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ABSTRACT 

In this paper, we design an adjustable connector of reciprocal frame, and a three-dimensional 
solid model of this connector with Circular Hollow Section has been created in the FEM software 
Abaqus CAE to study its mechanical properties. When the plastic hinge is formed at the end of the 
Circular Hollow Section, the connector is still in an elastic state. It is concluded that the adjustable 
connector of reciprocal frame has high strength and rigidity, realizing the goal for designing higher 
connector strength over Circular Hollow Section strength. Then parametric analysis is used to 
analyse the influence of the connector about each part on the mechanical properties, and the flexural 
rigidity of the connector has been derived. A three-dimensional wire model of reciprocal frames has 
been created in the FEM software Abaqus CAE, and a full-scale test model of the structure is 
designed. The numerical simulation results agree well with the test results. It is verified that the 
reliability of the modeling method and the accuracy of the connector mechanical model. 

KEYWORD 

Reciprocal frame, Connector of reciprocal frame, Numerical model of connector, Mechanical 
model of connector, Full-scale test 

INTRODUCTION 

Reciprocal frame is a special structure [1]. In reciprocal frames, members are mutually 
supported, to be more specific, a member supports an adjacent counterpart and is supported by 
another in return [2-4]. Figure1 indicates a common circular reciprocal frame [4]. Thanks to its unique 
and mutually supported feature, the members and connectors of reciprocal frame are in a simple 
and unified structure [5]. Therefore, reciprocal frame can simplify the on-site assembling process 
and draws an extensive attention in the field of prefabricated building [6-8]. 

 Fig. 1 - A circular reciprocal frame  Fig.2 - Model of Chinese laminated beam bridge 

Due to the unique construction nature of reciprocal frame, the function of connector is 
attached with great importance. The stability and reliability of a reciprocal frame directly influence its 
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performance. Reciprocal frame has various types of joints. Figure 2 is a model of laminated beam 
bridge in ancient China [9], and Figure 3 shows an example of woven closed geodesic basket [10]. 
The joints of the two reciprocal frame models mentioned above are inter-locked, depending on the 
frictional force to ensure the strong connection of whole frame. The connection process of this 
friction-driven joints is simple, but the strength and rigidity of the joints are weak which proposes 
limitation on the size of reciprocal frame [11-13]. New methods of connection such as lashed 
connection (Figure 4.) and notched connection (Figure 5.) have appeared with the advancement of 
reciprocal frame. However, because of the weak strength and rigidity of these two methods, the 
strength and rigidity of reciprocal frame are greatly reduced at the same time [14-15] New methods 
of connection such as lashed connection (Figure 4.) and notched connection (Figure 5.) have 
appeared with the advancement of reciprocal frame. However, because of the weak strength and 
rigidity of these two methods, the strength and rigidity of reciprocal frame are greatly reduced at the 
same time [14-15]. 

 

 
Fig.3 - Woven closed basket       Fig. 4 - Lashed connections     Fig. 5 - Notched connection 

 

In 1976, Bijnen published the first patent concerning with reciprocal frame’s connector Bolted 
Connectors [16]. He suggested to loop steel pipes via threaded pins to form a closed-circuit structure. 
As can be seen from Figure 6, the joint is achieved in a simple way, and the strength and rigidity are 
high. On the contrary, this connector requires high accuracy in terms of connecting threaded pins 
and reserved holes. As a result, it presents difficulties for on-site construction and reduces 
construction efficiency. Moreover, two members connected by one threaded pin can rotate around 
the pin, affecting the rigidity of the entire structure [17-18]. In recent years, temporary reciprocal-
frame buildings have received wide attention, and the application of scaffolding swivel couplers can 
be observed in reciprocal frame (Figure 7). Scaffolding swivel coupler has great tolerance for error, 
but this connector is of little strength and rigidity. It is mostly used for temporary buildings as it is 
difficult to ensure the stability, rigidity and seismic performance of the structure [19-20] Figure 8 is 
an example of coupler connector [14]. Coupler connector owns the features of large strength and 
rigidity and high construction accuracy. What is more, it can only be applied to vertically connected 
members, and the application scope of its connector is limited as well [15]. 

 
Fig. 6 - Bolted connectors   Fig. 7 - Scaffolding swivel couplers   Fig.8 - Coupler connectors 
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In conclusion, though there are various types of connections of reciprocal frame, most of 
them face the issues of poor strength and rigidity or limited application scope. Consequently, it is 
crucial to conduct studies on exploring new types of reciprocal frame connector of better strength 
and rigidity and wider application scope. 

 

ADJUSTABLE CONNECTOR OF RECIPROCAL FRAME 

In order to overcome the connector of reciprocal frame’s existing problems of low strength 
and rigidity and small range of application, this paper designs an adjustable connector of reciprocal 
frame with higher strength and rigidity, and this connector can compensate for the installation error 
of the reciprocal frame members. As shown in Figure 9, the connector consists of upper and lower 
semi-connectors, each of which is composed of a sleeve (1), a nut (2) and a connecting plate (3) 
with four arc-shaped holes. 

The inner diameter of the sleeve fits with the outer diameter of the Circular Hollow Section. 
Besides, a certain length of thread is machined on the outer walls of both ends of the Circular Hollow 
Section for adjusting the relative position between Circular Hollow Section and sleeve when there 
are errors in the freedom of the point during installation and therefore the member bar and sleeve 
can be tightened by nut. 

The connecting plates of the upper and lower hemi-connectors are connected by bolts that 
pass through the arc-shaped holes on the connecting plate. Since the arc-shaped connecting hole 
is larger than the diameter of the bolt rod, the upper and lower connecting plates can rotate relatively 
to each other in order to eliminate the error during installation. After properly adjusting the relative 
rotation angle of the connecting plate between upper and lower hemi-connectors, arc-shaped holes 
will be filled with FastSteel. 

 

Fig. 9 - The model adjustable connector of reciprocal frame 
 

       

（1）Sleeve                       （2）Nut                  （3）Connecting plate 

Fig.10 - The geometric parameters of the parts in the connector of reciprocal frame 
 



 
 

  Article no. 28 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

  DOI 10.14311/CEJ.2021.02.0028 381 

 

（4）Bolt                                         （5）Circular Hollow Section 

Fig.10 - The geometric parameters of the parts in the connector of reciprocal frame 
 

NUMERICAL ANALYSIS OF ADJUSTABLE CONNECTOR OF RECIPROCAL FRAME 

Mechanical characteristics of connector 

A three-dimensional solid model of the connector has been created in the FEM software 
Abaqus CAE to study the mechanical properties of the connector. The parameters of each part of 
the connector are shown in Table 1. 

 
Tab.1 - The geometric parameters of the connector/mm 

Geometric 
Parameters 

d1 d2 d3 d4 l1 l2 l3 l4 t1 t2 t3 t4 t5 h1 h2 h3 

Value 180 16 16 15 6 60 30 90 60 46 30 6 490 30 12 10 

This connector is made of Q235 steel and it applies with Class 10.9 M16 bolts. The upper 
and lower connector plates, the sleeve and the Circular Hollow Sections, and the bolt and the 
connector plate are connected in a hard contact way.  

 

Fig. 11 - Finite element numerical model under Y-direction shearing force 

The reciprocal frame members are mainly subjected to lateral loads which cause bending 
moments and shearing forces in the members. A shearing force parallel to the Y-axis is applied to 
the end section of the Circular Hollow Section as shown in Figure 11. In order to study the force 
characteristics and failure mechanism of this connector, the applied shearing force is continuously 
increased until the plastic deformation of the whole Circular Hollow Section has formed. Based on 
the analysis, the intersection of the Circular Hollow Section and the sleeve is the maximum force 
section of the Circular Hollow Section. When the shearing force parallel to the Y-axis reaches 
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12.12kN, the whole section of the intersection of the Circular Hollow Section and the sleeve produces 
plastic deformation. At this time, the stress nephogram of the connector can be shown in Figure 12. 

 

 

(a) Stress nephogram of the connector    (b) The Circular Hollow Section 

 

     （c）The sleeve                       (d) The nut               （e）The connecting plate 

Fig. 12 - Stress nephogram of connector under Y-direction shearing force 
 

It can be seen from Figure 12(b) that when the Y-direction shearing force reaches 12.12kN, 
the stress of the whole intersection of the Circular Hollow Section and the sleeve exceeds the 
material yield stress (235MPa), forming a plastic hinge. From Figure 12(c-e), the sleeve, nut and 
connecting plate are all in an elastic state. And the maximum stress of the sleeve is 175.7MPa, which 
is located on the inner wall of the sleeve near the external force. The maximum stress of the nut is 
65.1MPa, which is located below the outer surface of the external force. The maximum stress of the 
connecting plate is 134.2MPa, which is located in the bolt hole far away from the external force. Take 
the rotation angle of the line around Z-axis connecting the sleeve’s central point in front with its 
central point in the rear as the rotation angle of the connector around Z-axis. At this time, the rotation 
angle of this connector is only 8.3×10-4rad, and the flexural rigidity of the connector around the Z-
axis is very high. It can be seen that the structural damage is mainly caused by the plastic hinge 
formed at the end of the Circular Hollow Section when the members are subjected to the Y-direction 
shearing force. The adjustable connector of reciprocal frame has high strength and is still in an elastic 
state. The rigidity of the connector around the Z-axis is also great. When a plastic hinge is formed at 
the end of the Circular Hollow Section, the rotation angle of the connector around the Z-axis is 
minimal. 

Under the condition of a shearing force parallel to the Z-axis being applied to the end section 
of the Circular Hollow Section, the applied shearing force is continuously increased until the plastic 
deformation of the whole Circular Hollow Section has formed in order to study the force 
characteristics and failure mechanism of the connector. Based on the analysis, the intersection of 
the Circular Hollow Section and the sleeve is still the maximum force section of the Circular Hollow 
Section. When the shearing force parallel to the Z-axis reaches 12.16kN, the whole section of the 
intersection of the Circular Hollow Section and the sleeve produces plastic deformation. At this time, 
the stress nephogram diagram of the connector is shown in Figure 13. 
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(a) Stress nephogram of the connector     （b）The Circular Hollow Section 

   

(b) The Circular Hollow Section   (c) The sleeve (d) The nut    (e)The connecting plate 
Fig. 13 - Stress nephogram of connector under Z-direction shearing force 

It can be seen from Figure 13(b) that when the Z-direction shearing force reaches 12.12kN, 
the stress of the whole intersection of the Circular Hollow Section and the sleeve exceeds the yield 
stress of the material by 235MPa, forming a plastic hinge. It can be seen from Figures 13 (c), 13 (d) 
and 13 (e) that the sleeve, nut and connecting plate are all in an elastic state. The maximum stress 
of the sleeve is 206.2MPa, which is located on the left side of the inner wall near the side where the 
external force is applied. The maximum stress of the nut is 63.1MPa, which is located at the bottom 
end of the surface near the side where the external force is applied. The maximum stress of the 
connecting plate is 127.7MPa, which is located in the bolt hole away from the external force. Take 
the rotation angle of the line around Y-axis connecting the sleeve’s central point in front with its 
central point in the rear as the rotation angle of the connector around Y-axis. At this time, the rotation 
angle of the connector is only 1.01×10-3rad, and the flexural rigidity of the connector around the Y-
axis is very high. It can be seen that the structural damage is mainly caused by the plastic hinge 
formed at the end of the Circular Hollow Section when the members are subjected to Z-direction 
shearing force. The adjustable connector of reciprocal frame has high strength and is still in an elastic 
state. The rigidity of the adjustable connector of reciprocal frame around the Y-axis is also very large. 
When the end of the Circular Hollow Section forms a plastic hinge, the rotation angle of the connector 
around the Y-axis is minimal. 

It can be concluded from the above-mentioned analysis that the strength of the adjustable 
connector of reciprocal frame is relatively high. When the reciprocal frames are subjected to the 
ultimate load, the damage is mainly caused by the plastic hinge formed at the end of the members, 
and the adjustable connector of reciprocal frame is still in an elastic state, which has realized the 
goal for designing higher connector strength over members strength. The rigidity of the adjustable 
connector of reciprocal frame is very large. When the plastic hinge is formed at the end of the Circular 
Hollow Section, the rotation angle of the connector is very small and can be ignored. Therefore, the 
rigid connector model can be used to simulate the adjustable connector of reciprocal frame. 
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Calculation model of the connector 

The adjustable connector of reciprocal frame is composed of 4 parts, and the mechanical 
characteristics of the connector directly affect the entire mechanical response of the reciprocal frame. 
In order to calculate the response of reciprocal frame under various forces, the calculation model of 
adjustable connector should be established first. The parameterized calculation method is adopted 
to establish the calculation model of the connector. The reciprocal frame member mainly bears 
lateral load and thus the connector of reciprocal frame mainly bears the bending moment around the 
Z-axis. This section mainly discusses the calculation model of the connector around the Z-axis. The 
fastening bolts have tightened the upper and lower connecting plates according to the analysis, and 
the parameters in the connecting plates barely impact the bending resistance of the connector. The 
bottom of the sleeve is welded to the connecting plate, and the thickness l3 of the lower wall of the 

sleeve has little effect on the flexural rigidity of the connector. The five parameters d1、d2、d3、d4 

and l3 in Figure 10 create minimal effect on the flexural rigidity of the connector around the Z-axis. 

The parameters d1=360mm，d2=16mm，d3=20mm，d4=25mm，and l3=30mm, are fixed values. 

For the sake of parametric analysis, the values of l1、l2、l4 and f are changed singly and 20 sets of 

numerical models are established. The 20 sets of model parameters are shown in Table 2. 
 

