and Mix 2, respectively. The
increase in finer content does not appear to improve the moisture exchange between the material and the
atmosphere. Further investigation is therefore required on the materials sorption capacity and materials
vapor permeability. It can be seen that the hygroscopic behavior of the specimens is essentially the same
regardless of the differences in initial unit weight.
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Figure 11. Typical moisture buffering variation for Mix 2 for: (a) moisture adsorption, (b) moisture
release.

3.7. Thermal conductivity

Fig. 12 shows typical variation of the coefficient of thermal conductivity (k) with bulk unit weight and

degree of saturation for Mix 2. Inspection of this figure suggests that k£ generally decreased with increasing
material’s bulk unit weight but tend to increase slightly with increasing saturation. As saturation increases,
pore air is gradually replaced by water, which possesses significantly higher thermal conductivity. It is
believed that under a residual state, which may occur at saturation degrees less than 15 % for Mix 1 and
30 % for Mix 2, the water mainly exists as a thin film surrounding the particles. This residual water is not
expected to contribute much to the thermal conductivity. At higher saturation degrees, the water menisci
are formed at the inter-particles contacts, leading to an increase in the thermal conductivity. Over the
examined range of unit weight and degree of saturation values, the thermal conductivity k varied from 1.10
to 1.35 W/(m.K) for Mix 1 and from 1.2 to 1.3 W/(m.K) for Mix 2. These figures of the current earthen
material are comparable to those of other construction materials, such as adobe blocks and fired bricks,
see [31].
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Figure 12. Variation of the thermal conductivity of Mix 2 with: (a) bulk unit weight, (b) degree of
saturation.

3.8. Microstructural Characteristics

Fig. 13 shows SEM images taken at 7000x magnification of samples taken from Mix 1 and Mix 2,
compacted to 25 MPa or to 100 MPa. Comparison of Fig. 13a and 13b indicates that the Mix 1 sample
exhibited larger pore sizes compared to the Mix 2 sample. These pores became very small for the
compaction pressure 100 MPa, as can be seen in Fig. 13c and 13d. In addition, aggregations of fine
particles can be observed very clearly on the samples compacted to 25 MPa. These aggregations are an
inherited feature of compacted materials, formed when water is introduced during the compaction process.
A dual-porosity structure, characterized by macro pores between the aggregates and micro pores between
the particles, can be observed. As the compaction pressure proceeds to100 MPa, the macro pores became
progressively smaller.
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Figure 13. SEM images of: (a) Mix 1, 25 MPa; (b) Mix 2, 25 MPa; (c) Mix 1, 100 MPa; (d) Mix 2, 100
MPa.

3.9. Effect of Fine Content on the Earthen Material Behavior

A quantitative comparison on the effect of increasing finer content on soil suction, stiffness,
compressive strength, moisture buffering, and thermal conductivity is presented in Fig. 14—18. Structurally,
Mix 2 outperforms Mix 1 with respect to stiffness, provided that failure occurred at rather the same strain
level (about 1-2 %). Mix 2 showed also a superior response, with respect to compressive strength,
compared to Mix 1 at almost all the compaction pressure levels. The compressive strength increased
remarkably by 60-150 % as the finer content increased from 30 % to 50 %. This improvement cause the
increase of binder content and the increase of capillary suction, as shown in Fig.16. Mix 2, unlike Mix 1,
showed a marginal increase in the moisture buffering value with increasing compaction pressure. In terms
of thermal conductivity, Mix 2 tended to generally show marginally higher k£ values than Mix 1, with few
exceptions, as shown in Fig. 18. These comparisons suggest that increasing finer content to certain levels
can improve earthen material behavior, particularly stiffness and strength.
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Figure 14. Comparison of matric suction values for Mix 1 and Mix 2: (a) at as-compacted state,
(b) at RH = 55 %, (c) at RH = 35 %.
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Figure 15. Comparison of Young’s modulus values for Mix 1 and Mix 2: (a) at as-compacted
state, (b) at RH = 55 %, (c) at RH = 35 %.
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Figure 16. Comparison of compressive strength values for Mix 1 and Mix 2: (a) at as-compacted
state, (b) at RH = 55 %, (c) at RH = 35 %.
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Figure 17. Comparison of moisture buffering values for Mix 1 and Mix 2.
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Figure 18. Comparison of thermal conductivity coefficient values for Mix 1 and Mix 2: (a) at as-
compacted state, (b) at RH = 55 %, (c) at RH = 35 %.

4. Conclusions

The current work studied suitability of two raw earthen materials for unstabilized rammed earth
buildings, based on their physical properties. Two mixes made of different proportions of sand, silt, and clay
were prepared. A set of laboratory tests was performed on specimens compacted statically to 4.5, 25, 50,
and 100 MPa to characterize mechanical, hydric, and thermal behavior of these materials. Upon drying
from the as-compacted moisture to the moisture states corresponding to RH=35 %, the material showed a
drying shrinkage between 0 % and 4 %, depending on the initial water content and the unit weight of the
material. In addition, the compacted materials were found free of shrinkage cracks even under a completely
dry state.

With increasing dry unit weight, frictional resistance increased and produced a noticeable increase
in materials stiffness and strength. Likewise, with increasing soil suction, i.e. when relative humidity
decreases, a remarkable increase in the elastic modulus and compressive strength was observed. The
stiffness and strength were found to increase with increasing finer content from 30 % to 50 %. If a threshold
compressive strength of 2 MPa is considered, then compacting the earthen material to at least 50 MPa
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would provide sufficient strength under the operational high humidity RH = 55 %. A significant gain in
strength was achieved by increasing the compaction pressure to 100 MPa. For example, the mixture with
50 % finer content, achieved a compressive strength of almost 6 MPa when compacted to 100 MPa. In
addition, the reduction in strength due to relative humidity increase appeared to show a dependency on the
compaction level where specimens compacted at 100 MPa preserved more strength upon wetting than
those compacted at 50 and 25 MPa.

Interestingly, the dynamic adsorption behavior appeared to be rather independent of the mount of
compaction energy or finer content. The increase in finer content showed a minor increase in the dynamic
adsorption with increasing compaction pressure. Nevertheless, the moisture buffering test indicated that
both materials exchange sufficient amount of moisture with the atmosphere. On the thermal conductivity
front, the increase in finer content yielded slightly higher thermal conductivity values. Despite that, the
materials exhibited good insulation characteristics, compared to traditional brick and concrete blocks.
Finally, it is concluded that the engineered material examined in this work can be potentially used for
rammed earth for dry applications. When comparing both the mixtures, Mix 2 is considered to be preferable
due to its higher strength and stiffness, compared to Mix 1.
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Abstract. The demand for lightweight concrete has increased because of its low density, fire resistance
and good thermal insulation. Autoclaved aerated concrete (AAC) is the combination of cement, fine-grained
sand, lime and water with aluminium powder. This study aims to investigate the influence of adding silica
fume (SF) on improving the properties of AAC. The response was studied in terms of testing the mechanical
and physical properties including compressive, splitting tensile, flexural strength, density, porosity and
coefficient of water absorption. Different mixes have been proposed by incorporating the SF with contents
of 10 %, 20 % and 30 % by cement weight, which is compared with the AAC sample that is used in practical
applications. The results indicated that there was a significant improvement in the compressive and flexural
strength of AAC, which increased by six and three times, respectively, when 30 % of SF was used with an
acceptable dry density. Furthermore, the microstructural analysis revealed that SF had a positive effect on
the development of calcium silicate hydrate and it can be used in AAC masonry block productions.
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1. Introduction

In the last two decades, much attention has been paid to the production of lightweight concrete (LWC)
due to its low density, good thermal insulation and fire resistance, lower thermal conductivity and shrinkage
with a fast construction process [1, 2]. In addition, the use of LWC increases the building's resistance to
seismic loads and decreases operating and construction costs. Thus, it is used in a number of applications
over normal concretes [3, 4]. Generally, LWC is divided into lightweight aggregate concrete (LWAC), in
which light coarse aggregate is used, and aerated concrete (AC), which is produced using cement mortar
with some foaming agent or void-forming materials without coarse aggregate [5, 6].

Several researchers have investigated the physical and mechanical characteristics of AC with using
an autoclave. Sufficient autoclave curing results in the crystallization of calcium silicate hydrate (CSH) and
neutral tobermorite-11, the main structural minerals of autoclaved aerated concrete (AAC). The tobermorite
phase begins after 2 h of autoclaving and lasts up to 8 h. Wang et al. [7] realised that an extreme
prolongation of autoclaving did not affect the formation of tobermorite. In contrast, Mostafa [8] observed
that compressive strength enhanced during the first 6 h of autoclaving, and then the gain in strength
declined at 12 h and 24 h. Kunchariyakun et al. [9] reported that the compressive strength in the range of
20-60 % was lower than the strength of the control samples, while the unit weight loss was in the range of
16—45 % for the samples that were subject to autoclave curing. In addition, the highly reactive silica in rice
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husk ash (RHA) affected the transformation of tobermorite and the increasing the autoclaving time to 18 h
had no major effect on the properties of AAC. Cai et al. [10] studied the effect of iron tailings content and
fineness on mechanical properties of AAC. The mass ratio of iron tailing to silicon sand (MSIS) were 0 %,
20 %, 40 %, 50 %, 60 %, 80 % and 100 % with a grinding time prolonged from 10 to 30 mins. It is indicated
that the compressive strength reduced by 21 % with the increase of MSIS up to 50 %, while it dropped by
48 % with the increase of MSIS up to 100 %. It was reported that the optimal grinding time was 20 min. Cai
et al. [11] investigated the influence of waste materials on high content solid-wastes autoclaved aerated
concrete (HCS-AAC) performance. The results exhibited that the grinding process had a significant
influence on the powder particle size and the compressive strength obtained from mix grinding increased
by 3-6 %.

Wongkeo et al. [12] studied the flexural strength, compressive strength and thermal conductivity of
AAC by replacing cement with bottom ash (BA) up to 30 % by weight. The results exhibited that the flexural
strength, compressive strength and thermal conductivity increased with increasing BA content. The 20 %
increase in both compressive and flexural strengths was found for mixes with 30 % BA content compared
to the mixes without BA content, whereas the thermal conductivity improved only by 6 %. Rézycka and
Pichdr [13] utilized perlite waste as a quartz sand replacement in conventional AAC mixtures at 5 %, 10 %,
20 %, 30 % and 40 % by weight. The results showed that the bulk density decreased by 12 %, compressive
strength by 9 % and thermal conductivity by 10 % with 5 % of perlite waste. Gunasekaran et al. [14] studied
the effect of natural sand replacement by flash ash (FA) up to 100 %. The results indicated that compressive
strength, dry density and water absorption declined with adding FA. The maximum values were with 0 %
FA that was greater than with 100 % FA by 53 %, 33 % and 22 % respectively. Furthermore, Qin and Gao
[15] used the recycling of waste autoclaved aerated concrete (WAAC) powder with cement by accelerated
carbonation. Carbonation curing was achieved on a cement paste containing up to 50 % of WAAC powder.
The result revealed the highest compressive strength was obtained with the optimal dosage of WAAC of
20 % that was enhanced by 2 %.

However, Li et al. [16] used the municipal solid waste incineration (MSWI) bottom ash as a sand
replacement in AAC. The results showed that MSWI caused a reduction in compressive strength, density
and thermal conductivity with increasing its content. The lowest value was with 100 % replacement, which
caused a decrease in compressive strength, density and thermal conductivity by 71 %, 9 % and 17 %
respectively. Kunchariyakun et al. [17] studied the impact of black rice husk ash (BRHA) and bagasse ash
(BA) on the dry density and compressive strength of AAC at 180 °C for 4, 8 and 12 h. Sand with the range
of 0 %, 30 % and 50 % by weight was replaced with BRHA and BA. The results showed that an increase
in curing time has an obvious effect on the compressive strength of AAC which improved by 46.59 % and
26.97 % in samples containing 30 % of BA and 30 % of BRHA respectively. However, no significant effect
on the dry density developed by 9 % and 10 % with the optimum time of 12 h has been reported. In addition,
Zafar et al. [18] used waste granite dust (WGD) as a sand replacement for up to 20 %. The results revealed
that the maximum increase in the hardened density, thermal conductivity, compressive and flexural strength
is higher with 20 % of WGD than 0 % of WGD by 13.45 %, 36 %, 42 % and 38 % respectively, while the
minimum water absorption was lower with 20 % by 26.7 %.

The influence of pozzolanic materials such as silica fume (SF), granulated blast furnace slag (GBFS)
and fly ash (FA) on the AAC properties considers an essential issue on its behavior analysis [19]. Pehlivanli
et al. [20, 21] investigated the impact of four different types of fibers (polypropylene, carbon, basalt and
glass fiber) on the compressive and flexural strength of AAC. The results indicated that carbon fiber-
reinforced AAC, as opposed to other types of fibers, provided the greatest compressive and flexural
strength, which increased by 31 % and 61 % respectively. In Gigluer et al. [22] siliceous aggregate was
replaced by fly ash and silica fume was added with the range of 3 %, 6 %, 9 % and 12 % to the cement.
Results showed that curing under 177 °C had a greater compressive strength than at 156 °C, which
improved by 78 % with SF of 3 %.

Chen et al. [19] studied the effects of silica-lime-cement composition on the density and compressive
strength. Lime (L) and cement (C) were used with a range between 5 % and 30 %, while SF was from 60 %
to 70 % and aluminium powder from 0.25 % to 1 %. It was revealed that samples with 70 % of SF, 25 % of
L and 5 % of C had the highest strength and density. The increase in the compressive strength was related
not only to the progress of hydration reactions, but also to pores filling with the hydration products. On the
other hand, the effects of SF and steel slag additions on compressive strength and thermal properties of
lime-fly ash pastes were studied by Zhao et al. [23]. Curing conditions of 180 °C for 8 h and SF content of
8 % and 15 % of SF was adopted. SF caused a significant development in compressive strength, which
raised by 59.6 % with 15 % of SF. Leonteva et al. [24] considered the influence of ultra- and nanodisperse
size of silica gel content in the range between 4 % and10 % additives on the structure and mechanical-
and-physical properties of heat insulating AAC. The results showed that the compressive strength
increased 5 times, when using silica up to 10 % with a slightly improved dry density of 6.5 %. Pachideh et
al. [25] adopted SF with 7 %, 14 % and 21 % of cement weight. They confirmed that the compressive and
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tensile strength enhanced by 63 % and 23 % when 21 % and 7 % of SF respectively were used, while water
absorption decreased with increasing SF content up to 21 % which decreased 2 times at 10 and 30 and
21 % at 90 min. Almajeed and Turki [26] used SF with a maximum value of 16 %. They observed that the
compressive strength developed up to 23 % with 12 % of SF.

Lashari et al. [27] studied the effect of SF and FA as cementitious materials on the properties of the
AAC. SF was substituted up to 20 %. Then FA was replaced with cement up to 30 % after selecting the
optimum contain of the SF. It is indicated that the greatest split tensile and compressive strength of the
AAC was when cement was replaced by 15 % of SF and 30 % of FA.

Itis known that the use of AAC blocks has increased dramatically throughout the world due to several
advantages of such blocks, including their light weight, thermal insulation and cost-effectiveness. However,
low mechanical properties and problems with the durability of such blocks limit their use, for example, for
filling the walls of internal partitions of multi-story buildings. This study aims to improve the mechanical
properties (compressive, tensile and flexural strengths) of the non-structural AAC blocks to be used in the
construction of load-bearing walls and reduce the cracking shrinkage resulting from dimensional changes
caused by environmental humidity. A modified mix with different contents of SF (10 %, 20 % and 30 %) and
reduced sand and water content was proposed to reduce the size of voids in the mix.

2. Methods and Materials

2.1. Material Properties for the AAC Mix Design
The ACC mixture prepared during this study consists of the following components:
e Ordinary Portland Cement CEM 1/42.5N that satisfies the requirements of the Iraqi
Organization of Standards (10S.5/1984 [28]);
e sand with particle size distribution between 1 and 3 mm [29];
e ECA MICROSILICA-D [30] with an average diameter of 0.15 y;
e lime (Ca0), approximately 90 % of which can pass through the sieve 90 ym [31].

To produce AAC samples, aluminium powder with a purity of 90 % was used. The chemical, physical
and mechanical properties of the OPC are revealed in Tables 1, 2 and 3. Whereas, the properties of lime
and silica fume which were used in the mixtures are shown in Tables 4 and 5 respectively.