Tab. 2 - Numerical model parameters 

No. 1 2 3 4 5 6 7 8 9 10 

l1/mm 6 9 12 15 18 12 12 12 12 12 

l2/mm 120 120 120 120 120 60 90 120 150 180 

l4/mm 150 150 150 150 150 150 150 150 150 150 

f Q235 Q235 Q235 Q235 Q235 Q235 Q235 Q235 Q235 Q235 

No. 11 12 13 14 15 16 17 18 19 20 

l1/mm 12 12 12 12 12 12 12 12 12 12 

l2/mm 120 120 120 120 120 120 120 120 120 120 

l4/m 90 120 150 180 210 150 150 150 150 150 

f Q235 Q235 Q235 Q235 Q235 Q235 Q255 Q275 Q295 Q345 

A bending moment around the Z-axis is applied to the connector sleeve. Take the rotation 
angle of the line around Z-axis connecting the sleeve’s central point in front with its central point in 
the rear as the rotation angle of the connector around Z-axis, and the bending moment of model 
1~model 5 is calculated. As shown in Figure 14(a). The bending moment-rotation angle curve of 
model 6~model 10 is shown in Figure 14(b). The bending moment-rotation angle curve of model 
11~model 15 is shown in Figure 14(c). The bending moment-rotation angle curve of model 16~model 
20 is shown in Figure 14(d). From Figure 14 (a-d), it can be seen that the bending moment of the 
adjustable connector and the rotation angle is in a linear relation. 
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No. 1~5 Bending moment-rotation angle    (b)No.6~10 Bending moment-rotation angle  
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(c) No. 11~15 Bending moment-rotation angle (d) No.16~20 Bending moment-rotation angle 
Fig. 14 - Bending moment--rotation angle curve of the connector 

According to Figure 14, the slope of each curve, that is the flexural rigidity of each connector 
model around the Z-axis, can be calculated by the least square method. In Model 1~Model 5, the 
effect of l1 on the flexural rigidity of the connector around the Z-axis is achieved by changing the 
parameter of l1. The flexural rigidity k of the connector around the Z-axis is shown in Table 3. The 
relation between l1 and k is shown in Figure15. 

 
Tab. 3 - Flexural rigidity of the connector model 1~5 

No. 1 2 3 4 5 

l1/mm 6 9 12 15 18 

k/(N·m/rad) 139226 147586 155864 164166 169000 
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Fig. 15 - Relation curve between l1 and k    Fig. 16 - Relation curve between l1 and k 
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Only the parameter l2 has been changed in Model 6~Model 10. The flexural rigidity k of the 
connector around the Z-axis is shown in Table 4, and the relation curve between l2 and k is shown 
in Figure 16. 

Tab. 4 - Flexural rigidity of the connector model 6~10 

No. 6 7 8 9 10 

l2/mm 60 90 120 150 180 

k/(N·m/rad) 169116 220468 268590 331686 405976 

Only the parameter l4 has been changed in Model 11 ~ Model 15. The flexural rigidity l4 of 
the connector around the Z-axis is shown in Table 5, and the relation curve between l4 and k is 
shown in Figure 17. 
 

Tab. 5 - Flexural rigidity of the connector model 11~15 

No. 11 12 13 14 15 

l4/mm 90 120 150 180 210 

k/(N·m/rad) 151036 204966 263960 330896 405544 
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Fig. 17 - Relation curve between l4 and k      Fig.18 -Relation curve between f and k 
 

In Model 16 ~ Model 20, only the parameter f has been changed. The flexural rigidity k of the 
connector around the Z-axis is shown in Table 6, and the curve of the relation between f and k is 
shown in Figure -18. 

Tab. 6 - Flexural rigidity of the connector model 16~20 
No. 16 17 18 19 20 

f/MPa 235 255 275 295 345 

k/(N·m/rad) 164166 165908 168018 170256 175026 

It can be seen from Figure 15~Figure 18 that the flexural rigidity of the connector has a 
positive linear relation with the sleeve wall thickness l1, the sleeve inner diameter l2, the sleeve length 
l4, and the material yield strength f. In order to study the quantitative relationship between the flexural 

rigidity of the connector and the related parameters, the same dimension parameters  2 4
· ·lk l/ f  and 

l1 are constructed. The relation between the two parameters is shown in Figure 19. 
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Fig. 19 - Relation curve between  2 4
· ·lk l/ f  and l1 

 2 4
· ·lk l/ f  and l1 are in a linear relation from Figure 19, and the least square method is used 

for analysis to get a formula and correlation efficient as follows:  

2 4

1
0 75

· ·l l f

k
. l                                    (1) 

Correlation coefficient  R 0 9985
2

. 。 

Therefore, the flexural rigidity of the adjustable connector of reciprocal frame is: 

1 2 4k = 0.75l l l f                                    (2) 

NUMERICAL ANALYSIS OF RECIPROCAL FRAME 

The members of the reciprocal frame mainly bear lateral loads. According to the analysis in 
section 3, the adjustable connector of reciprocal frame is of semi-rigid. Accurate numerical models 
should be established to research the mechanical characteristics of the connector. A three-
dimensional wire model of reciprocal frame has been created in the FEM software Abaqus CAE. The 
members are simulated by beam elements, while the joints are simulated by UJoint connectors, and 
the UJoint connectors can be set rigidity value. Defining the UJoint connectors, according to the 
relation curve in Figure 19 and the formula (2) in Section 3.2, and the calculation model of reciprocal 
frame considering joint rigidity can be established. The support is hinged, that is, translational 
freedom of the support is constrained and rotational freedom is released. The members are Circular 
Hollow Section of Q235 with an outer diameter of 60mm, wall thickness of 3mm and length of 
1500mm. The dimensions of each part in the adjustable connector of reciprocal frame are t1=90mm, 
t2=62mm, t3=40mm, l1=8mm, l2=90mm, l3=30mm, l4=120mm, d1=270mm, d3=16mm, d4=20mm. The 
angle between the member and the horizontal plane is 8°. A concentrated force of 540N, 840N and 
1140N is applied at each joint in turn. A finite element model of reciprocal frame is shown in Figure 
20. 

 

Fig. 20 -  A finite element model of the reciprocal frame 
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After the static analysis, the deformation of the structure was amplified by 30 times to show 
the result of the members under the different concentrated force. 

 

 

（a）Concentrated force of 540N                （b）Concentrated force of 840N 

 

 

（c）Concentrated force of 1140N 

Fig. 21 - Nephogram of structural stress under different concentrated forces 

 

（a）Concentrated force of 540N                            （b）Concentrated force of 840N 

 

（c）Concentrated force of 1140N 

Fig. 22 - Nephogram of structural vertical displacement under different concentrated forces 
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As seen in Figure 22, reciprocal frame is of rotational symmetry, which makes stress and 
deformation of each member uniform. The position of the maximum vertical displacement is at the 
joint and the position of the maximum stress is at the support. See Tables 6 and 7. The stress 
decreases first and then increases from the joint to the support of the member. The vertical 
displacement values of members between adjacent joint is uniform and larger than the rest. 

Tab. 6 - Stress of the members under different concentrated force 

Concentrated Force 540N 840N 1140N 

maximum stress 34.2 53.2 72.1 

stress at joint 24.1 37.4 50.8 

 
Tab.7 - Vertical displacement of the joints under different concentrated force 

Concentrated Force 540N 840N 1140N 

Deformation 1.36 2.12 2.88 

 

FULL-SCALE TEST 

In order to verify the validity of the mechanical model and structural modeling method of the 
connector, carrying out a full-scale test including connectors and members. The full-scale test model 
is shown in Figure 21. The test model was fixed on a regular hexagon pedestal with great stiffness, 
and the end of members are welded to the pedestal. The size of members and connectors of the 
full-scale test model are the same as the numerical model in Section 4. The test model was loaded 
with weights. 

The members are numbered A~F, and three measuring points are installed at the bottom of 
each member, which are respectively located at the joint of the member, the center of the joint and 
internal endpoint, and the center of the joint and external endpoint. There are 18 measuring points. 
For A~F members, measuring points are numbered successively from 1 to 18. According to electrical 
measures, the strain changes of each measurement point in the structure are measured through 
resistance strain gauge. According to the formula Hooke's law    , the stress of each 
measuring point can be calculated. Displacement meters are installed below the measuring points 
2, 5, 8, 11, 14 and 17 in Figure 21 (a). The change of vertical displacement at the joints of members 
in the structure is measured. 

 

（a）                                            (b)                                                 (c) 

Fig.21 - (a) Location of strain gage (b) Loading diagram (c) Displacement meter 
 

As shown in Figure 21(b), a concentrated force of 540N, 840N and 1140N is applied at each 
joint respectively. The data of stress and vertical displacement at the joint points in members A~F 
are shown in Table 8 and Table 9. 
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Tab. 8 - Stress of the members under different concentrated forces/MPa 

Member 
Concentrated Force 

540N 840N 1140N 

A 36.6 56.2 76.3 

B 34.2 49.6 79.4 

C 36.5 57.5 69.6 

D 35.7 51.2 78.9 

E 35.5 55.3 64. 

F 32.2 63.4 77.4 

average 35.1 58.9 74.3 

 
Tab. 9 - Vertical displacement of the joint under different concentrated forces/mm 

Member 
Concentrated Force 

540N 840N 1140N 

A 1.42 2.27 2.91 

B 1.36 2.19 2.85 

C 1.26 2.58 2.93 

D 1.33 2.07 2.52 

E 1.24 2.31 3.14 

F 1.35 2.02 2.65 

average 1.33 2.24 2.84 

 

COMPARISON OF TEST RESULTS AND NUMERICAL SIMULATION RESULTS 

Comparison of the results of stress between test and numerical simulation 
 

Tab. 10 - Comparison under 540N concentrated force at the joints/MPa 
member A B C D E F 

test results  36.6 34.2 36.5 35.7 35.5 32.2 

simulation results  34.2 34.2 34.2 34.2 34.2 34.2 

relative error 6.5% 0 6.3% 4.2% 3.7% 6.2% 

 

Tab. 11 - Comparison under 840N concentrated force at the joints/MPa 
member A B C D E F 

test results  56.2 49.6 57.5 51.2 55.3 63.4 

simulation results  53.2 53.2 53.2 53.2 53.2 53.2 

relative error 5.3% 7.3% 7.5% 3.9% 3.8% 16% 

 
Tab. 12 - Comparison under 1140N concentrated force at the joints/MPa 

member A B C D E F 

test results  76.3 79.4 69.9 78.9 64.2 77.4 

simulation results  72.1 72.1 72.1 72.1 72.1 72.1 

relative error 5.5% 9.2% 3.1% 8.6% 12.3% 6.8% 
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It can be seen from the table that under different concentrated forces, the test results at the 
joints of each member are very close to the simulation results, and the error is very small. 

Comparison of the results of vertical displacement between test and numerical 
simulation 
 

Tab. 13 - Comparison under 540N concentrated force at the joints 
member A B C D E F 

test results /mm 1.42 1.36 1.26 1.33 1.24 1.35 

simulation results /mm 1.36 1.36 1.36 1.36 1.36 1.36 

relative error 4.2% 0 7.9% 2.3% 9.7% 0.7% 

Tab. 14 - Comparison under 840N concentrated force at the joints 
member A B C D E F 

test results /mm 2.27 2.19 2.58 2.07 2.31 2.02 

simulation results /mm 2.12 2.12 2.12 2.12 2.12 2.12 

relative error 6.6% 3.2% 17.8% 2.4% 8.2% 4.9% 

 
Tab. 15 - Comparison under 1140N concentrated force at the joints 

member A B C D E F 

test results /mm 2.91 2.85 2.93 2.52 3.14 2.65 

simulation results /mm 2.88 2.88 2.88 2.88 2.88 2.88 

relative error 1.0% 1.1% 0.7% 14.3% 8.3% 8.7% 

It can be seen from the tables that under different concentrated forces, the test results at the 
joints of each member are very close to the simulation results, and the error is very little. 

 

CONCLUSION 

(1)  In this paper, we design an adjustable connector of reciprocal frame which consists of a 
sleeve, a nut, two connecting plates and four bolts. A three-dimensional solid model of this connector 
with Circular Hollow Section has been created in the FEM software Abaqus CAE to study the 
mechanical properties of the connector. When the plastic hinge is formed at the end of the Circular 
Hollow Section, the connector is still in an elastic state. It is verified that the adjustable connector of 
reciprocal frame has high strength and rigidity, realizing the goal for designing higher connector 
strength over Circular Hollow Section strength.  

(2)  Under lateral load, parametric analysis is used to analysis the influence of the connector 
about each part on the mechanical properties. There is a linear relation between flexural rigidity and 
material yield strength, sleeve diameter, sleeve length, and wall thickness of the sleeve. Then the 
flexural rigidity of the connector is derived. 

(3)  A three-dimensional wire model of reciprocal frame has been created in the FEM software 
Abaqus CAE, and full-scale test model of the structure is designed. The numerical simulation results 
agree well with the test results. It is verified that the reliability of the modeling method and the 
accuracy of the mechanical model. 
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ABSTRACT 

In this paper, a new polyurethane-cement composite (PUC) material is used to reinforce a 
25-year hollow slab bridge. PUC material is composed of polyurethane and cement, which has
good mechanical properties. After pouring PUC material at the bottom of the hollow slabs, the
traffic can be restored in a short time. Ultimate bearing capacity was discussed based on the
concrete structures. The bending failure mode of concrete reinforced T-beam bridges strengthened
with PUC was controlled through PUC design strength. The main construction process was
introduced, including concrete surface treatment, supporting template and pouring. To investigate
the effectiveness of PUC in strengthening bridges, load tests were conducted before and after the
reinforcement. The test results showed that PUC possibly removed the bridge load and increase
the stiffness of the hollow slabs. The maximum carrying capacity and stiffness of the main girder
were increased by about 20% and 28% after PUC material was poured. Meanwhile, the width of
the cracks was reduced in different degrees.