Table 1. Chemical properties of Ordinary Portland Cement.

Component Test result, % 10S.5/1984
SiO2 20.35 -
Al203 5.71 -
Fe20s3 3.46 -
CaO 61.93 -
MgO 3.78 Max. 5.0
SOs 2.39 Max. 2.8
Loss on ignition 1.51 Max. 4.0
Insoluble residue 0.52 Max. 1.5
Table 2. Physical properties of Ordinary Portland Cement.
Test result 10S.5/1984
o Initial (min) 110 Min. 45
Setting time
Final (hr) 2.76 Min. 10
Fineness 2795 Min. 2300
Table 3. Mechanical properties of Ordinary Portland Cement.
Mechanical Compressive 3 days 22.3 MPa Min. 15
strength 7 days 32.3 MPa Min. 23
Soundness, % 0.31 0.32
Residue, % 90 6.08 6.08
180 0.58 0.58
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Table 4. Lime properties.

Properties Test result 10S.807/1988
Extinguishing time (min) 13 5-15
Activity CaO, % 91.97 Min. 85
CO2 1.46 Max. 5
Fineness (remaining on sieve 90 p), % 1 Max. 10

Table 5. ECA MICROSILICA-D Silica Fume properties [30]

Properties Test result ACI 234R-96 [32]
Specific Gravity 2.25+15 % at 20°C 22%
Sulphate Content 1.0 % as SOs3 <4 %
Bulk Density 2550 kg/m?® 480-720 kg/m?®
SiO2 Content 90 % 84-91 %

2.2. Preparation of Samples

To produce a slurry, sand was mixed with one-third of water for nearly 1.5 min. Then, cement and
lime were added to the slurry and mixed for 100 sec. The remaining water was mixed with silica fume and
aluminium powder for 80 sec. Then, all materials were mixed and the mixing process was completed within
50-60 sec. After that, the molds were heated to 42 °C and filled with fresh AAC. The samples were
demolded for approximately 24 h, as shown in Fig. 1 [18]. The samples were cured under high-pressure
steam conditions of 12 bars for 10 h at 190 °C and were left in the open air for 7 days. Then the AAC
samples were tested for physical and mechanical properties with microstructural fracture surface.

(a) Samples after casting (b) Samples volume after expansion

Figure 1. AAC samples with different silica fume content: cubes, beams and cylinders.

2.3. Mechanical and Physical Tests

The compression test was achieved using 100 mm cubes according to BS EN 679 [33], whereas the
splitting test has been conducted using a cylinder of 100 mm diameter and 200 mm height according to BS
EN 1881-117 [34], as indicated in Fig. 2 and 3. Flexural strength has been measured by using a prism with
dimensions of 100 x 100 x 400 mm according to BS EN 1351 [35], as indicated in Fig. 4. However, bulk
density was measured using a cylinder of 100 mm diameter and 70+5 mm height according to BS EN 678
[36]. Four values of SF (%) have been considered. Three samples were tested and the average value was
adopted. For the industrial (control) and AAC, three samples were prepared.

As for porosity, it is defined as the ratio of the pore volume filled following a 30-min soak. After the
samples had been dried to a constant weight, they were weighed (Wd ) Then the samples were immersed
in water for 30£0.5 min and the amount of water absorbed was weighted (WS ) The porosity was calculated
using (1) [37].

w,-w,
P= Mx 100. (1)
W
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Figure 2. AAC cube for copressive strength Figure 3. AAC cylinder for tensile strength
test. test.

Figure 4. AAC prism for flexural strength test.

However, the coefficient of water absorption C,, detects the capability of material absorbing water
through a cross-section area in the stated time according to BS EN 772-11 [38]. After the dry mass of the
samples had been recorded, the samples were immersed in water (tso) to a depth of 51 mm for 10, 30

and 90 min. Then each sample has been weighed as a mass of saturated surface. The water absorption
coefficient was calculated using (2) [39].

Wear ~Wary . 6 205
CW_AS—tXIO [g/(mm X t )J (2)

NY

2.4. Mix design

The mix proportion of the AAC containing different percentages of SF is shown in Table 6. For the
industrial AAC, two parts of sand screened (0—3 mm) to one part of cement and 33 % lime with 0.32 %
aluminium powder were used. However, for the proposed AAC, 2.6 of sand to 52 % lime with 0.21 % of
aluminium powder were used. SF was inserted with 10 %, 20 % and 30 % by cement weight.

Table 6. Mix proportions for industrial and proposed AAC (kg/m?®).

Industrial
Material, kg/m3 (Control) 0 % SFAAC 10 % SFAAC 20 % SFAAC 30 % SFAAC
sample

Cement 139 145 145 145 145
Sand 278 387 387 387 387
Water 463 220 220 220 220
Lime 46 75 75 75 75

AL powder 0.45 0.31 0.31 0.31 0.31

Silica fume (SF) - 0 14.5 29 43.5
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2.5. Optical microscope observations

The cross-section images of the AAC sample were captured by using an advanced metallurgical
microscope, as shown in Fig. 5. It is a manual microscope, which is manufactured by KJ Group. Model EQ-
MM500T-USB with 5.0 MP resolution was used to disclose the detailed microstructure of the samples. AAC
with greater SF content exposed the lower number and non-uniform shapes of pores.

Figure 5. Advanced Metallurgical Microscope [40].

3. Results and Discussion
3.1. Compressive Strength

The compressive strength of AAC containing different SF percentages is shown in Fig. 6. The results
indicated that compressive strength of the industrial (control) samples was lower than the experimental
AAC without SF by 123 %, which may be due to its high water/cement ratio and aluminium powder content.
Moreover, the space occupied by the hydration product improved due to an increase in water content, while
the hydration volume remained constant regardless of the mixture's water content at a certain degree of
hydration. It is unsure that an increase in water to water-to-cement ratio causes a rise in capillary voids and
gel pores which was agreed with Naik [41].

The results showed that the strength of AAC increased with an increase in the proportion of SF. For
the samples with 10 % and 20 % of SF, the compressive strength was higher than that of the control
sample. However, the maximum strength was obtained at 30 % of SF, which was six times higher than that
of the control sample. This behavior may be due to the effects of fine particle size of silica and large surface
area consisting mainly of amorphous silicon dioxide. In addition, the formation of non-crystalline and
crystalline CSH under autoclaving conditions was due to the reactions between reactive silica and lime [42],
as shown in (3) and (4) [1]. The compressive strengths of the AAC samples were within the requirements
of ASTM-C1693, which specifies the compressive strength of AACs from 2 to 6 MPa [43].

Slag

v

Si0O2+Ca0 —»a-C:SH+C-S-H—» Tobermorite 3)

Silica Fume

v

SiO2+Ca0 —» C—-S-H —» Tobermorite
4)

It was noted that the increase in the amount of waste materials resulted in an increase in the AAC
strength, which is consistent with the other researches. Similar behaviors were reported in [18, 26, 44, 45].
Additional CSH gels occurred due to the reactions between free cement (created from cement hydration)
and waste materials such as sawing mud, silica fume, granulated blast-furnace slag and WGD respectively,
which caused a high compressive strength. It is expected that adding excess SF to AAC could increase the
strength and durability of cementitious material with a slight increase in its weight.
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Figure 6. Compressive strength for the control and experimental AAC samples.
3.2. Tensile Strength

The tensile strength test results with different SF content are shown in Figure 7. The tensile strength
of the control sample was higher than that with SF by up to 20 %. It was observed that the strength of the
control sample was higher than that with 0 % SFAAC by 44 %. It could be referred to its high cement/sand
ratio, which was % that appears to be adequate in providing a good tensile strength. However, the strength
of the laboratory AAC mix increased with increasing SF content. At 10 % of SF, tensile strength increased
by 38 % over 0 % of SF, followed by 52 % for 20 % of SF and the highest strength was achieved at 92 %
by increasing SF to 30 % by weight. Based on the above results, when the addition of SF exceeds this limit,
it is expected that higher tensile strength may be obtained. In addition, the tensile strength of 30 % SFAAC
was slightly higher than that of the control sample by 7 %. This is in contrast with Toutanji et al. and
Pachideh and Gholhaki results [25, 46], where SF was used in the range of (8-25) % and (7-21) %
respectively. The results showed that the tensile strength increased slightly by 3 % when up to 8 % of SF
was added, then it declined with increasing SF content, also the tensile strength increased by 23 %, when
7 % of SF was used [44, 46].

1.2
B AAC results from laboratory test
- 1
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=
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Silica Fume content

Figure 7. Tensile strength for the control and experimental AAC samples.
3.3. Flexural Strength

The results showed that all values of the AAC with SF were higher than that of the control sample,
as shown in Fig. 8. In addition, the SF had a more prominent effect on flexural strength than on the splitting
tensile strength, and for a high percentage significantly improved in strength, which agrees with [44]. The
lowest value of the flexural strength was for control sample, which increased significantly by 122 % for 0 %
SFAAC due to its high water/cement ratio. The presence of SF increased the flexural strength of AAC at
10 %, 20 % and 30 % of SF content by 1.6, 2 and 2.7 times, respectively. This behavior may refer to the
further reaction of SF with Ca(OH)2 obtained during Portland Cement hydration and create more CSH gels,
which increase the strength of AAC. The optimal strength of mixes with SF was obtained for 30 % SFAAC.
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In [12] similar behavior was observed, when BA was used as cement replacement in the range of 10-30 %.
The flexural strength improved with increasing BA replacement and approximately 20 % increase in
strength was obtained for mix with 30 % BA. However, in [40] SF with a range of up to 25 % was used. The
result showed that maximum strength was obtained by replacing cement with 15 % of SF.

3.5
mAAC with different SF content

3 I
25

2
1.5

1 =
0.5

0

Flextural strength (N/mm?)

Control 0% 10% 20% 30%
Silica Fume content

Figure 8. Flexural strength for the control and experimental AAC samples.
3.4. Bulk Density

Bulk density is one of the most important properties of AAC, and the mechanical and physical
properties of AAC depend on their density and materials properties [13]. Fig. 9 shows the density of AAC
with different SF content. The results showed that the density of AAC samples increased with the addition
of SF, and the lowest value was for control sample, which improved by 28 % for 0 % SFAAC. With 10 % of
SF, the bulk density increased by 44 %, followed by 46 % and 54 % for 20 % SFAAC and 30 % SFAAC,
respectively. It could be due to the reactivity of the finer SF grain size, resulting in hardening AAC density.
Moreover, the hydration process was accelerated by siliceous properties of waste materials by increasing
the CSH content, resulting in a denser microstructure, which is consistent with [18, 47], where SF and WGD
were used, respectively. The results showed that high density tobermorite crystals were formed with
increasing waste materials content. In [26] it was observed that the dry density of AAC was not affected by
the addition of SF due to its low content compared to the total amount of the mix.

900 B0 AAC with different SF content
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Control 0% 10% 20% 30%

Silica Fume content
Figure 9. Dry density for the control and experimental AAC samples.

3.5. Porosity Measurement

AAC has a high porosity of more than 70 % of hardened material/volume, which leads to low
compressive strength and density compared to conventional concrete [48].

The pore size distribution and porosity of AC are different and depend on the method of curing and
materials composition. An increase in the volume of macropores led to an increase in porosity, which leads
to thinning of the pore walls, thereby reducing the micropore volume of AC [49]. The results of the porosity
of the control and proposed AAC samples with different SF content are shown in Fig. 10. The decrease in
porosity with increasing SF content is neglected. The highest value was for control sample, which was
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higher than 0 % SFAAC by 8 %, followed by 4.5 % and 2 %, when SF increased up to 30 %, which is
consistent with [50]. When lightweight concrete (LWC) with different nanosilica content had similar porosity

and NS1 (with 1 % cement replacement) showed lower porosity, which was reduced by 15 % compared to
the control sample.

23.0 B AAC with different SF content

22.0

20.9
21.0

20.0
20.0 - 19.6

19.2

19.0

Porosity %

18.0

17.0

Control 0% 10% 20% 30%
Silica Fume (SF)%

Figure 10. Porosity for the control and experimental AAC samples.
3.6. Coefficient of Water Absorption

Aerated concrete blocks have high water absorption and this problem needs to be solved. Fig. 11
shows the water absorption coefficients of the control and proposed AAC mixes at different times, including
different SF content. It can be observed that all samples showed an increase in water absorption after 10,
30 and 90 min. After 10 min, the water absorption of the modified AAC samples with modified SF content
was negligible. The highest value had the control sample, which may be due to its high aluminium content
that caused a large number of voids.

After 30 min the water absorption for all experimental samples was the same, whereas after 90 min
it was greater than that without silica and 30 % SF. Water absorption decreased with the addition of more
SF content, which may be due to the fineness of void-filling particles and the cellular structure of AAC. This
could be attributed to the plugging of connected pores by the microstructure densification due to the
tobermorite formation and nano-micro-filling of voids. The capillary absorption mechanism of AAC is still

unclear and its behavior depends on the features of the surrounding mortar, aggregate type and test
conditions.
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Figure 11. Water absorption for the control and experimental AAC samples.

3.7. Microstructural analysis

The microstructure of the AAC depends on many factors such as materials composition, type and
amount, hydration rate and type of reaction produced and their distribution [9, 13]. However, the distribution
of the micropore is more sensitive to the hydrothermal reaction [50]. The microstructures of the SFAAC and
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the control samples were examined using advanced metallurgical microscope, and the results of this
examination are shown in Fig. 12. Fig. 12a shows the high rate of macro- and micropores and subsequent
tobermorite due to its high water/cement ratio. It resulted in an improvement in the hydration products
formed and caused swells in the CSH gel and pore size became less than before. 0 % SFAAC had a higher
rate of macropore volume, which tend to remain isolated as shown in Fig. 12b. This behavior may be due
to intense reaction of silica with calcium hydroxide to form calcium silicate hydrates as indicated in (5) [51].

(C3S+C2S)+S — CSH + CH + S (silica) —» CSH — tobermorite (5)

AAC with 10 %SF was more stable to conglomerate than to stay isolated because it had high pore
volumes (Fig. 12¢) and more tobermorite platelets were created, when there was enough silica in the mix.
Moreover, an increase in SF to 20 % led to strength development of the AAC, but part of Al powder and
lime did not react properly, because all mixes had the same water content (Fig. 12d). For AAC with 30 %SF,
the CSH phase's improvement may be observed, as fibrous groups are surrounded by aggregate particles
(Fig. 12e) and its porosity decreases with the addition of more SF.

(a) Control AAC (b) Laboratory AAC with 0%SF

(c) Laboratory AAC with 10%SF (d) Laboratory AAC with 20%SF

(e) Laboratory AAC with 30%SF

Figure 12. Fracture surface micrographs for the control and experimental AAC samples
with varying SF content.

4. Conclusion

The use of SF in autoclaved aerated concrete (AAC) has an eco-friendly effect in reducing the
amount of waste material, and significantly influencing the physical and mechanical properties of AAC by
improving the microstructure of the paste matrix. A series of AAC mixes with different content of SF
(0-30 %) was created. At the end of the tests, the following results were obtained:

1. The effect of both lime to cement and sand to cement ratios was small, whereas the water to cement
ratio had a considerable influence on the bulk density and compressive strength of AAC.
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2. The compressive strength increased up to 6 times for the mixture containing up to 30 % of SF. The
result showed that the progress of hydration reactions effects not only AAC strength but also pores
filling with the hydration products.

3. Itwas indicated that an increase in pozzolanic materials resulted in increasing the tensile strength
of the AAC sample. At the ratios of 10, 20 and 30 % SF, it was observed that the addition of SF up
to 30 % slightly improved its tensile strength (approximately by 7 %). In addition, the brittleness of
AAC was reduced by the addition of SF to increase strength. However, a considerable improvement
in flexural strengths of AAC was obtained by using SF. 30 % of SF demonstrated high strength
values of an adopted AAC sample, 3 times compared with that used in practical applications.

4. The maximum hardened density was with 30 % of SF, which was 54 % higher than that of the
control sample, as it was affected by hardened density and its microstructure. The addition of SF
resulted in improvement in tobermorite crystals and the pore structure of the AAC. Most of the air
voids are unconnected voids, which were significantly affected by the introduction of SF. Due to the
close relations between material properties and mix proportions, optimization of its proportions had
great importance for the load-bearing strength of AAC.