KEYWORDS 

Polyurethane-cement composite (PUC), Strengthening, Hollow slab, Strength analysis, 
Field application, Load test 

INTRODUCTION 

Concrete bridges are uninterruptedly unprotected to external environments. During their life 
spans, concrete bridges frequently experience situations that cannot be predicted during design. 
The durability of a concrete bridge is reduced by construction defects, overloaded vehicles, 
material characteristics, and environmental variations [1,2]. Replacing bridges to improve bridge 
performance can cause economic loss and inconvenient vehicle traffic [3]. Many researchers have 
studied proper repair and strengthening methods to solve the problems that occur in concrete 
structures [4,5].  

To improve the working ability of concrete bridges, many techniques have been used in 
strengthening. The most common methods for strengthening beams have been the use of Carbon 
Fibre Reinforced Polymer (CFRP), steel plate bonding, high strength wire mesh reinforcement and 
others; these methods are widely used at present [6]. CFRP has good performance, high strength 
and light weight, but there are some disadvantages of CFRP reinforcement, the most important is 



 
 

  Article no. 29 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0029                                          394 

the high cost of CFRP reinforcement [7,8]. Bonding steel plates have the disadvantages of 
weakened bonding caused by steel corrosion, increased dead load weight and difficulties in 
adapting to the concrete surface profile [9,10]. High-strength steel wire mesh has the advantages 
of convenient construction and small section size [4]. Usually, high-strength steel strand is bonded 
and anchored to the main beam concrete by mortar or composite mortar, but mortar or composite 
mortar has low adhesion, which is prone to the peeling and destruction of the reinforcement layer 
and the main beam, leading to the de-crease of material utilization [11-12].  

The introduction of new construction materials such as polyurethane-cement composite 
(PUC) to civil engineering can provide a potential solution. PUC is a polymer material made from a 
mixture of polyurethane raw materials and cement [13-15]. Polyurethane (PU) is a high 
performance polymer elastic material mainly based on the chemical compounds of polyisocyanate 
and polyester polyol. PUC has the advantages of light quality, significant strength in compressive 
and blending strength [13,14]. PUC has excellent bonding and adhesive properties with concrete 
materials, and it does not need additional adhesive for beam reinforcing [15].  

PUC has been successfully used in strengthening T-beam girders, as proven through 
comprehensive laboratory tests. Haleem reported 10 beams strengthened with PUC under 
different load conditions, and the results showed a significant improvement of beam -bearing 
capacity. An experimental study on strengthening reinforced concrete T-beams using PUC [15]. 
The increment values of compressive strength were from 5 MPa to 60 MPa of PUC with density 
400 kg/m3 density and 1650 kg/m3 respectively, while the flexural tensile strength was increased 
from 3.3 MPa to 44.3 MPa of PUC with 400 kg/m3 and 1650 kg/m3 density respectively indicating 
highly improvement in compressive and bending tensile strength compare with conventional 
concrete [14]. Nevertheless, these research projects were performed with laboratory-scale tests 
and corresponding analyses. Applying and obtaining the application results in engineering are 
essential. 

The cross section of the plate made hollow is called hollow plate. The hollow slab bridge is 
composed of a number of hollow slabs connected horizontally. The hollow slab is lighter than the 
solid slab of the same span, convenient for transportation and installation, and the building height 
is smaller than the T beam of the same span, so it is used more in the small span bridge. This 
study describes PUC as a material used to strengthen a 25-year-old fabricated reinforced concrete 
hollow slab bridge, including design, field application, field test and analysis. 

 

ANALYSIS AND DESIGN 

Bridge description 

 

 

Fig. 1 - Lateral view of Piao Fa Bridge 
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Figure 1 shows a lateral view of Piao Fa Bridge. The bridge was built in 1995 and carries an 
average daily traffic of 800 vehicles. The bridge has 5 spans, each span being 20 meters of simply 
supported hollow slabs. Central supports consist of reinforced concrete bents, each supported by 
two circular columns. The total width is 12.0 m, and the width of the driveway is 11.0 m. The bridge 
has two lanes and carries one lane of traffic in each direction. The cross section of the 
superstructure consists of 9 hollow slabs with a width of 1.25m Figure 2. 

 

Fig. 2 - Cross-section of the bridge 

The bridge has different degrees of damage caused by aging, overload, surging traffic and 
environment. During routine inspection, salt infiltration was observed in the bridge superstructure. 
Many hollow plates have the phenomenon of alkali spreading. Many vertical cracks appear on the 
bottom of the hollow slabs across the middle area. Serious cracks occurred in the edge-beam, as 
water from the pavement cracks affected the durability of the girder. Reinforcing the structure was 
selected because the owner did not agree to replace the bridge or limiting traffic. PUC 
strengthening method was chosen based on its application of being the least intrusive with traffic 
and being the most practical. 

 

MATERIAL CHARACTERISTICS  

This project adopts polyurethane cement material with good mechanical properties with a 
density of 1500kg/m3 to strengthen the hollow plate. The bending stress-strain curves of PUC with 
the same density are approximately the same. Bending test for PUC material is shown in Figure 3. 
The density of PUC mixed in the construction site was 1,524 kg/m3. The bending stress-strain 
curves of five groups of stirred PUC specimens at the construction site are shown in Figure 4. 

Ultimate strength ( Pu
f )was about 42.3MPa. Design strength ( Pu

f )was designed to be 3/4 of the 

ultimate strength, and the corresponding strain was 0.006 under the design strength. The minimum 

modulus of elasticity ( Pd
E ) was 5MPa. Table 1 shows the properties of PUC. 

     

Fig. 3 - Bending test for PUC material 
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Fig. 4 - Blending stress–strain curve of the PUC 

Basic properties such as the concrete compression strength and steel yield strength were 
assumed because the owner of the bridge did not allow coring to obtain the on-site strengths of the 

materials from the bridge girder. These basic properties c
f

s
f were assumed as described by 

JTJ023-85 [16] for bridges of that age because no sample could be obtained onsite. The 
parameters of steel strand refer to the standard drawing of the same span in the same year. The 
strength and elastic modulus of materials such as steel bar, strand, concrete and PUC are shown 
in Table 1. 

Tab. 1 -  Material properties 

Material Property Value 

PUC 

Pu
(MPa)f  42.3 

Pd
(MPa)f  31.7 

Pd
(GPa)E  5.0 

Concrete 
c
(MPa)f  30 

c
(GPa)E  30 

Steel 
s
(MPa)f  335 

s
(GPa)E  200 

 

STRENGTHEN ANALYSIS 

The service capacity of the inspected bridge is insufficient due to cracks, rain erosion and so 
on. Moreover, the owner of the bridge asked to complete the strengthening work with minimum 
interference to traffic. Therefore, the PUC material is designed to reinforce the hollow slab bridge. 
The hollow slab blending bearing capacity was analysed through the assumption that the plane 
section remained to be planar until failure. Blending bearing capacity was evaluated based on 
force equilibrium and strain compatibility until failure Figure 5. 

The failure of the prestressed hollow slab strengthened with PUC material was slab bending 
failure because of the strong bonding performance between PUC material and concrete. The 
flexural capacity of the PUC -reinforced member depended on the concrete crushing or the PUC 
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material’s design strength. Two kinds of failure modes exist for PUC -strengthened the prestressed 
hollow slab according to Fig. (5) and plane assumption. 

According to strain compatibility, the strain of steel bar s
ε can be expressed as follows. 

s
c

s p
p

c

h - x
ε = ε

h - x
                                                                   (1) 

where s
h represents the depth from the centroid of steel bars to the top of the T-cross section, 

P
h represents the depth from the centroid of the PUC section to the top of the hollow slab section, 

c
x represents the depth of the neutral axis and p

 represents the strain of the centroid of the PUC 

section. When concrete crushing failed, the ultimate compressive strain for the concrete was 
assumed to be 0.003, and the steel strand has been in a yield situation. 

According to strain compatibility, the strain of the centroid of the PUC section p
ε

can be 
expressed as follows. 

p
c

p cu

c

h - x
ε = ε

x
                                                                (2) 

The PUC material and steel strand were treated as a nearly linear material, and the stress of 
the PUC material can be calculated by the following:  

PUC PUC PUC
= E                                                                    (3) 

P P P
= E                                                                        (4) 

The standard equilibrium equation is listed in Equation (5) 

1 c f y s p p PUC PUC
 f b x f A A f A                                                      (5) 

where 0.8
c

x x , 1
1  , s

A represents the area of the steel bars, y
f represents the yield strain of 

the steel bars and s
ε  represents the strain of the steel bars. s

ε can be calculated from a 

combination of equations (1) to (5), and s
ε goes beyond the allowance strain of steel rebars, which 

is 0.01 according to Design Code of Concrete Structures [17]. Therefore, beam failure is not 
controlled by concrete crushing failure.  

The ultimate strain of PUC is about 0.006 when the strength of the PUC material is design 
strength. The steel bar strain is larger than the yield sign strain and less than 0.01 according to 
strain compatibility.  

 

(a) Reinforced concrete section               (b)  Strain distribution      (c) Stress distribution  

Fig. 5 -  Internal strain and stress distribution for a hollow slab shape section 
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Fig. 6 -  Hollow slab section strengthened with PUC material 

1 c f y s P P PUC PUC
   f b x f A f A f A  

                                                     (6) 

u PUCd PUC P y s s Py P s
2 2 2

x x x
M f A h f A h f A h

     
          

                                     (7) 

where P
A represents the cross-sectional area of the PUC material, and Pd

f  represents the 

design strength of the PUC material. The flexural strength of the beams after strengthening can be 
calculated through a combination of Equations (6) and (7). 

The above mentioned analysis shows that the bearing capacity of the strengthened beam is 
controlled by the design strength of the PUC material. The flexural strength increased to 

1543.7 kN.m through the pouring of the PUC material. The section of PUC is shown in Figure 6. 

 

STRENGTHENING PROCEDURE 

PUC strengthening is similar to the enlarging section method [18,19], but the curing time of the 
PUC strengthening method is significantly less than the enlarging section method. First, 
degenerate materials are removed from the concrete surface, and the visible cracks in the surface 
of the girders are closed through a chemical method. Second, the concrete surface is chiselled to 
ensure that its roughness meets the China Construction Code of Concrete Structure. Loose 
materials, which affect the bonding performance of the PUC material, are removed through high -
pressure water washing. 

In achieving a better bonding effect, sufficient time must be ensured to dry the concrete 
surface naturally. The construction templates were made depending on the design of the 
dimensions of the PUC material. The template was installed in the location specified Figure 8. The 
mixing ratio of the PUC components (polyol: polyisocyanate: cement) was 1:1:2 by weight. The 
mixed PUC material was poured into the templates. First, a water drill is used to form a round hole 
with a diameter of 40 mm at the hinge joint position. Then, at the deck location, the PUC material is 
dumped through the circular hole. The templates were removed after two hours Figure 7c. 

                   

   (a) Mixed the PUC material  (b) Support formwork and PUC casting   (c) Template removal 
Fig. 7 -  The PUC material casting 
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LOAD TEST 

Before strengthening and two months after strengthening, load tests were performed to 
obtain the service ability of the bridge. These tests are repeated once a year, and they will continue 
over a period of three years. Three-axle trucks are used as live load. The details of the trucks are 
shown in Figure 10. The gross rail loads before and after strengthening are listed in Table 2. The 
bridge test was performed under four conditions. The two trucks were used at different locations for 
each condition and were assigned with unique letters A and B. 

                
(a) Strain gages mounted oncConcrete          (b) Strain gages mounted on PUC

Fig. 9 - Locations of Strain Gages Mounted on the Slabs (n is the slab number 

 

Tab. 2 -Gross axle load of trucks before and after strengthening 

Load-test trucks Force axle
1
t (kN) Force axle

2
t (kN) Back axle

3
t (kN) Back axle

4
t ( kN) 

Before 
(A) 79.5 79.3 157.4 157.4 

(B) 78.4 78.8 157.9 157.9 

After 
(A) 79.7 79.5 157.5 157.5 

(B) 79.7 79.9 157.6 157.6 

 

 
Fig. 10 -  Load-test truck configuration 

        
(a) Condition 1                                (b) Condition 2 

 

Fig. 11 -  Distribution of load-test trucks on the bridge deck at different 
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 (c) Condition 3                                (d) Condition 4 

Fig. 11 -  Distribution of load-test trucks on the bridge deck at different 

The testing of each condition was sequenced as follows: Truck A, Truck A + B, Truck B. The 
four conditions are shown in Figure 11. For condition 1, the two trucks were symmetrical with the 
centre of the bridge, and the distance from the outside wheels to the pavement edge was 2.95 m. 
For condition 2, the two trucks deviated from the centre line of the bridge, and the distance from 
the outside wheels to the pavement edge was 0.5m. For both conditions 1 and conditions 2, the 
third axle of the vehicles are in the middle of the span. For condition 3, the two trucks were 
symmetrical with the centre of the bridge, and the distance from the outside wheels to the 
pavement edge was 2.95 m. For condition 4, the two trucks deviated from the centre line of the 
bridge, and the distance from the outside wheels to the pavement edge was 0.5m. For both 
conditions 3 and conditions 4, the four axles of the vehicles are in the middle of the span.  

 

STRAIN MEASUREMENT 

Strain gages were placed and arranged at the bottom of the mid-span, as shown in Figure 
9a. The letter n represents the hollow slab number, and the letter C represents the concrete strain 
gages. Strain gauges (Cn1) were installed on the bottom of the hollow slab before strengthening, as 
the bottom of the hollow slabs was covered with PUC after strengthening. The strain gages of the 
PUC surface are shown in Figure 9b. The letter P represents the PUC strain gages. The gage Pn2 
and the gage Cn1 were installed at the same horizontal position. The strains were collected at a 
rate of two readings per second. 

Figure 12 shows the concrete strain on the bottom concrete surface under live load in 
condition 1 before and after strengthening. The strain was the largest in the middle slab. The 
maximum strain of slab 5 were 75 microstrains for the two trucks (Trucks A + B) before 
strengthening because of the damage and the weak interaction between the slabs. After 
strengthening, the maximum strain of slab 5 were 60 microstrains for the two trucks (Trucks A + B). 
The maximum strains of hollow slab 3 were 50 microstrains and 45 microstrains before and after 
strengthening, respectively. The strain was reduced to about 5 microstrains. The maximum strains 
of slab 1 were 31 microstrains and 25 microstrains before and after strengthening, respectively. 
Therefore, the concrete strain can be reduced after the PUC material is poured. For condition 2, 
the concrete strains on the bottom concrete surface under live load before and after strengthening 
are shown in Figure 12. The strain of beam 1 was the largest for the two trucks (Trucks A + B) 
because the two trucks approached the side of the bridge. The maximum strain of beam 1 were 88 
microstrains before strengthening, and the strain became 69 microstrains after strengthening. 
Before strengthening, the strains of beam 3 and beam 5 were 83 and 76 microstrains, respectively, 
and after strengthening, the strains were 68 and 63 microstrains, respectively. In comparing the 
strains before and after strengthening, the concrete strain is reduced to some degree. 
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Figure 13 shows the concrete strain on the bottom concrete surface under live load in 
condition 3 before and after strengthening. The strain was the largest in the middle slab. The 
maximum strain of slab 5 was 60 microstrains for the two trucks (Trucks A + B) before 
strengthening because of the damage and the weak interaction between the slabs. After 
strengthening, the maximum strain of slab 5 was 52 microstrains for the two trucks (Trucks A + B). 
The maximum strains of hollow slab 3 were 40 microstrains and 36 microstrains before and after 
strengthening, respectively. The strain was reduced to about 4 microstrains. The maximum strains 
of slab 1 were 25 microstrains and 20 microstrains before and after strengthening, respectively. 
Therefore, the concrete strain can be reduced after the PUC material is poured. For condition 4, 
the concrete strains on the bottom concrete surface under live load before and after strengthening 
are shown in Figure 13. The strain of beam 1 was the largest for the two trucks (Trucks A + B) 
because the two trucks approached the side of the bridge. The maximum strain of beam1 was 68 
microstrains before strengthening, and the strain became 56 microstrains after strengthening. 
Before strengthening, the strains of beam 3 and beam 5 were 67 and 61 microstrains, respectively, 
and after strengthening, the strains were 56 and 52 microstrains, respectively. In comparing the 
strains before and after strengthening, the concrete strain is reduced to some degree. 

 

             
(a) Strains in the condition 1                                      (b) Strains in the condition 1 

 

(c) Annotation explanation 

Fig. 12 - Recorded concrete strains of hollow slabs in condition 1 and condition 2 
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(a) Before strengthening       (b) After strengthening 

 

(c) Annotation explanation 

Fig. 13 - Recorded concrete strains in condition 2 

 

             

(a) Condition1 (Trucks A+B)                                    (b) Condition2 (Trucks A+B) 

Fig. 14 - Concrete Strains and PUC Strains at Different Positions 

The recorded strain values of gages Cn1, Pn2 and Pn1 for the five slabs in condition 1 and 
condition 2 are shown in Figure 14. In comparing the recorded concrete strains (gage Cn1) and 
PUC strains (gage Pn1 and gage Pn2), the concrete strain values are close to the PUC strain values 
on the same horizontal height. Therefore, PUC strain compatibility is well at the live load. In 
comparing the PUC strains (gage Pn1 and gage Pn2) with those recorded on the concrete (gage 
Cn1), the PUC strains are approximately the same as that of concrete strains. Strain compatibility 
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leads to the higher PUC strain than the concrete strain because the bottom PUC is physically 
located below the bottom concrete in the beam section. 

Measured concrete strains of slab 1 and slab 9 in the flange plate position are listed in Table 
3. Two trucks (Trucks A + B) were parked on the bridge in the condition 1 and condition 2. From 
this table, in comparing the strains for the given gages before and after pouring PUC, the 
compressive strains in the concrete were higher after the PUC was poured. In investigating this 
matter further, the axes were determined as shown in Table 4. Two trucks (Trucks A + B) were 
parked on the bridge in condition 1. From this table, as expected, the neutral axes of slab1 and 
slab5 migrated downwards by about 56mm and 55 mm, respectively, after the PUC was poured in 
condition1. 

Tab. 3 - Measured compressive strain on slab 1 and slab 9 

Condition 
Gage C15 strain (με) Gage C95 strain (με) 

Before After Before After 

1 -19 -21 -18 -20 

2 -27 -31 -11 -13 

Tab. 4 -  Neutral axis investigation on condition 2 

Slab 

number 

Before strengthening (με) After strengthening (με) 

Gage Cn1 
strain (με) 

Gage Cn5 
strain (με) 

Neutral axis 

location (mm

） 

Gage Cn1 

strain (με) 

Gage Cn5 
strain (με) 

Neutral axis 

location (mm） 

1 85 -27 193 69 -31 248 

9 32 -11 205 27 -13 260 

 

DEFLECTION MEASUREMENT  

Displacement meters were installed on the bottom of the hollow slabs to measure the midspan 
deflection in the different conditions. The midspan deflection of all the slabs before strengthening in 
condition 1 is shown in Figure 15a. The deflection of slab 5 was the maximum under the 
symmetrical loads. The maximum deflections were 3.9 mm and 2.8 mm for two trucks (Trucks A + 
B) before and after strengthening, respectively.  The deflection was reduced by 3mm compared 
with that before reinforcement. The deflection for slab 1 and slab 5 were 1.5 mm and 2.7 mm 
before strengthening, respectively.  The deflection for slab 1 and slab 5 were 1.1 mm and 2.2 mm 
after strengthening, respectively.  Figure 15b shows the midspan deflection of all the slabs after 
strengthening in condition 2. The maximum deflections of slab 1 were 4.6mm before strengthening. 
After strengthening, the deflection was 3.8 mm for the two trucks (Trucks A + B). As expected, a 
certain decrease in deflection after the application of PUC reinforcement could be observed. 
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(a) Deflections in the condition 1                           (b) Deflections in the condition 2 

 

(c) Annotation explanation 

Fig. 15 -  Measured deflection of hollow slabs in condition 1 and condition 2 

 

          

                  (a) Deflections in the condition 3                          (b) Deflections in the condition 4 

Fig. 16 -  Measured deflection of hollow slabs in condition 1 and condition 2 
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(c) Annotation Explanation 

Fig. 16 -  Measured deflection of hollow slabs in condition 1 and condition 2 

Figure 16a and Figure 16b show the midspan deflection of all the beams before and after 
strengthening in condition 3 and condition 4, respectively. In condition 3, the deflections of slab 5 
were 3.0 mm and 2.5 mm for the two trucks (Trucks A + B) before and after strengthening, 
respectively. The deflection decreased by about 0.5 mm after strengthening. Before strengthening, 
the deflections of slab 1 and slab 3 were 1.7 mm and 2.5mm, respectively. After strengthening, the 
deflections of slab 1 and slab 3 were 1.7 mm and 2.2 mm, respectively. In condition 4, the 
deflections of slab 1 were 3.7 mm and 3.0 mm for the two trucks (Trucks A + B) before and after 
strengthening, respectively. The deflection decreased by about 0.7 mm after strengthening. Before 
strengthening, the deflections of slab 3 and slab 5 were 3.5 mm and 3.2 mm, respectively. After 
strengthening, the deflections of slab 1 and slab 3 were 2.2 mm and 2.8 mm, respectively.  

These findings represent an initially good performance, although the long-term performance 
will be monitored throughout the next year. 

 

CRACKS 

In the load test before retrofitting, the width of the cracks increased with the test load, but no 
new cracks appeared. These cracks had affected the durability of the bridge and would have 
further reduced the performance of the bridge if no actions were taken. In observing the 
development of the cracks after reinforcement, a crack (2-2 measure point) in the side slab for slab 
9 was selected to be the observation crack of the load test. The width of the crack on the bottom 
concrete is 0.15mm before strengthening. The depth from the observation location to the bottom 
concrete surface was 10cm. The width of the crack at the observation location is 0.08mm. Its width 
was unchanged for one truck (Truck A), 0.01mm for two trucks (Trucks A + B) in condition 2 and 
closed when the trucks were moved from the deck. Furthermore, periodical inspections were 
conducted to observe the development of the crack. The crack was found to be stable. 

 

Fig. 17 - Schematic diagram of fracture observation 

 

LIVE-LOAD DISTRIBUTION FACTORS 

Many techniques are available in determining transverse live-load distribution or girder 
distribution factors (DFs). Khaloo et al. [20] analysed the DFs by using the finite element method 
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considering four different parameters. Field testing could also provide information on live-load DFs 
for a given bridge type and geometry [21-23]. As the geometric size of all the hollow slabs is almost 
the same, the stiffness of every slab can be considered as having an equal value. The DFs can be 
determined from field. measurements using the following: 

                                                                   /  i i i
DF                                                           (8) 

where 
i
 is the maximum static deflection in the i th slab, and 1~ 5i . The deflection 

measurements shown in Figure 18 for Pia oFa Bridge in condition 2 were used to determine the 
live-load DFs according to Equation (7). From the horizontal hinged plate method [24], live-load 
DFs that can be compared with the measured DFs Figure 18 were provided. The slab 9 deflected 
by 2.5 mm for one truck (Truck A) in condition 2. The total deflection of all of the slabs was 8.5mm 
for a live-load DF of about 2.5/8.5 or 0.29. The live-load DF is 0.30 using the horizontal hinged 
plate method. The live-load DFs depend on slabs spacing, span, girder bending stiffness and 
girder torsional stiffness. The slab 9 deflected by 3.8 mm for the two trucks (Truck A + B) in 
condition 2. The total deflection of all of the girders was 14.3 mm for a live-load DF of about 
3.8/14.3 or 0.27. The live-load DF is 0.28 using the horizontal hinged plate method. Thus, the 
horizontal hinged plate method is applicable for calculating the live-load DFs of T-beam bridges. 

 

Fig. 18 -  Live -load DFs calculated from test results and horizontal hinged plate method in 
condition 2 

 

CONCLUSION 

This paper uses an innovative method to strengthen a 25-year bridge with polyurethane 
cement composite material. The main construction process was described. Load tests were 
conducted before and after strengthening to evaluate the performance of this bridge and the 
effectiveness of the reinforcement method. Based on load test and analysis, the main results 
obtained in this study are listed below: 

The blending strength of the hollow slab bridge strengthened with PUC can be determined by 
force equilibrium, strain compatibility and controlled failure modes. The fabricated hollow slab 
bridge strengthened with PUC is governed by the PUC design strength. 

The maximum carrying capacity of the main girder was increased by about 20% after PUC 
material was poured. The main girder deflection was reduced by about 28%. The width of the 
cracks was reduced in different degrees. Repeated load tests will be conducted to observe long-
term performance. 
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The PUC strain deformation complies with strain coordination under the static load. The 
neutral axis of hollow slab migrated downwards after the PUC was poured.  

The transverse connection between slabs was proven by the hinged joints. The live-load DFs 
of the strengthened bridge calculated by experimental results were in good agreement with the 
modified eccentric-pressed method. 
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ABSTRACT 

Determining the shear stress of a structural element caused by torsion is a vital problem. The 
analytical solution of the Saint-Venant torsion is only suitable for simple cross-sections. The 
numerical methods to evaluate the shear stress due to torsion of complicated cross-sections is 
indispensable. Many scientists have studied the torsion problem with various numerical methods. 
This paper aims to present an efficient finite element method for assessing the shear stress with 
arbitrary cross-sections in homogeneous isotropic elastic material due to torsion. MATLAB is the 
language for programming the numerical method. The validation examples were performed to show 
the reliability and efficiency of the author’s numerical method. 

KEYWORDS 

 Torsional shear stress, Isoparametric eight-noded quadrilateral elements, Saint-Venant 
torsion, Warping function 

INTRODUCTION 

Torsion in the structure occurs due to asymmetrical loads, either by geometric dimensions or 
by interconnections between members. In many cases, torsion can be governing design factors. It 
is, therefore, essential to accurately determine the shear stress caused by torsion. Saint-Venant 
analysed the torsion problem using the semi-inverse method, assuming an unknown displacement 
to satisfy the equilibrium equations and boundary conditions. Prandtl then introduced the stress 
function of the Saint-Venant torsion and the method of membrane analogy [1]. However, determining 
the shear stress due to torsion by the analytic solution is complicated for a complex single connected 
domain or multiply connected domain. A single connected domain is a domain where the cross-
section is bounded by a closed. The multiply connected domain is the domain where the cross-
section is bordered by several closed. 