5. SF caused a reduction in surface water absorption of AAC. The lowest water absorption was with
0 % SF that was reduced by 94 %, 28 % and 25 % respectively after 10, 30 and 90 min. However,
the maximum water absorption of the proposed AAC was with 10 % of SF. It is recommended to
use cementitious systems (SF + cement) to enhance the desired properties of AAC containing a
high silica percentage. Moreover, additional research may be required on the influence of silica
when taking into consideration the use of industrial wastes as adding/replacement materials in AAC
production with varying percentages.
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Abstract. Previously obtained positive results of studies of physical, mechanical, technological and
operational properties of road soil-cement at their complex multifunctional modification with organosilicon
compounds and polycarboxylate superplasticizers have shown the effectiveness of the use of strengthened
soils in the construction of roads. However, the influence of complex modification on changes in the
structure of clay minerals of strengthened soils in road construction remains insufficiently studied. Using
X-ray phase analysis, comprehensive studies of the structure of modified clay minerals were carried out to
reveal intercalation processes and changes in the size of their particles as a result of splitting processes.
Chemical structure of the studied modifiers, nature of their interaction with clay minerals and organomineral
bonds were confirmed using IR spectroscopy. The combined influence of modifying effect of
dodecyltriethoxysilane and polycarboxylate ester on kaolinite and montmorillonite clays was established,
which led to the manifestation of synergistic mechanism at strengthening of clay soils. During the
modification, a multifunctional effect was noted, characterized by an increase of integral intensity of
diffraction maxima on the diffraction patterns of modified clay soils, associated with an increase of
interplanar distances in their structure as a result of intercalation processes. The positive effect of complex
modification of clays is associated with splitting and reduction of mineral particle sizes. It has been
established that the consequence of complex modification is chemical interaction (chemisorption) with the
formation of organosilane bonds, which provide increased efficiency in strengthening of clay soils in road
construction.

Citation: Vdovin, E.A., Bulanov, P.E., Stroganov, V.F., Morozov, V.P. Structure of clay minerals of road
soil-cement during complex modification. Magazine of Civil Engineering. 2024. 17(5). Article no. 12809.
DOI: 10.34910/MCE.128.9

1. Introduction

It is known that soil-cements are the building material type obtained by mixing and subsequent
compaction of soils, Portland cement and water (modifiers as necessary) [1, 2]. Their demand is ensured
by a number of advantages: cost-effectiveness, reduction of negative load on the environment and
workability during construction [3].

In road bases and surfaces construction various types of soils and local materials are used,
especially in areas with a lack of durable stone materials [4, 5]. However, these materials (especially clay
soils strengthened by Portland cement) in humid conditions [6] are susceptible to the climatic factors effects,
which contributes to development of damage processes the road pavements structural layers and the roads
service life reduction [7].

© Vdovin, E.A., Bulanov, P.E., Stroganov, V.F., Morozov, V.P., 2024. Published by Peter the Great St. Petersburg
Polytechnic University.
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Clay soils have a wide range of mineralogical composition and consist mainly of small particles —
hydrous aluminosilicates and other minerals. Clays are mainly inorganic materials [8, 9]. Clay minerals are
a diverse group of hydrous aluminosilicates that usually display layered or fibrous structures encompassing
polymeric sheets of silica tetrahedra linked with octahedral sheets [10, 11]. Clay minerals with silica
tetrahedral and alumina octahedral sheets are called 1:1 clays. Similarly, clay minerals with one octahedral
aluminate sheet sandwiched by two silica tetrahedral are called 2:1 layer clays [12].

The most common clay minerals in soils are kaolinite and montmorillonite. Kaolinite is a relatively
stable mineral found in fairly large quantities in many clay soils (Al203°2SiO2¢2H20). The second, most
common clay mineral, montmorillonite (2Al203+2Si02:4H20), is formed under alkaline conditions in
continental and marine sediments and in the weathering crust. It belongs to the layered silicates subclass
and has the ability to swell strongly [13]. According to their mineral composition, clay soils are usually
divided into monomineral (kaolinite, montmorillonite, illite, etc.) and polymineral, consisting of various clay
and relict minerals [14, 15].

It is known that one of the methods for improving the soil-cement quality and durability is
hydrophobization, which gives the mineral particles and their aggregates surfaces the ability not to be
wetted by water [16, 17]. The most effective modifiers for reducing water absorption and increasing frost
resistance of strengthened soils are organosilicon compounds (silanes, siloxanes, etc.) [18, 19].

Molecules of organosilicon compounds consist of two parts, opposite in nature and properties. At
one end of the molecules there are hydrophilic (polar) groups (OH, CHO, COOH, NHz, etc.), which are a
source of strong molecular interaction and therefore are highly soluble in water. At the other end of the
molecules, there are hydrophobic parts formed by one or several rather long chains saturated with
hydrocarbon radicals (CnH2n+2), incapable of hydration and insoluble in water [20—22].

Hydrocarbon chains of hydrophobic molecules tend to repel each other, causing them to form a
brush-like structure on the absorbent surfaces (Langmuir palisade). Such structures presence promotes
the adjacent particles separation and reduces friction between them, which contributes to the soils mixing
and compaction processes when they are treated by surfactants. It has been established that the
hydrophobic films effect can manifest itself in different ways: they prevent the water molecules penetration
to the mineral particles contact points [23]. In addition, the enveloping process the soil capillaries walls
contributes to the reverse curvature menisci formation in them, which prevent the movement of capillary
and gravitational moisture. The process of mineral particles enveloping with hydrophobic films protects
them from swelling, dissolution and destruction [24].

The greatest effect of hydrophobization processes is shown, as noted above, by organosilicon
compounds, in the molecules of which silicon atoms are connected to alkyl (methyl, ethyl) and aryl radicals
(phenyl) [25, 26].

Another effective direction of increasing operational and technological (workability) characteristics is
the soil-cement plasticization [28, 29]. The most promising modifiers among plasticizing substances are
polycarboxylate esters, which, unlike known superplasticizers, according to [30], contribute to a positive
change in the hydrate new formations morphology and the ettringite crystals size decrease. The possibility
of the stable organomineral phases formation due to the polymer modifier incorporation into the calcium
hydroaluminate lamellar structure is also noted [31].

The previously obtained positive results of modified soil-cement by polycarboxylate plasticizers [28]
are explained by the influence processes on both the soil clay minerals and the cement system.
Theoretically, the existence of two main interactions between clay minerals and polycarboxylates is
assumed [29, 30]:

e electrostatic interaction between positively charged clay surface areas and negatively
charged plasticizer groups;

e plasticizer side chains intercalation between clay minerals aluminosilicate layers as a result
of deprotonation processes.

The action mechanism when modified by substances described above was previously considered
mainly on cement systems. It is known that plasticizers and water repellents are used mainly in the
modification of cement concrete mixtures, in which inert material is used as a filler. However, in
strengthened clay soils there is a diverse minerals amount, including clay minerals, which have high cation
exchange and specific surface area [12, 32]. These minerals presence in strengthened soils causes their
strength and frost resistance decrease [33]. Previously carried out studies on the strengthened clay soils
modification made it possible to identify the most effective modifiers for increasing the soil-cement strength
and frost resistance: polycarboxylate superplasticizers [27, 33, 34] and water repellents —
dodecyltriethoxysilane and others [35, 36]. However, in the works carried out there are no studies of these
modifiers influence on the clay minerals structure.
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In connection with the above, the purpose of the work is to study the joint modification mechanisms
of soil-cement with a polycarboxylate superplasticizer and an organosilicon water repellent
(dodecyltriethoxysilane), the structural characteristics change, and, as a consequence, the level of clay
minerals properties in road construction:

e to study the modifiers intercalation processes in clay minerals using X-ray phase analysis;

e to determine the chemisorption possibility of the studied modifiers with clay minerals using
IR spectroscopy;

e to determine the magnitude of the region of clay minerals particles coherent scattering after
modification by X-ray phase analysis;

e to identify the influence mechanisms of complex modification on structural changes that
ensure an increase the indicators level of soil-cement compositions properties in road
construction.