Nowadays, structural elements such as beams and columns are more and more complicated 
in their shapes. Hence the use of numerical methods to determine shear stress due to torsion is 
indispensable. Various numerical methods to assess torsional shear stress have been performed by 
many researchers [2-22]. Ely, J. F., and Zienkiewicz, O. C. [2] first solved Poisson’s equation of 
Prandtl’s stress function using the finite difference method and investigated the rectangular section 
with and without holes. Herrmann, L. R. [3] utilized the finite element method to calculate the warping 
function of the torsion of irregular sectional shapes. Based on the Hellinger–Reissner principle, Xiao, 
Q. Z., et al. [4] developed a 4-node element with four stress parameters to determine the shear 
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stress for the polygonal section. Gruttmann, F. et al. [5] used the finite element method to evaluate 
shear stress using the warping function, which is more convenient than using Prandtl’s stress 
function when considering a multiply connected domain. Gruttmann’s numerical method has been 
implemented into an enhanced version of the program FEAP [6], which used isoparametric four-
noded quadrilateral elements. Fialko, S.Y. et al. [7] developed a numerical method using constant 
triangular elements to solve the Saint Venant problem of torsion, and torsionless bending of prismatic 
bars is realized in the SCAD software [8]. Jog, S. et al. [9] presented a finite-element formulation for 
Saint Venant torsion with a multiply-connected domain in an anisotropic material. Recently, Beheshti, 
A. [10] derived a finite element from strain-gradient elasticity for torsion of prismatic bars with minimal 
dimensions. 

Besides the finite difference and finite element method, many authors have applied other 
numerical methods such as the boundary element method (BEM) [11-16], line element-less method 
(LEM) [17-18], a null-field integral technique [19], and finite-volume method [20-21] to analyse the 
torsion problem. Katsikadelis, J. T. et al. [11] examined the torsion of general composite bars by 
BEM while Gaspari, D. et al. [12] tackled orthotropic beams with a polygonal cross-section. Barone, 
G. et al. [13] implemented the Complex Variable Boundary Element Method to examine the torsion 
problem in the single connected domain. Lee, J.W. et al. [14] obtained a new BEM from the general 
Cauchy integral formula derived from the Borel–Pompeiu formula to analyse the torsion problem. 
Paradiso, M. et al. [15] achieved an efficient method to determine the warping function parameter 
with the general cross-section. Chen, K. H. et al. [16] introduced a new error estimation technique in 
BEM to optimise the torsion problem with a multiply-connected domain. Di Paola, M. et al. [17] 
proposed LEM to deal with shear stress in torsion problem with isotropic material and arbitrary cross-
section. Santoro, R. [18] handled the Saint Venant torsion problem for orthotropic beams with a 
general cross-section by LEM. Chen, J-T. et al. [19] introduced the null-field integral technique to 
analyse the torsion problem of circular cross-sections with round holes. Chen, H. et al. [20-21] 
developed a new finite-volume based on Bansal and Pindera’s work to investigate Saint Venant’s 
torsion problems of homogeneous and composite prismatic bars with multiply connected domain. 

In summary, all of the works show the feasibility and effectiveness in academia. Currently, to 
the author’s knowledge, Gruttmann’s method [5] has been developed into the FEAP program [6 ] of 
the University of California, Berkeley, and Allplan Bridge [22]. Fialko’s method [7] is similar to 
Gruttmann, developed as a module in the SCAD commercial software [8]. It means the methods of 
Gruttmann and Fialko are practical. However, due to the use of the four-noded quadrilateral element 
in FEAP and the constant strain triangle element in SCAD, to achieve high accuracy, it is necessary 
to mesh very smoothly, which affects the calculation speed. So, this research aims to develop a new 
numerical method (NMB) based on the work of Gruttmann by using the isoparametric eight-noded 
quadrilateral element. The validation examples were performed to show the reliability and efficiency 
of NMB. 

 

FINITE ELEMENT METHOD PROCEDURE 

Figure 1 shows the arbitrary cross-section of prismatic beam in homogeneous isotropic elastic 
material, the longitudinal axis is the x-axis, the cross-section denoted   is in yz plane. The multiply 

connected domain   is bounded by 1 2 1, ,..., ,n n    . S is the centre of gravity. On 

1 2 1, ,..., ,n n     the right-handed orthogonal basis system is defined with tangent vector t and 

outward normal vector [ , ]
T

y zn nn . With t the orientation of the associated coordinate s is uniquely 

defined. 

The displacement field x y z[u ,u ,u ]
T

u  is expressed as [1] 

T

xu  , y xu z  , ,z xu y       (1) 
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where x : torsion angle, x
d

dx


  , ( , )

T
y z : warping function for torsion. Here, the constraint of the 

warping for torsion is 

0.
T
dA



        (2) 

 
Fig. 1 - Cross-section of a prismatic bar. 

 

The shear stresses are given as 
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The polar second moment of area can be written as 
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The governing differential equation for the Saint-Venant torsion is expressed as 
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Meanwhile, the boundary condition is given as 
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where y

dz
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 , .z
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ds
          (7) 

The governing differential equation (5) is transformed into the weak form by using the 
Galerkin’s method as below 

( , ) ( ) 0,
T T
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y zG dA n z n y ds
y y z z
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with test function 
1
( )H  . 
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The equation (8) is approximated by using the finite element method. Gruttmann’s method 
used isoparametric four-noded quadrilateral elements. To improve the computation speed, NMB 

used isoparametric eight-noded quadrilateral elements. The [ , ]
T

y zx , the unknown function 
T  

and the test function   are interpolated in the local coordinate system as follows 
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    (9) 

where h denotes the approximate solution of the finite element method,  ,iN    denotes the shape 

function of the element. Figure 2 shows the isoparametric eight-noded quadrilateral element used in 
NMB. The shape functions of this element can be described as follows [23, 24] 
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Fig 2 -. Isoparametric eight-noded quadrilateral element. 

Inserting the derivatives of ( )
T h  and h  into the equation (8) reads as 

8 8

1 11

( ) 0.
numel

e T e

ij j i

i je

K F
 

          (11) 

Here, denotes the assembly operator with numel the total number finite elements. The 

stiffness part e

ijK  to the nodes i and j and the right hand e

iF read 
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where J  denoted as Jacobian matrix defined as 
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          (14) 

pw  and qw  are the weights and p and q  are the integration points of the Gaussian integration 

technique. NMB uses 3 x 3 Gauss quadrature derived from the 1D case, where the quadrature points 

are located at 3 / 5 , 0 and 3 / 5 , and the corresponding weights are equal to 5/9, 8/9, and 5/9, 

respectively (see [23, 24]). The value T

i  of one arbitrary nodal point i has to be value 0. 

 

VALIDATION EXAMPLES 

The objective of this section is to demonstrate the reliability and effectiveness of NMB. For 
this purpose, four validation examples derived from [1, 5, 9] were examined, and their results are 
compared with those analyzed by NMB implemented in MATLAB R2015a. 

A bar of square cross-section subjected to the torsion moment 1TM   kN.m with the length 

of the edge 2 m is analysed in the first example. Jog, C.S. et al. [9] investigated this problem using 
16 isoparametric nine-noded quadrilateral elements. To achieve convergence values of the shear 
stress and the polar second moment of area, the square cross-section is divided into 16, 64, 256 
elements with uniform mesh by NMB, respectively. Figure 3 shows the discretization of the square 
cross-section with 16 eight-noded quadrilateral elements. The points, A, B, C, D, correspond with 
the coordinates (0, 1), (2, 1), (0, 0), (0, 2), respectively. 

The analytical results of maximum shear stress and polar second moment of area obtained 

from [1, 9] are max 0.592   kPa, 2.24923TI   m4, respectively. Table 1 shows the comparison of the 

results of the maximum shear stress, the polar second moment of area between the methods. The 
results of NMB-16 elements and Jog, C.S. et al. [9] are the same. When the square cross-section is 
refined into 256 elements, NMB is in good agreement with analytical solutions. 

 

Tab. 1 - The maximum shear stress max
 and the polar second moment of area T

I of square cross-

section 

Factors Analytical solutions Jog, C.S. et al. [9] NMB- 16 elements NMB- 256 elements 

( )

max

a [kPa] 0.592 0.6173 0.619174 0.601461 

( )b

T
I [m4] 2.24923 2.2519 2.25187 2.24925 

Error(a), (%) - 4.273 4.590 1.598 

Error(b), (%) - 0.1187 0.1173 0.000 

Figure 4 depicts the distribution of shear stress xz for square cross-section, which decreases 

the magnitude gradually from the midpoint of the edge to the centre of gravity along the y-axis [1]. 
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Figure 5 and 6 present the variation of the shear stress xz  along the AB and CD segment, 

respectively. With 16 elements, NMB and Jog, C.S. et al. [9] cannot capture precisely the shear 
stress distribution along the CD segment. When the mesh is fine enough, in this case, 256 elements, 
the results of NMB and theory harmonize very well. 

 
Fig. 3 - Discretization of the square cross-

section with 16 elements. 

 
Fig. 4 - Distributed shear stresses xz for 

square cross-section. 
 

 
Fig. 5 - The variation of shear stress xz along 

the AB segment. 

 
Fig. 6 - The variation of shear stress xz  along 

the CD segment. 

The second example is an equilateral triangle subjected to the torsion moment 1TM   kN.m 

with the height of the triangle 0.2 m. The analytical results of maximum shear stress max and polar 

second moment of area TI  are 1.62380 MPa and 6158.40 cm4, respectively [1]. The triangular cross-

section was discretized 4, 8, 14, 37, 57, 109, 658 eight-noded quadrilateral elements with non-
uniform mesh to obtain the convergence results. 
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Tab. 2 - The maximum shear stress max
  and the polar second moment of area T

I of triangular 

cross- section 

Factors Analytical solution NMB- 658 elements Error, (%) 

max
 [MPa] 1.62380 1.6247 0.055 

T
I [cm4] 6158.40 6158.40 0.000 

It is clear from Table 2 that the results of the maximum shear stress, the polar second moment 
of area obtained from NMB are in good agreement with the theoretical solution [1]. Figure 7 shows 
the triangular cross-section divided by 14 eight-noded quadrilateral elements. The points, E, F, 

correspond with the coordinates (0, 
0.2

3
), (0.2, 

0.2

3
), respectively. 

Figure 8 depicts the stress distribution 
xy  for triangular cross-section, where magnitude 

values do not exist along with segment EF [1]. Figure 9 presents the stress distribution xz  for  

triangular cross-section. It can observe from Figure 10 that the result of the variation of shear stress 

xz  along the EF segments of NMB and analytical method is very well matched. 

 
Fig. 7 - Discretization of the triangular cross-

section with 14 elements. 

 
Fig. 8 - Distributed shear stresses xy for 

triangular cross-section. 

 
Fig. 9 - Distributed shear stresses xz for 

triangular cross-section. 

 
Fig. 10 - The variation of shear stress xz along 

the EF segment with NMB-109 element. 
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The third example concerns a bar of square cross-section with hole applied to the torsion 

moment 1TM   kN.m. Figure 11 shows the geometrical dimensions and the meshing to 96 

isoparametric eight-noded quadrilateral elements by NMB of the square cross-section with hole. The 
points, G, H, I, J, correspond with the coordinates (0, 1), (1.6, 1), (0, 0), (0, 2), respectively. 

Jog, C.S. et al. [9] analysed this problem using 96, 1536, 6144 isoparametric nine-noded 
quadrilateral elements, respectively. Figure 12 depicts the variation of polar second moment of area 
corresponding to 96, 1536, 6144 discretization elements investigated by NMB. In Table 3, the 
convergence of the polar second moment of area value by NMB is presented as a comparison with 

that obtained from Jog, C.S. et al. [9]. Figure 13 and 14 present the stress distribution 
xy , xz  for 

square cross-section with hole, respectively. Figure 15 and 16 plot the variation of shear stress xz  

along the segments, GH, IJ, respectively, evaluated with the two methods, Jog, C.S. et al. [9], and 
NMB. From the figures and table mentioned above, the reliability of the NMB is once more verified. 

 

 
Fig. 11 - The dimension and the discretization 

to 96 elements of the square cross-section 
with hole. 

 
Fig. 12 - The variation of polar second moment 

of area corresponding to discretization elements. 

 
Tab. 3 - The polar second moment of area of square cross-section with hole 

 

Factors Jog, C.S. et al.- 6144 elements [9] NMB- 6144 elements Error, (%) 

T
I [m4] 1.707 1.70718 0.01054 
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Fig. 13 - Distributed shear stresses xy for the 

square cross-section with hole. 

 
Fig. 14 - Distributed shear stresses xz for the 

square cross-section with hole. 

 
Fig. 15 - The variation of shear stress xz along 

the GH segment. 

 
Fig. 16 - The variation of shear stress xz along 

the IJ segment. 

According to Figure 17, the bridge cross-section is an example for multiply connected domains 
was considered the fourth example. With this example, the polar second moment of area of the 
bridge cross-sections neglected the cantilever part obtained by the analytical solution is 40.0 m4 [5]. 
A comparison with a theoretical explanation is not possible. The comparison between NMB and 
FEAP [5,6], implemented Gruttmann’s numerical method by using isoparametric four-noded 
quadrilateral element, was performed on the convergence speed. The bridge cross-section was 
divided into 50000 nodes with a uniform mesh by FEAP to obtain the convergence of the results. 

In NMB, the bridge cross-section is meshed with 80, 406, 1892, 4634, 11414 nodes to 
investigate the convergence result. Figure 18 shows the bridge cross-section divided into 80 nodes 
by NMB. Figure 19 depicts the convergence of the polar second moment of area obtained by NMB 
with 4634 nodes. 
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Fig. 17 - Bridge cross-section, with measurements in [m]. 

 
Fig.18 - Discretization of the bridge cross-section to 80 nodes by NMB. 

The comparison of the polar second moment of area between the two methods was 
performed. In Table 4, we can see that the error of the value of the polar second moment of area 
between the two methods is 1.904%. It should be emphasized that there is no exact analytical 
solution for this example, and the number of nodes required for the convergence problem of NMB is 
10.8 times smaller than that of FEAP. From Table 4, the efficiency of NMB is verified. Figure 20 

shows the shear flow of the bridge cross-section under torsion 1TM   kN.m of NMB. As expected, 

shear stress is mainly concentrated in the closed part of the section [5]. 
 

Tab. 4 - The polar second moment of area of bridge cross-section 
 

Factors FEAP- 50000 nodes [5,6] NMB- 4634 nodes Error, (%) 

T
I  [m4] 42.487 43.2963 1.904 
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Fig.19 - The values of polar second moment of area with respect to the number of nodes in bridge 

cross-section. 

 
Fig.20.- Shear flow for the bridge cross-section under torsion of NMB. 

 

CONCLUSION 

Gruttmann [5] proposed an excellent finite element method for evaluating shear stress due 
to torsion with arbitrary cross-sections in homogeneous isotropic elastic material based on the Saint-
Venant theory. However, the use of isoparametric four-noded quadrialeral elements made the 
method not reach the best optimization. NMB has been improved Gruttmann’s work by using 
isoparametric eight-noded quadrilateral elements. Through 4 validated examples represented by 
single connected domain and multiply connected domains, it can conclude that NMB is reliable and 
efficient in assessing shear stress due to torsion. The shear stress research due to torsion of the 
arbitrary reinforced concrete section is desirable in the future. 
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ABSTRACT 

Compressive strength is the most important evaluation index for concrete. In order to predict 
the compressive strength of self-compacting concrete, two kinds of artificial neural networks 
(ANNs), including the BP (Back-propagation) networks and the hybrid networks DRGA-BP 
(Dimenssion reduction back-propagation based on genetic algorithm), were designed and applied 
in this study. With DRGA-BP, the most representative variables were selected out from many initial 
inputs to reduce data dimensions and also the weights and thresholds of BP model were optimized. 
The results showed that the hybrid model presented better prediction accuracy with the R2 
(coefficient of determination) of 0.9602, and appeared to well agree with the experimental data and 
was quite reliable. Finally, a mix ratio design method based on DRGA-BP model was proposed for 
reducing material waste and saving time in the process of concrete production with continuous 
adjustment. 

KEYWORDS 

Self-compacting concrete, Artificial neural network, Genetic algorithm, Compressive 
strength 

INTRODUCTION 

Self-compacting concrete (SCC) is a kind of high-performance concrete that can flow 
through gaps of steel bars and fill corners of molds by its own weight, and can be compacted 
without additional mechanical vibration during the casting process.[1-2]. SCC has the advantages of 
eliminating noise of vibration, reduction in labor cost and increasing casting speed. For these 
reasons, SCC has been widely applied in concrete structures [3-5]. 

However, the performance of SCC is affected by many complex factors, and mixture ratio as 
one of the most important factors is still designed by empirical method [6]. At present, the mix 
design of SCC mainly includes the following steps: (1) Select coarse aggregate and its dosage; (2) 
Calculate the mortar dosage; (3) Calculate the amount of sand and the paste content; (4) Calculate 
the water-binder ratio according to the design strength of SCC; (5) Calculate the dosage of binding 
material according to the volume of paste, apparent density of cementing material, water-binder 
ratio, etc.; (6) Calculate the amount of water; (7) Determine the dosage of additives; (8) Trial 
matching and adjustment of mix ratio. Okamura et al.[1] suggested the following parameters : the 

mailto:liangwei9090950@163.com
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amount of coarse aggregate, which accounts for about 50% of the total aggregate volume; the 
amount of fine aggregate, which accounts for about 40% of the mortar volume; low water-cement 
ratio and use of superplasticizer. Domone[6] provided the median value of the mix ratio through a 
large number of data statistics : the amount of coarse aggregate, which accounts for 31.2% of the 
total volume; the amount of fine aggregate , which accounts for 47.5% of the total volume; the 
content of paste , which accounts for 34.8% of the volume; the dosage of binding material is 
500kg/m3; the water-cement mass ratio is 0.34. The experience statistical data and empirical 
formulas, can offer some reference value for design of SCC mix proportion, and help to narrow the 
scope of each parameter. However, due to the variety of raw materials that can be used in SCC, 
especially the increasing use of mineral admixtures such as fly ash, silica powder and blast furnace 
slag, the influencing factors are more complex compared to common concrete. Therefore, various 
mixing ratio parameters still need to be adjusted and tested in practical engineering. In addition, 
there is a nonlinear relationship between these parameters and concrete strength, so the mix 
proportion design method based on empirical linear formula is no longer applicable. Therefore, if a 
more efficient and accurate mix ratio design method of SCC can be proposed, a large number of 
trial materials and time can be effectively saved. 

Artificial neural network (ANN) is a model that imitate human brain to process data. Outside 
information is transmitted between neurons in ANN and adjusted by leaning. Eventually, the trained 
ANN has an ability to react to the input data and obtain the desired output [7-8]. In recent years, 
ANN has been applied to many different fields, such as chemical engineering, medical industry, 
food technology and civil engineering, to solve nonlinear problems for modelling and optimization 
[9]. This method has also been applied to concrete strength prediction and mix ratio design in the 
past years. Lai et al.[10] concluded that the neural network performance was independent of the 
number of neurons in the hidden layer in the range of 4-8. Yeh [11-12] proposed a method of 
optimizing concrete mixture using ANN. For the prediction of concrete compressive strength, the 
Back-propagation (BP) neural network is the most used kind of ANN models [13-14]. Past research 
results show that the prediction results of ANN are more accurate than the traditional regression 
results[15], and the use of ANN makes it more convenient and simpler to analyze the influence of 
various factors on mix ratio. However, there are too many initial parameters that can be applied as 
input data in ANNs. These parameters are usually raw material types and their proportions, and 
most of them are chosen based on experience. Duan et al.[16] used 14 parameters as input data, 
such as water, cement, sand, natural aggregate, recycle aggregate, fineness modulus of sand, 
maximum size of coarse aggregate, water–cement ratio, type of coarse aggregate, impurity content, 
water absorption of coarse aggregate, saturated surface dry specific gravity of coarse aggregate, 
replacement ratio by volume and conversion coefficient. Ghafari et al.[17] used cement, sand, silica 
fume, quartz flour, water, superplasticizer and steel fiber as input data. Chithra et al.[18] applied six 
mix constituents as input data, such as cement content, nano silica content, fine aggregate content, 
copper slag content, age of specimen and super plasticizer dosage. These variable parameters 
affected the prediction accuracy a lot, but there were few investigations tried to find out the critical 
ones in the past. Due to the fact that the effect factors are many and not independent mutually, it is 
easy to occur the overfitting phenomena and cause the problems of low accuracy and 
time-consuming process of networks. In order to solve this problem, these factors need to be 
optimized and selected to find out the factors which can best reflect the relationship between inputs 
and outputs. 

Genetic algorithm (GA) simulate the evolutionary processes of species in the nature. It can 
be used to acquire a global optimal solution to solve nonlinear problems and optimize the initial 
weights and thresholds in BP network [19]. In this paper, a hybrid ANN model, DRGA-BP 
(Dimenssion Reduction Back-propagation based on Genetic Algorithm), is constructed to optimize 
the inputs and improve the prediction accuracy of compressive strength of SCC. 
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DATA COLLECTION AND NORMALIZATION 

The experimental data sets were obtained from the research of Nepomuceno [20], including 
60 mixes and corresponding compressive strength data of SCC at 28 days. In this paper, 40 sets of 
data were used in the training set, while the other 20 sets of data were used to test the accuracy of 
the prediction. 

The input data were divided into 10 categories, including the amount of raw materials 
(cement, mineral admixtures, water, superplasticizer, fine aggregate and coarse aggregate) and 
binding materials (cement and mineral admixtures), and the ratio among the raw materials 
(water-binder ratio, sand ratio and mineral admixtures replacement ratio). In addition, the type of 
cement was Portland cement with a density of 3040~3140 kg/m3; the mineral admixtures included 
single or combined limestone powder, fly ash and granite ash, with densities of 2380~2720 kg/m3; 
the superplasticizer was polycarboxylic acid superplasticizer with a density of 1050 kg/m3; the fine 
aggregate was natural sand, with a density of 1598 kg/m3 and a fineness of 2.22; the coarse 
aggregate was granite crushed stone, with a density of 1642 kg/m3 and a fineness of 5.78. Table 1 
shows the range of these input and output data sets. 

 
Tab. 1: Input and output data 

Parameters 
type 

Code Description 

Dosages in kg for solids and in 
liters for water and SP per cubic 

meter 

Minimum Maximum Average 

Input 

C Cement 276 670 477 

M Mineral admixture 0 376 140 

W Water 154 184 169 

P Superplasticizer 4.8 20.8 12.6 

B Binding material 547 672 617 

S Superplasticizer 656 846 757 

G Coarse aggregate 729 875 784 

W/B Water-binder ratio 0.24 0.32 0.28 

SR Sand ratio 0.43 0.54 0.49 

RR Mineral admixture replacement ratio 0 0.57 0.22 

Output fc,28 Compressive strength (MPa) 38.3 86.8 65.2 

Because the units of the input data are different and some of the data value range is larger, if 
the collected data is directly inputted into the network, it will lead to the problem of long training time 
and slow convergence, and the range of activation functions is also limited. Therefore, it is 
necessary to normalize the data before training the network and map the data to the interval of [0,1] 

or [-1,1]. The normalization algorithm adopted in this paper was 2 ( min) / (max min) 1y x     . ‘ x ’ is 

the input vector, ‘min’ is the minimum value of ‘ x ’, ‘max’ is the maximum of ‘ x ’, and ‘ y ’ is the 

normalized output vector. 
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IMPROVED ANN MODEL BASED ON GA 

Genetic Algorithm 

In this paper, GA and BP network are combined to improve the shortcomings of traditional 
BP network. At the same time, it is expected to screen out the factors that have little influence on 
the strength of self-compacting concrete by reducing dimension of independent variables, so as to 
simplify input data and improve learning efficiency and prediction accuracy. 

The implementation process of genetic algorithm is shown in Figure 1. After selection, 
crossover and mutation, population P reaches the requirements of environmental fitness and forms 
a new population Pn. The three most important steps are as follows[21]: 
(1)   Selection. Select individuals with high fitness from the current population. And these 
individuals will have a greater chance of being passed on to the next generation. 
(2)   Crossover. Individuals in the group are randomly paired with each other to obtain new 
individuals. 
(3)   Mutation. There is a certain probability that an individual's genes will change and a new 
individual will be born. 

In this paper, the roulette algorithm is used to select individuals. The higher the individual 
fitness, the greater the probability of selection. Specific operations are as follows: 
(1)   Calculate the probability of each individual being selected:  

      

1

( )
( )

( )

i
i m

i

i

f X
P X

f X





                               (1) 

where, ( )if X  is the fitness of individual i ; m  is the population size, that is, the number 

of individuals in the population. 
(2)   Calculate the cumulative probability of each individual: 

1

( )
m

i i

i

q P X


                              (2) 

(3)   Generate the random number r in (0,1). If 1i iq r q ＜ , then the individual i  is selected. 

(4)   Repeat the operation (3) for m  times. 

According to the above operations, if an individual has high fitness, then that individual will 
be selected many times, thus its gene ratio will expand in the population. 
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Fig. 1 – The implementation process of GA 

In crossover operations, arithmetic crossover is used. Pairs of individuals in the population 
are randomly paired, and for each pair of individuals, two new individuals are generated according 
to the following formula: 

1 1 2 (1 )c p a p a                                   (3) 

2 1 2(1 )c p a p a                                   (4) 

where, 1
p  and 2p  are the parent individuals respectively; 1c  and 2

c  are the offspring 

after the crossover operation; a is a random number between 0 and 1, namely the crossover 

probability. 
In this paper, the nonuniform variation method is used. The process by which a gene in an 

individual is randomly disturbed in a small probability to produce a new individual. Suppose 

1 2( , ,..., ,..., )i nx x x x x  is a set of chromosomes, that is, an individual, and one of the genes i
x  is 

selected as the mutation object, so the new individual is 
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where, i
u  and i

l  are the upper and lower bounds of value respectively; t  is a random 

value, 0 or 1. And ( , )g y  is calculated by the following formula: 

Output results 

Input data 

Create initial population P 

 

Calculate fitness 

 

Selection 

Crossover 

Mutation 

New population Pn 

NO 

YES 

Fitness or termination conditions  
satisfied ? 



 
 

  Article no. 31 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

       DOI 10.14311/CEJ.2021.02.0031 426 

 
(1 )

( , ) 1
bg

Gg y y r
 

   
 

                      (6) 

where, g  is the current number of evolutionary generations; G  is the maximum number of 

evolutionary generations; b is the a parameter that determines the degree of nonuniform variation; 
r  is a random number in the range [0,1]. 