2. Materials and Methods

For the research, kaolinite clay produced by NPP Industrial Minerals LLC (Samara Region, Russia)
with kaolinite mineral content of up to 95 % and montmorillonite clay from the Biklyansky quarry of the
Tukaevsky district of the Republic of Tatarstan with a montmorillonite mineral content of up to 70 % were
used.

The following modifiers were used:

e dodecyltriethoxysilane C1sH4003Si(OC2Hs)s. Hubei Co-Formula Material Tech Co., Ltd.
(China);

e Ready-Mix 304 — plasticizing additive based on a composition of polycarboxylate ethers.
JSC TechnoNIKOL (Russia).

X-ray diffraction analysis was used to determine the interplanar spacing of clay minerals during
modification. Experiments were carried out on a Bruker D2 Phaser automatic X-ray diffractometer with a
linear coordinate detector. CuKa radiation, monochromatic (A(Cu-K) = 1.54184 A), X-ray tube operating
mode 40 kV, 40 mA were used. Experiments were performed at room temperature in Bragg-Brentano
geometry with a flat sample. Construction and analysis of diffraction patterns to determine the mineral
composition were performed using the DIFFRACplusEvaluationPackage — EVA, Search/Match, Bruker
Diffrac Eva program. The degree of crystallinity was assessed (determining the size of the coherent
scattering region) based on the width of the diagnostic diffraction maxima using the Scherer formula.

IR spectroscopy was used to determine the chemical structure of modifiers and their nature of
interaction with clay minerals, as well as to determine the covalent bonds between clay minerals and
additives. Data were collected using a Bruker Vertex 70 FTIR spectrometer with a single reflection,
germanium crystal ATR accessory (MIRacle, PIKE Technologies) purged under dry air to remove
atmospheric water vapor. Background spectra of 64 scans at a resolution of 2 cm™" were subtracted from
sample spectra.

3. Results and Discussion

In accordance with the set goals and objectives, a set of studies was carried out to establish the
mechanisms and features of the modification processes influence on the interaction between
polycarboxylate ester and dodecyltriethoxysilane and soils clayey components.

In the presented diffraction patterns (Fig. 1), there is an integral intensity increase of the diffraction
maxima by 29 % (for montmorillonite clay modified by polycarboxylate ether) and 5.8 % (for montmorillonite
clay modified by dodecyltriethoxysilane). This is explained by an increase of clay mineral interplanar
distance as a result of the polymer radicals intercalation with montmorillonite [30]. A multifunctional effect
was noted, characterized by an increase of diffraction maxima integral intensity on modified clay soils
diffraction patterns, associated with an interplanar distances increase in their structure as a result of
intercalation processes. When kaolinite clay was modified by polycarboxylate ether and
dodecyltriethoxysilane, no changes was observed in the interplanar distance.
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Figure 1. X-ray diffraction patterns of studied clays: —— — unmodified clay; — clay modified
with polycarboxylate ether; —— — clay modified with dodecyltriethoxysilane:

1 — montmorillonite clay; 2 — kaolinite clay.

Table 1. Results of determining the region of clay mineral particles coherent scattering.

Name of materials studied

LVol-IB, nm

Montmorillonite clay modified by polycarboxylate ester
Montmorillonite clay modified by dodecyltriethoxysilane

Kaolinite clay
Kaolinite clay modified by polycarboxylate ester
Kaolinite clay modified by dodecyltriethoxysilane
Montmorillonite clay

37.72
25.85
22.62
18.89
9.65
8.47

1
)

Using the X-ray phase analysis method, the values of coherent scattering region (CSR) of clay
minerals particles were calculated (Table 1). The studies performed suggest that modifiers cause the
minerals shape and size changes (as a result of their splitting). The positive effect of complex clays
modification is associated with a decrease in size of kaolinite clay mineral particles by 31.5 % and 40.0 %,
and in montmorillonite clay by 48.9 % and 55.2 %, respectively.
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It has been established that the complex modification consequence is chemical interaction
(chemisorption) with the organosilane bonds formation, which ensure increased efficiency of the clay soils
strengthening technology in road construction.

Based on the results of the IR spectroscopic analysis method (Fig. 2 and 3), it was determined that
the band at 3700 cm-" in the studied clays indicates the intrasurface OH groups presence located on the
octahedral layers opposite tetrahedral oxygens surfaces, and the band at 3621 cm~" may be attributed to
internal OH groups located in a plane common to octahedral and tetrahedral layers [38]. Analysis of the
given IR spectra shows that the main bands in them relate to the valence bonds of silicon with oxygen and
hydrogen with oxygen. Oxygen atoms can be connected to two silicon atoms via Si-O-Si bridging bonds,
or to one via non-bridging Si-O bonds. In particular, the bands at 1032 cm~' and 1009 cm~' are attributed
to the stretching vibrations of Si-O-Si(Al) bridging bonds in the kaolinite clay crystal lattice and 1090 cm-"
and 990 cm~' in montmorillonite clay [38, 39].

The chemical structure of modifiers dodecyltriethoxysilane and polycarboxylate superplasticizer was
confirmed. In the dodecyltriethoxysilane spectrum stretching vibrations of bonds correspond to an intense
peak at a frequency of 1093 cm~' with a shoulder of 1120 cm~" and peaks of ethyl groups stretching and
bending vibrations at frequencies of 2990, 2910, 2840, 1450 cm~', corresponding to the aliphatic CH2 and
CHs groups of the monomer radical.

In the polycarboxylate superplasticizer spectrum the mainly contains the stretching vibrations in the
region of 2840-2970 cm~" and bending vibrations in the region of 1450—-1470 cm~" associated with aliphatic
CH:z and CHs groups of polyethylene glycol. The C-O-C ether bond stretching vibrations corresponds to an
intense peak at 1125 cm~".

It has been established that the complex modification consequence is chemical interaction
(chemisorption) with the organosilane bonds formation, which provide increased strengthening clay soils
efficiency in road construction. When montmorilonite clay is modified by dodecyltriethoxysilane, the intense
peak at a frequency of 1093 cm~! with a shoulder of 1120 cm~' disappeared, but the bands corresponding
to the monomer radical remained. Analysis of the difference spectrum and spectrum of kaolinite clay
modified by dodecyltriethoxysilane showed that no chemical interaction occurs.

When kaolinite and montmorillonite clays modified by polycarboxylate ether, the ether C-O-C bond
complete disappearance was noted, which indicated the polymer chemical interaction (chemisorption) with
clay minerals.

4. Conclusions

1. The joint influence of the dodecyltriethoxysilane and polycarboxylate ether modifying effect on
kaolinite and montmorillonite clays has been established, which led to the manifestation about
synergistic mechanism in strengthening clay soils. During the modification, the polyfunctional effect
was noted, manifested in the processes of intercalation, chemisorption, splitting and reducing the
clay minerals particle size. The completed research results will ensure the effectiveness of using
soils with a clay minerals high content in road pavement structures.

2. A multifunctional effect was noted, characterized by an increase of diffraction maxima integral
intensity on the modified clay soils diffraction patterns, associated with an interplanar distances
increase in their structure as a result of intercalation processes. When kaolinite clay is modified
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with polycarboxylate ether and dodecyltriethoxysilane, no changes are observed in the interplanar
distance.

3. The positive effect of complex clays modification has been established, which consisted in reducing
the kaolinite clay mineral particles size by 31.5 % and 40.0 %, and in montmorillonite clay by 48.9 %
and 55.2 %, respectively.