 

DRGA-BP model 

The hybrid neural network DRGA-BP for dimension reduction is shown in Figure 2. After 
normalization processing, each group of data is input into the computing network as an individual. 
During population initialization, genes in each individual chromosome are randomly coded with ‘1’ 
or ‘0’. In BPNN-A, which represents the back-propagation neural network “A”, the optimal weights 

and thresholds are obtained by genetic algorithm, and then substituted into BPNN-A as initial 
weights and thresholds for training. In process (a), the influence of initial weights and thresholds on 
the prediction results is reduced because the initial weights and thresholds are not obtained 
randomly. At the same time, the problem of BP neural network falling into local optimal is avoided. 
In process (b), several factors that have a greater impact on concrete strength are selected and 
input into BPNN-B (back-propagation neural network “B”) as input data. Finally, the data are trained 

in BPNN-B and the prediction results can be obtained. 
In this paper, the reciprocal of the Sum of the Squared Errors (SSE) is taken as the fitness 

function: 
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where, 
1,1 ,2 ,{ , ,..., }p p p p nT t t t  is the predicted value in the training phase; 

1a ,1 ,2 ,{ , ,..., }a a a nT t t t  is the actual value in the training phase; 1
n  is the number of samples in the 

training phase. 
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Fig. 2 – Working diagram of DRGA-BP 

After several iterations, when a certain termination condition is met, individuals with optimal 
fitness survive and form a new population. This means that the most representative and effective 
variables are selected from the initial input data. Then, the selected factors are used as input data 
for training and testing in the new BP network (BPNN-B). Finally, the prediction results are obtained. 

Final selected factors 

In this hybrid neural network, the BPNN was set as a three-layer neural network with 8 
hidden neurons. Levenberg-marquardt algorithm was used to train the data. The training 
termination conditions of this hybrid neural network were set as follows: 
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(1) Maximum number of iterations: 1000 

(2) Training target error: 0.001 

(3) Maximum number of verification checks: 10 

If any of the above conditions were satisfied, the training was terminated. The population 

size m  in Formula (1) was set as 8. To make sure that the whole process does not go on endless, 

the maximum evolutionary algebra was set as 50, that means every 8 individuals formed a 
population, and the evolution process stopped after up to 50 times even if the above termination 
conditions had not been met. The 10 factors listed in Table 1 were used as input data for prediction. 

In process (b), typical evolutionary process is shown in Figure 3. As can be seen that the 
average fitness of individuals in the population increased with the growth of evolutionary 
generations, and the difference between optimal fitness and average fitness became smaller and 
smaller. Eventually, after many iterations, fitness values tended to be constant. It can be considered 
that the evolutionary process had been completed. And the individuals with the best fitness, that 
was, the factors that had the greatest influence on the compressive strength, formed new 
populations as optimized parameters. 

 

Fig. 3 – Typical evolutionary process 

MODEL VERIFICATION AND COMPARATIVE ANALYSIS 

In BPNN-B, the best effect achieved in the training process was in the 14th training session, 
which mean-square error (MSE) was only 0.0009841. The training results are shown in Figure 4. As 
can be seen, the training results were very consistent with the actual values, which meant the 
training effect was good. Besides, in total of five variables as the final selected factors had survived 
in the evolutionary process, including cement (C), mineral admixture (M), water-binder ratio (W/B), 
sand ratio (SR) and mineral admixture replacement ratio (RR). It shows that these five factors have 
great influence on the compressive strength of SCC, and similar conclusion can be obtained from 
relevant literatures[22]. These five optimal variables, as input data, participated in network BPNN-B 
for compressive strength prediction. 

In order to compare and confirm the five selected factors were reasonable and could 
improve the accuracy of the prediction, the five selected factors and all ten original factors 
respectively as two groups of input data were applied to a conventional three-layer BP neural 
network with eight of hidden neurons for test, namely BPNN-5 and BPNN-10, as listed in Table 2. 
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Fig. 4 – Training results of BPNN-B in the hybrid neural network DRGA-BP 

The prediction results of the compressive strength with hybrid network DRGA-BP and 
comparison BP network BPNN-5 and BPNN-10 are shown in Table 2 and Figure 5. In the table, 
RMSE is the root mean square error, which is the square root of the squared deviation between the 
predicted value and the actual value and the ratio of prediction times ‘n’. It is very sensitive to the 
very large or very small errors in a set of measurements, and can well reflect the precision of the 
prediction. The expression of RMSE is as follows: 
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                                (8) 

R2 is the determining coefficient, which measures the overall fitting degree of the regression 
equation and represents the overall relationship between the dependent variables and all 
independent variables. The closer R2 is to 1, the higher the reference value of the relevant 
equations will be. The closer to 0, the lower the reference value. Its expression is: 
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where, i
P  is the predicted value; iT is the actual value; 

i
T  is the average of all actual 

values; n  is the number of samples. 

It can be seen that the prediction results of hybrid network DRGA-BP proposed in this paper 
were closest to the real value and had the best prediction effect. When the same 10 factors were 
used as the initial input data, compared with network BPNN-10, the prediction results of DRGA-BP 
had a very high accuracy, and the RMSE was 2.2329 MPa and R2 was 0.9602. Besides, by 
comparing the prediction results of BPNN-10 and BPNN-5, it can be seen that using the selected 
factors as the initial input data in the same BP neural network had effectively improved the accuracy 
of prediction. In addition, the comparison test showed that the prediction effect of BP neural network 
was very sensitive to the initial input data, so the improved network DRGA-BP using genetic 
algorithm can effectively suppress the impact of initial weight and threshold on the prediction effect. 
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Tab. 2: Prediction results of ANN 

Code 
Number of 

hidden neurons 
Initial input factors 

Optimized output factor as 

selected factors 

RMSE 
(MPa) 

R2 

DRGA-BP 8 
C, M, W, SP, B, S, 
G, W/B, SR, RR 

C, M, W/B, SR, RR 2.2329 0.9602 

BPNN-10 8 
C, M, W, SP, B, S, 
G, W/B, SR, RR 

/ 6.5197 0.6610 

BPNN-5 8 C, M, W/B, SR, RR / 4.2972 0.8527 

 
Fig. 5 – The actual value versus the predicted value 

MIX RATIO DESIGN METHOD BASED ON DRGA-BP MODEL 

Five key factors, including cement (C), mineral admixture (M), water-binder ratio (W/B), sand 
ratio (SR) and mineral admixture replacement ratio (RR), were selected out by DRGA-BP as control 
factors affecting the compressive strength of SCC. The predicted values with DRGA-BP and 
experimental values (actual values with experiments) were respectively interpolated to draw the 
relationship diagram of water-binder ratio and replace ratio, water-binder ratio and sand ratio on the 
compressive strength of SCC, as shown in Figure 6 and Figure 7. It can be seen that the 
experimental values and the predicted values showed the same influence trend, and the value of 
water-binder ratio, replacement ratio and sand ratio was not a simple linear relation to the 
compressive strength of SCC. In addition, when the mineral admixture replacement ratio was higher 
than 0.48, the corresponding strength of SCC decreased significantly. 

  
(a) Experimental values (b) Predicted values 

Fig. 6 – Effect of W/B and RR on the compressive strength of SCC 
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(a) Experimental values (b) Predicted values 

Fig. 7 – Effect of W/B and SR on the compressive strength of SCC 

The influence relation of water-binder ratio, replacement ratio and sand ratio on the 
compressive strength can provide reference for the mix ratio design of SCC with a certain strength. 
The main steps are as follows: (1) Determine the design compressive strength of SCC; (2) 
Determine the total binder amount and aggregate amount; (3) Select water-binder ratio, sand ratio 
and mineral admixture replacement ratio; (4) Calculate the specific dosage of water, cement, 
mineral admixture, fine aggregate and coarse aggregate; (5) Determine the dosage of additives; (6) 
Trial matching and adjustment of mix ratio. 

Taking the mix ratio design of SCC with 40 MPa of compressive strength at 28 day as an 
example, the total colloidal quantity is 560 kg/m3, the total coarse and fine aggregate quantity is 
1600 kg/m3. And the control factors can be determined in a small range as follows: water-binder 
ratio is 0.31-0.32, sand ratio is 0.44-0.50, and mineral admixture replacement ratio is 40%-50%. 
Finally, the water-binder ratio is determined as 0.31, the sand ratio is determined as 0.50, and the 
mineral admixture replacement ratio is determined as 40%. The specific amount of each material is 
calculated: cement is 336 kg/m3, fly ash is 224 kg/m3, fine aggregate is 800 kg/m3, coarse 
aggregate is 800 kg/m3, and water is 174 kg/m3. By substituting the above data into the artificial 
neural network DRGA-BP, the 28-day strength is predicted to be 44.7 MPa, which can provide 
reference value for the preparation of SCC and effectively reduce the matching work and 
adjustment time. 

CONCLUSIONS 

In this paper, a new hybrid network DRGA-BP was studied to predict the compressive 
strength of SCC. The following conclusions could be drawn from this study: 

1. DRGA-BP network improved by genetic algorithm can reduce the influence of initial 
input data, initial weight and threshold on the prediction results, and can predict the 
compressive strength of SCC with high level of accuracy. The prediction is quite reliable 
for application in concrete industry to decrease the time-consuming laboratory tests. 

2. DRGA-BP network can effectively screen out the main factors that affect the strength of 
SCC, including cement, mineral admixture, water-binder ratio, sand ratio and mineral 
admixture replacement ratio. 

3. DRGA-BP can provide reference for the design of SCC mix ratio. However, it still needs 
a lot of experimental data to study and verify, so as to improve its prediction accuracy 
continuously. 
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ABSTRACT 

Steel tied arch bridge has been widely used in modern bridge construction due to its beautiful 
shape, high material utilization rate and overall structural stiffness. However, there are few cases in 
which the tied-arch bridge is constructed by incremental launching. Based on the steel tied arch 
bridge project, this paper uses finite element software to establish the finite element simulation 
analysis of the construction process and monitors the construction process of the bridge. The test 
results show that it is in the most unfavourable state when the cantilever at the end of the bridge 
reaches the maximum. At this time, the stress at the 117 m position of the beam reaches the 
maximum, the stress at the top edge is 33.7 MPa, and the stress at the bottom edge is -58.2 MPa. 
The stress in other sections did not exceed 30 MPa, and the beam was under uniform stress. When 
the foot of the internal arch passes through the temporary pier, the supporting force of the pier is 
maximum, which is about 6000 kN. The reasonable range of α is between 0.55 and 0.65, which is 
the ratio between the length Ln of launching nose and the maximum span L of incremental launching. 
The research results can provide reference for the construction of similar bridges. 

KEYWORDS 

Tied-arch bridge, Incremental launching method, Construction monitoring, Temporary pier, 

Launching nose 

INTRODUCTION 

Tied arch bridge has a beautiful shape, the curve is round, its construction history is relatively 
long. The cost of arch bridge is economical and has a good crossing ability. Meanwhile, the 
maintenance and repair are convenient and the cost is less. However, the arch bridge has some 
disadvantages. The main arch ring is mainly pressured during the use of the arch bridge, and its 
mechanical characteristics determine that there will be relatively large horizontal thrust at the foot of 
the arch. Therefore, the construction of the arch bridge has strict requirements on the foundation. 
Different from the arch bridge, the beam bridge is mainly subjected to the action of bending moment 
and there is no horizontal thrust. By combining the arch and beam in a reasonable design, their 
respective advantages can be fully exerted and the influence of force defects can be reduced. The 
mechanical performance of the bridge structure is optimized, so that the span capability of the bridge 
is increased and the use effect is better. The superstructure of girder and arch composite bridge 
usually includes arch rib, longitudinal beam, tie rod and vertical column, etc. The tie bar is mainly 
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used to balance most or all of the horizontal thrust at the arch foot of the completed bridge. Therefore, 
the horizontal thrust at the arch foot of the girder arch composite structure bridge does not exist or 
is much smaller than the thrust at the arch foot under the same conditions, which can greatly reduce 
the requirements of foundation bearing capacity. In addition, in some special site environments, such 
as the bridge across the river navigation requirements are high, the bridge under the bridge 
navigation height is high, the combined system bridge will reflect a greater advantage. Due to the 
good application value of such bridges, a lot of such bridges have been built in recent years, which 
also promotes the faster development of bridge structures. With the emergence of various bridges 
with novel structures and unique shapes, the construction methods of bridges are also constantly 
innovating and developing. In the actual bridge construction, the choice of construction method is 
targeted. According to the structural characteristics of the bridge, construction technology and 
equipment, site environment and economic, to determine the most suitable construction method. 
There are many bridge construction methods, and each method has different applicable conditions. 
Due to the difference of site environment and construction conditions, the construction method 
selected will also be very different. When the bridge construction site environment is relatively 
complex and has a great impact on the bridge construction, the bridge structure can be prefabricated 
and assembled in sections, and then the assembled well-formed bridge structure can be jacked 
forward gradually along the direction of the bridge, making the bridge slowly pass through each 
temporary pier to complete the bridge construction. This construction method is called push - up 
construction.  

The incremental launching method is used more in the construction of prestressed concrete 
bridges and less in the construction of steel bridges. With its unique and novel shape, beam and 
arch composite structure can be well integrated with the surrounding environment and has good 
crossing ability, which is increasingly widely applied in practical engineering, especially in the design 
and application of urban and landscape bridges. As a new bridge construction technology, the 
incremental launching method has few practical applications, and there are still some problems to 
be solved. Therefore, it is very necessary to analyze the force of the whole incremental launching  
construction process of the bridge by combining with the engineering practice. 