4. It has been established that the complex modification consequence is chemical interaction
(chemisorption) with the organosilane bonds formation, which ensure an increase the strengthening
clay soils efficiency in road construction.
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Abstract. This study presents a newly developed method for reasonable selection of boundary conditions
and number of pinned intermediate supports for a straight multi-span beam. This method might help to
obtain the required values of the first frequency of free vibrations and the critical load from the action of
axial force, resulting from the changing the beam temperature. The method is based on known concepts of
beam vibration and stability theories and uses support coefficients as a criterion for selecting the
appropriate support system for a multi-span beam. These coefficients are obtained by solving the
corresponding differential equations of the dynamic behavior of the beam and are determined only by the
support conditions. Comparative calculations of the straight pipeline using the developed and finite element
methods for beam and shell models were carried out, which showed good convergence. Normalization of
the values of the support coefficients allowed to combine both conditions, for the first natural vibration
frequency and the first critical force, and express it as a single criterion for the selection of the support
system. The selection of the support system is shown as three general methods of fixing multi-beam beams
with a constant span length. This approach can be applied to any straight beams and support conditions
for which support coefficient values are known. To this end, a general algorithm for selecting a support
system with known support coefficients and requirements for their normalization is given. The results
obtained can be used in the calculation and design of any multi-span beam structures to control the values
of their free vibration frequencies and stability by selecting an appropriate support system during the
engineering design process.
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1. Introduction

A large number of extended periodic structures are subject to forced vibrations and temperature
changes. These include pipelines, oil lines, steam lines, railway rails, pull rods, cables, beams, etc.
Serviceability conditions for such structures ensure the permissible values of the first natural frequency of

vibration f| and the first critical force P,,; or temperature AT, at which the loss of stability occurs:
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Polytechnic University.
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f2[f], Py =[P] or AT, 2[AT]. ™M

In this paper, these multi-span structures are modeled on the basis of Euler—Bernoulli beam theory
for cases of transverse free vibrations and stability loss. Theoretical foundation for calculating the vibrations
and stability of multi-span beams have been described in many papers. This beam dynamic behavior is
commonly calculated by partial differential equations with specified boundary conditions, which are
determined by the supports of the beam [1-39]. As it is difficult to obtain an analytical solution to this
problem, numerical calculation methods and specialized computer programs are used. They are mostly
based on the finite element method [40-42]. At the same time, numerical methods allow to obtain only
individual particular solutions. This complicates their use for quick qualitative assessment of structural
decisions in order to meet serviceability conditions (1).

Recently, applied calculation methods and various reference books on dynamics were developed to
help engineers conduct the necessary calculations without setting up and solving differential equations [43,
44]. However, almost all the literature on vibrations and stability is focused only on assessing the dynamic
behavior of already existing structures with given supports without the possibility of their design calculation.
Nevertheless, engineers mostly need to determine the required support system with boundary conditions
and number of pinned intermediate supports for a given beam to ensure the serviceability conditions (1).

The literature on vibration protection [45-51] mainly considers the following vibration control
methods: vibration isolation, additional damping, balancing, etc. In the optimal design of beam structures
and topology optimization [52—-76], the authors focus on making changes to the beam itself, wherein
changing variables must be continuous and smooth, which is difficult for discrete changes in the number
and type of supports. It is also true for beam stability calculations.

This paper is aimed at a new approach for a reasonable selection of a support system for a straight
multi-span beam that provides the required values of the first natural vibration frequency and first critical
force taking into account the temperature.

To achieve this goal, the following tasks were solved;

1) to develop a design calculation approach for a reasonable selection of a support system for a straight
multi-span beam that provides its required dynamic behavior (the first natural vibration frequency and
the first critical force) taking into account the temperature;

2) to get a single criterion based on support coefficients for the design approach;

3) to propose a method, which makes it possible for an engineer to quickly and reasonably perform a
multifactor assessment or design of multi-span beams to achieve the required dynamic behavior;

4) to justify the method by comparative calculations of a pipeline using different approaches.

2. Methods

The equation of free vibrations of a beam takes into account the action of the axial force P (Fig. 1a)
and thus looks as follows [2, 3]:

4 2 2
0 y+Pa y+ma Y 0. (2)

EJ
ot ot or?

min

As a function of the deflection y(x,t) for the bending mode of free vibrations at the first natural
frequency, the following equation should be considered:

yi(x,1)= Asin(xl—n)sin(cot). (3)

For an unambiguous solution of equation (2), setting four boundary conditions that reflect the beam
restraint conditions on supports is necessary.
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Figure 1. Effect of the beam temperature on its dynamic state: a) temperature design diagram;
b) frequency-temperature curve.

By substituting the deflection function (3) into equation (2) and temporarily taking P =0 as well as
the hinge restraint conditions, the solution for the first natural vibration frequency is calculated as follows:

2
= o« % (4)
2ml? m

Si

When the axial compressive force P acts on the beam, the first natural vibration frequency can be

defined by Galef’s formula [78-80]:
P
h(p<0) = Figp=0) 4! o (5)
crl

The axial force P is calculated through the temperature by equation [37]:

P=o,-AT-ES. (6)
The buckling force Pcrl for the first instability mode is calculated as follows [37]:
2
_ 7T EJmin 7
crl — 2 2 ( )
no-l

A typical curve of the dependence of the first natural vibration frequency on temperature is shown in
Fig. 1b. By combining equations (4-7), the condition for the first natural vibration frequency of the beam is
calculated, taking into account its temperature and the support restraints:

2
fl(AT)=(%) : %(anmin—uz-lzﬂt-AT'S)Z[f]. (8)

The beam buckling corresponds to the case of its zero natural vibration frequency (Fig. 1b). In
equation (8), this corresponds to the equality to zero of the expression in brackets under the root, which
makes it possible to use this dependence for assessing stability. For example, the first critical temperature
of a beam is defined as follows:

2
S
AT, =——"0—2> [AT]. (9)
2 52
VY Yo PN
The obtained analytical dependence (8) ensures the fulfillment of all serviceability conditions (1).

2.1. Structural Design Approach

Let us consider the values of the support coefficients o and L (Table 1) for three common support
systems (Fig. 2) for multi-span beams [43, 44].
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Figure 2. Patterns of beam support systems.

Table 1. Original values of the support coefficients a and p.

Pattern . Number of intermediate supports, N
Coefficient
no. 0 1 2 3 4 5 6 7 8 9 10
1 a 3.1416
J 1
a 4730 3.927 3.557 3.393 3.310 3.260 3.230 3.210 3.196 3.186 3.180
2 V] 0.5 0699 0.814 0.879 0.917 0.939 0.954 0.964 0971 0977 0.978
a 3.927 3.393 3.261 3.210 3.186 3.173 3.164 3.159 3.156 3.153 3.151
3 J 0.7 0.879 0.939 0.964 0.977 0.983 0.988 0.99 0.992 0.994 0.996

If all intermediate supports (Fig. 2) are located equidistant from each other, the length of each span
is calculated as follows:

/
ll = .
N+1
The values of the support coefficients oo and L in Table 1 make it possible to control the dynamic
behavior of the beam by selecting their required values.

(10)

2.2. Normalization of Support Coefficients

The serviceability condition (8) includes two support coefficients oo and L, but it is necessary to

derive a single criterion for the selection method of the appropriate support system. For this purpose, we
normalize the initial values of the support coefficients in Table 1 for all patterns (Fig. 2). To do this, it is
necessary to divide the initial values of the coefficients (Table 1) by the support coefficients of free beam
and take into account equation (10):

, [oc.(NH)JZ , ENHT
o=——"2 W= . (11)

m H

Normalized values of the support coefficients o’ and p' for the patterns in Fig. 2 are shown in
Table 2.

Table 2. Normalized values of the support coefficients a’and u'.

Pattern .. Number of intermediate supports, N
Coefficient

no. 0 1 2 3 4 5 6 7 8 9 10

1 a 1 4 9 16 25 36 49 64 81 100 121
9) 1 4 9 16 25 36 49 64 81 100 121

9 o 2267 6.250 11.54 1866 27.75 38.77 51.80 66.82 83.83 1028 124.0
' 4 8.187 13.58 20.71 29.73 40.83 53.84 68.87 8591 104.8 126.5

3 o 1.563 4,666 9.697 16.71 25.72 36.72 49.70 64.71 8175 100.7 121.7
' 2.041 5177 1021 1722 26.19 37.26 50.20 65.30 82.31 101.2 1220

Now, the new support coefficients o’ and u' can be compared as both are in the numerator and
already take into account the number of intermediate supports.

2.3. Single Criterion for the Structural Design Approach

The analysis of the data from Table 2 shows that the new values of the support coefficients are close
to each other for each support pattern, and at N > 2 the difference in their values is within 2—-3 %.
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Moreover, with the increase in N, this difference rapidly decreases because the initial support coefficients
(Table 1) rapidly converge to the characteristic constants:

a=m, u=1at N >, (12)
This allows us to introduce a single criterion for the selection of the support system:
Olpin =0 =1 (13)
If condition (13) is substituted in equation (8), then we get a square equation relative to the sought
coefficient o, :

—o2 i T ET i + O -2, ATES +414m [ fT° = 0. (14)

The solution of quadratic equation (14) with the required root sign is as follows:

2.4

2 4m[fJ :
o . =C,..+.[|C% + , (13)

min AT AT 2B
min
where C,r is the temperature effect coefficient:
AT -SI?
CAT =0Lt2—. (16)
2n°J,

min

If the temperature effect is irrelevant, we assume AT =0, and the condition (15) is simplified:

2
OCminZZI [fl]d “ . (17)
T EJInlIl

To ensure all operability conditions (1), it is necessary to select from Table 2 such pattern and number
of intermediate supports for which values of support coefficients o' and y' are equal or more than the
calculated value:

am[ £ 1*
nEJ .

min

min (o', p') = apiy = Car + Cir+ (18)
The selected support system for a beam with the corresponding values of the coefficients o’ and
p' ensure the simultaneous fulfillment of both serviceability conditions (1), which can be verified by

checking the first vibration frequency and the first critical force or temperature using the new dependencies:

OL’ E 2 1 2 .
fl(AT):F-\/;[n Jmin_g'l ~oct~AT~S]2[f], (19)
'E 44T T m
m—i—z anmin—% >[P]; (20)
i 2 414[f]2m
ATm:m m Jmin_w >[AT]. (21)

If we take the condition [f] =0 in (19-21), the form of these equations is almost identical to their
original version (4, 7, 9).
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2.4. Algorithm for a Reasonable Selection of Support System for a Beam

The proposed design approach for normalizing the values of the support coefficients allows
implementing the method for a reasonable selection of the support system for a beam to ensure the
serviceability conditions (1). This method consists of the following steps:

1. Preparation of a set of possible patterns of beam support systems (as in Fig. 2).

2. Determination of the support coefficients o0 and U for each pattern from the selected set based on the
reference literature or by calculation.

3. Normalization of the values of the support coefficients ot and [ for each pattern so that they take close
values: o' ~ p'.
4. Calculation of the minimum required value of the support coefficient o ;. (15).

5. Selection of a pattern from the obtained set so that the following condition is satisfied:

min (o', p') > o

Let us consider an example of calculating an extended structure by the developed method.

3. Results and Discussions

Consider a straight pipeline with a circular cross-section and the following characteristics: length
[ =1.5m, outer diameter D = 15mm, wall thickness ¢ = 1 mm, material: aluminum alloy
E =7.1x105MPa, density p = 2,770 kg/m, and CTE o, = 2.3 x 10-5. Initially, the beam is rigidly fixed
at both ends without intermediate supports. The objective is to select a support system that will provide the
first natural vibration frequency [fl] = 250 Hz at a temperature AT = 90 °C. We perform the calculation

by the developed method and verify the obtained results by the finite element method using the ANSYS
software.

3.1. Analytical Solution by the Developed Method

First, let us check the current dynamic parameters of the beam under the initial restraint conditions.
According to Table 2, these correspond to the support coefficients o' = 2.267 and u' =4. By dependences

(19-21)at AT =0 °C and [fl] =0 Hz, we obtain the following initial dynamic characteristics of the beam:

£,=39.76 Hz, AT, =18.79°C. (22)

Instability is sure to arise when heating the beam to 7., = 18.79 °C, which prevents us from using

such initial restraint conditions. We cannot use initial restraint conditions at A7 =0 °C as, in this case, the
first natural vibration frequency is only f; = 39.76 Hz. So it becomes necessary to select another support

system. For this, according to the proposed method, it is necessary to calculate the required support
coefficient according to equation (15):

=26.76. (23)

O min
From Table 2, we select a support system with min(a', u') > 26.76; for example, Pattern 2 with

N =4, for which the support coefficients are equal:
o' =27.75; u'=29.73. (24)

Let us check the actual values of the first natural vibration frequency and the critical temperature of
the beam using the equations (19) and (21):

£, =290.16 Hz; AT,,, =102.78°C, (25)

which fulfill the serviceability conditions of this task ([ f;] =250 Hz at AT =90 °C).
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In Fig. 3, the two curves show the dependences of the first vibration frequency on temperature for
both variants (22, 25).

A‘ﬂ Hz

T~
T

N=4\

va]

360

1f]
N-o——— | D \T °c
\' )
-100 -50 0 TL’I‘I 50 100 Tch

Figure 3. Dependence of the first natural vibration frequency on temperature.

In Fig. 3, the curve fz (N) for N =4 clearly shows the rise of the first natural vibration frequency
of the structure in the entire temperature range under consideration.

3.2. Numerical Solution of the Problem

Let us verify the obtained results using the finite element method (FEM) for the beam and shell
models of the straight pipeline. The beam model has 1500 Beam189 finite elements, and the shell model

has 14328 Shell281 finite elements. Fig. 4 shows some typical numerical calculation results for the shell
model.

ANSYS ANSYS)
NODAL SOLUTION 17 NODAL SOLUTION R17.1]
DEC 8 2020 STEP=1 DEC 8 2020
00:01:54 SUB =1 00:10:57
FACT=18.7786
USUM (avG)
RSYS=0
DMX =3.71521 DMX =.485845
SMX =3.71521 SMX =.485845
o — — —
0 82560 65 2.476 302 0 107966 .215931 .323897 431862
’ pronm CDZOEUZ L BESIE s TR es UL L, .053983 .161948 .269914 .377879 .485845
ANSYS| ANSYS|
[t NODAL SOLUTION T
DEC 8 2020 DEC 8 2020
SUB 18:17:50 18:21:20
FREQ=288.73
usuM (RVG)
RSYS=0
omx =4.67406
SMX =4.67406
/7
N — — C e
0 1.03868 2.07736 3.11604 4.15472 0 .024729 .049458 .074187 .098916
.519339 1.55602 2.5967 3.63538 4.67406 .012364 .037093 .06 .086551 .11128

Figure 4. Results of the numerical calculation: a) first vibration mode at N =0and AT =0°C; b)
instability at 71, NV = 0 and [f] = 0 Hz; c) first vibration mode at NV =4 and 4T =90°C; d) instability
at Te2, N=4 and [f] = 0 Hz.

The numerical calculation results are summarized in Table 3.
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Table 3. Comparison of the calculation results.

fi, Hz at Ter1,°C at fi, Hz at Teo, °C at Teo, °C at
AT=0°C [fi=0Hz AT =90°C [fi=0Hz [f] = 250 Hz
N=0 N=4
Developed method 39.76 18.79 290.16 139.62 102.78
FEM, Beam4 39.75 18.78 290.39 139.93 102.91
Deviation, % 0.00961 0.00786 0.0812 0.219 0.119
FEM, Shell281 39.78 18.77 288.73 137.67 100.23
Deviation, % 0.0532 0.0353 0.494 1.40 1.52

The comparison of the calculation results obtained by the proposed method with numerical solutions
by FEM shows that the maximum difference is 1.52 %.

Comparison of the proposed method with the papers of other authors shows a complete coincidence
for cases when the solution is based on the differential equation (2) and the formula (5), for example, in
[78-83]. This approach is correct for the Euler—Bernoulli beam theory, which has some limitations when
used. For example, there are some conditions of the beam size ratios [84, 85]. Formula (5) also has its
limitations, mostly depending on the ratio [86]:

PI?
EJ

min

(26)

In later works, other authors have developed refined solutions based on more complex dependencies
[86—90]. However, the difference in results is less than 5 %, which is acceptable for beam theory, which
usually implies a preliminary design calculation.

4. Conclusions

1. The paper developed a design calculation approach for a reasonable selection of a support system
for a straight multi-span beam that provides its required dynamic behavior. A new method was
developed to help engineers reasonably select the support system for straight multi-span beams,
which ensures their serviceability under given requirements for the minimum first natural vibration
frequency and the first critical force or temperature.

2. The proposed method has a simple analytical formulation, which also makes it possible for an
engineer to quickly and reasonably perform a multifactor assessment or design of any multi-span
beam to achieve the required dynamic behavior.

3. The method was justified by the comparative calculations of a pipeline by using the beam and shell
models, which showed good convergence for all monitored parameters. Comparison of the method
with the works of other authors also showed good convergence in all controlled parameters.

4. The proposed method is to be developed further for the plane multi-support beams consisting of
straight and curved sections in order to ensure their dynamic, stressed, and deformed state.
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