 

PROJECT PROFILE 

 

Fig.1 - Elevation drawing of push process 

The bridge is 191.339 m in length and 38 m in width. The main bridge structure adopts steel 
truss arch beam structure with main span of 106 m to cross the river. The lower arch rib is 19.27 m 
high, the span ratio is 1/5.5, and the height of vault truss is 3.5m. Fixed support is set at one end of 
the bridge towards the arch foot, and sliding support is set at the other end. The overall structure is 
non-thrust system. The arch ribs are box girder structure and the material is Q345QC. A structure in 
which the main beam is the main longitudinal beam, steel beam and secondary longitudinal beam 
are under joint stress. The bridge deck is orthogonal special-shaped plate, and the beam height at 
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the center line of the bridge is 2.57 m. The steel type is Q345Qc. The middle pier adopts the form of 
pile foundation extended by pile caps. The pile foundation is a bored pile with a diameter of 1.8 m.  

The main girder adopts the structure form of all welded steel box girder. The box girder adopts 
a single box with a three-compartment section, with a height of 3.5 m and a cantilever length of 4.0 
m outside the box girder. The beam is 39.0 m wide at the top and 18.5 m wide at the bottom. The 
steel box girder roof thickness is 16 mm, the bottom plate thickness is 14 mm. U - shaped longitudinal 
stiffeners are used for the top and bottom plates, and plate stiffeners are used for the rest. The 
longitudinal spacing of the cable anchor points is 9 m, and a beam is set at the corresponding lifting 
point. The arch ribs of the main bridge are in the form of steel truss. The upper and lower arch ribs 
are connected as a whole by vertical and oblique ventral rods, and two truss frames are arranged 
laterally. The trusses are connected by transverse braces to enhance lateral stability. The upper arch 
rib span is about 142 m, and the sagittal height is 23.5 m. The rib span of the lower arch is about 
103 m and the vector height is 20 m. The net sagittal height of the truss arch is 19.288 m, the sagittal 
span ratio is 1:5.5, and the height difference between the upper and lower arch ribs is 3.5 m. The 
steel arch rib section adopts a closed box section with a section height of 1.2 m and a width of 1.2 
m. The thickness of steel plates in the standard section of arch rib is 30 mm, the thickness of steel 
plates in the reinforced section of arch foot is 40 mm, and a diaphragm is set every 1m in the arch 
rib. The arch truss girders are the I-shaped sections, the section height is 1.2 m, the flange width is 
0.4 m, and the plate thickness is 16 mm. The sling of this bridge adopts parallel steel wire sling, and 
the whole bridge is arranged with 30 slings. The sling is made of 85 parallel steel wires with a 
diameter of 7 mm, with a standard strength of 1670 MPa. The elevation of the bridge is shown in 
Figure 2, the span arrangement is 22 m+106 m+22 m. 

 

Fig.2 - Vertical view 

 

CONSTRUCTION SEQUENCE  

As the river has navigation requirements, supports cannot be set up in the river, so the steel 
truss arch bridge is recommended to use the push method for construction. The main construction 
steps are as follows: 

Step 1:   Two temporary piers shall be built between the 2 # and 3 # main piers, the slide beam 
shall be installed, and the vertical and horizontal jack adjustment devices and the incremental 
launching equipment shall be installed for debugging. 
Step 2:   In the assembly site, the steel box girder structure of arch bridge is assembled, and 
the arch rib steel tube, derrick and launching nose are installed. After installing the boom, preapply 
a certain tension of the sling. At the same time, the pier incremental launching traction system and 
deviation correction system are installed, and the debugging incremental launching  system is ready.  
Step 3:   Start the incremental launching system and push forward. After pulling the anchor 
near the pier, pause the incremental launching and drag the strand to the next pier to be installed, 
and continue pushing forward. Remove the steel strand when the next anchor is close to the pier, 
then pull the anchor backward and change it. The changed steel strand shall be pre-tightened again 
and continue to push. 
Step 4:   When the launching nose is pushed to pier 1, remove the launching nose. Carry out 
system conversion, drop the whole bridge on permanent support, and complete incremental 
launching method construction. 
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Step 5:   Demolish the temporary piers and incremental launching equipment, drop the beam 
to the design elevation, and complete the incremental launching method construction. 

The push process is shown in Figure 2. During the welding process of the arch ribs, support 
piers should be installed. Five support piers should be installed on each side of the arch ribs, and 
the support piers should be removed after the top of the bridge is pushed into place. 

A finite element model of the construction process was established, as shown in Figure 3. 
The bridge has a total of 1680 units and 1371 nodes. The arch and beam are simulated by beam 
element, the sling is simulated by tension element only, and the temporary pier is simulated by 
supporting boundary condition. The incremental launching method process is divided into 30 working 
conditions, as shown in Table 1. The incremental launching distance of each working condition is 
5m, and the total incremental launching is 150 m. The support piers in the incremental launching 
process are shown in Figure 4. L1~L6 are temporary support piers and the remaining four are 
permanent bridge piers. The determination of temporary pier distance is mainly based on the stress 
of the jacking structure in the maximum cantilever state. When the structure reaches the maximum 
cantilever state, the stress cannot exceed the allowable stress value in the construction process. 
The length of the slideway in the support position is 5 m, and a push cycle is 2.5m . 

 

Fig.3 - Finite element model of bridge 
 

Tab. 1 - Working condition of pusher 

Construction 
Stage 

Pushing 
Distance (m) 

Construction 
Stage 

Pushing 
Distance (m) 

Construction 
Stage 

Pushing Distance 
(m) 

CS0 0 CS12 60 CS24 120 

CS1 5 CS13 65 CS25 125 

CS2 10 CS14 70 CS26 130 

CS3 15 CS15 75 CS27 135 

CS4 20 CS16 80 CS28 140 

CS5 25 CS17 85 CS29 145 

CS6 30 CS18 90 CS30 150 

CS7 35 CS19 95 CS31 Demolition of nose 

CS8 40 CS20 100 
CS32 

bridge deck 
pavement CS9 45 CS21 105 

CS10 50 CS22 110 
CS33 

Demolition of 
temporary pier CS11 55 CS23 115 
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Fig.4 - Supporting pier diagram 

 

MONITORING POINTS DURING CONSTRUCTION 

The construction process control system mainly includes construction process simulation, 
construction process monitoring and construction process correction and adjustment. Among them, 
construction process monitoring is the core of the whole control system. By monitoring the important 
structural design parameters and state parameters, the data and technical information reflecting the 
actual construction state can be obtained, and then the construction path can be modified and 
adjusted reasonably according to the monitoring data results, so as to achieve the purpose of safe 
and smooth control in the construction process. 

 The key parameters of construction process monitoring can reflect the mechanical behaviour 
of the structure and its construction support system in any construction stage. Generally, monitoring 
key parameters can be divided into two categories: load parameters (such as temperature, thrust, 
etc.) and response parameters (such as stress, deformation, etc.). In the construction process, 
through the real-time monitoring of these key parameters, the results can be obtained together with 
the construction support system's stress behaviour and shape characteristics, so as to achieve the 
purpose of safety control in the construction process. The response parameters in this project include 
stress and deformation. The stress measurement points of beam and arch are shown in Figure 5, 
and the deflection measurement points of main beam and launching nose are shown in Figure 4. 
The stress measuring points of the beam and arch are arranged at the two ends, the middle point 
and the quarter point. 

 

Fig. 5 - Arrangement of stress measuring points of beams and arches 
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(a) Arch rib measuring point          (b) Main girder measuring point  

 
    (c) Temporary pier measuring point         (d) Stress data acquisition 

Fig. 6 - Stress measuring 

 

 PUSH PROCESS ANALYSIS 

 Stress of main beam during incremental launching  

In the whole process of incremental launching method, the measured and theoretical stress 
values of beam at different incremental launching method conditions are shown in Figure 7. Under 
the condition of CS11, the theoretical stress at the bottom edge of measuring point D1 is at most 
21.3 MPa, and the measured stress is at 11.0 MPa. When it is pushed to CS22 working condition, 
the theoretical maximum stress at the bottom edge of the beam is -19.5 MPa, and then the measured 
stress is -13.7 MPa. When the working condition of CS22 is jacked, the maximum theoretical stress 
of the top edge is 18.2 MPa, and the measured value is 15.1 MPa at this time. The measured stress 
at the top edge and bottom edge during the whole process of incremental launching method is less 
than the theoretical stress. When pushed to CS22, the maximum theoretical stress of the top edge 
of D2 measuring point is 22.5 MPa, and the corresponding measured value is 18.3 MPa; the 
maximum theoretical stress of the bottom edge is -30.5 MPa, and the corresponding measured value 
is -18.9 MPa. The D2 measured stress at the top edge and bottom edge of beam in the whole 
process of incremental launching method is less than the theoretical stress.  
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 (a) D1 stress variation                                      (b) D2 stress variation 

 
(c) D3 stress variation                                    (d)  D4 stress variation 

 
(e) D5 stress variation 

Fig. 7 - Measured value and theoretical value of beam stress measuring point 

Under the working condition of CS12, the maximum theoretical stress at the bottom edge of 
the measuring point D3 is 23.4 MPa, and the measured stress is 14.2 MPa. When it is pushed to 
CS32 working condition, the theoretical maximum stress of bottom edge is 32.3 MPa, and the 
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measured stress is 24.0 MPa. The measured stress at the top edge and bottom edge during the 
whole process of incremental launching method is less than the theoretical stress. When pushed to 
CS26, the maximum theoretical stress value of the top edge at the measuring point D4 was 25.2 
MPa, and the corresponding measured value was 17.2 MPa; the maximum theoretical stress value 
of the bottom edge was -33.8 MPa, and the corresponding measured value was -23.5 MPa. The 
measured stress at the top edge and bottom edge of D4 measuring point in the whole process of 
incremental launching method is less than the theoretical stress. When pushed to CS1, the maximum 
theoretical stress of the top edge at the measuring point D5 was 35.6 MPa, and the corresponding 
measured value was 13.4 MPa; the maximum theoretical stress of the bottom edge was -58.6 MPa, 
and the corresponding measured value was -19.6 MPa. The measured stress at the top edge and 
bottom edge of measuring point D4 in the whole process of incremental launching method is less 
than the theoretical stress. 

 
        (a)Top Edge Stress                                           (b) Bottom Edge Stress 

Fig. 8 - Stress at top edge and bottom edge of beam at worst 

In the process of incremental launching method, the most unfavourable condition of structural 
force will occur. The maximum state of the cantilever at the front end of the bridge and the maximum 
state of the cantilever at the rear end of the bridge in this project are the most unfavourable 
conditions. The stress of the top edge and bottom edge of the beam under the most unfavourable 
conditions is shown in Figure 8. When the cantilever at the end of the bridge is the largest, the stress 
at 117 m of the beam is the largest, the stress at the top edge is 33.7 MPa, and the stress at the 
bottom edge is -58.2 MPa. The stress in other sections did not exceed 30 MPa, and the beam was 
under uniform stress. 

 Stress of arch rib for incremental launching method 

In the whole process of incremental launching method, the measured and theoretical stress 
values at the five measuring points of E1~E5 under different incremental launching method 
conditions are shown in Figure 9. Under the condition of CS33, the maximum theoretical stress of 
arch rib at the measuring point E1 was -41.3 MPa, and the measured stress was 28.0 MPa. The 
measured stress of arch rib was slightly less than the theoretical value, and the variation trend was 
consistent. Under the condition of CS33, the maximum theoretical stress of arch rib at measuring 
point E2 was -40.8 MPa, and the measured stress was 25.6 MPa. The measured stress of the arch 
rib was slightly less than the theoretical one, and the variation trend was consistent. When pushed 
up to the CS6 working condition, the arch rib stress at the measuring point E2 was -7.2 MPa at most, 
and the measured stress was 4.3 MPa at this time. Compared with the other four measuring points, 
the stress change at the measuring point E2 was uniform and did not exceed 10 MPa. The maximum 
stress at the measuring points E4 and E5 occurred under the working condition of CS33. Due to the 
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removal of the temporary pier beam in the water, the cable force of the sling increased, which 
increased the axial force of the arch rib. 

 

    
        (a) E1 Stress variation                                        (b) E2 Stress variation 

     
         (c) E3 Stress variation                                     (d) E4 Stress variation 

 
(e) E5 Stress variation 

Fig. 9 - Measured value and theoretical value of beam stress measuringpPoint 
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 Temporary pier counterforce 

The temporary pier is supported by steel tube lattice column and the stress of steel tube is 
measured by vibrating string strain gauge affixed to the surface of the steel tube. L1 and L2 are 
temporary support piers in water, L3~L6 are temporary support piers on shore, and 1~4 are 
permanent support piers. The temporary pier buttress reaction varies with the change of the 
incremental launching position, and the maximum of the buttress reaction is about 6000 kN. The 
maximum bracing reaction of L1, L2, 2 and 3 temporary piers occurs at the arch foot position inside 
the head, while the maximum bracing reaction of L3-L6 temporary piers occurs at the arch foot 
position inside the tail. The test value of L2 and L3 temporary pier support reaction force is basically 
consistent with the theoretical value, and the test value is slightly less than the theoretical value. 

      
(a) Reaction values of piers L1、L2、2 and 3     (b) Reaction values of piers L3、L4、L5 and L6  

      

(c) Theoretical and measured values of L2 pier    (d) Theoretical and measured values of L2 pier 

                               Fig.10 - Temporary pier support reaction 

 Deflection of incremental launching process 

During the whole incremental launching  process, the deflection measurement points of the 
main beam and launching nose are shown in Figure 4. The deflection measurement point of the 
launching nose end is A1, the deflection measurement point of the beam mid-span is A3, and the 
deflection measurement points of the beam end are A2 and A4. The deflection range of the launching 
nose during the top pushing is -30mm~10mm, the deflection of the measuring point at the beam end 
is -35mm~0mm, and the deflection of the beam mid-span is -47.6 mm~0 mm. The deflection of the 
mid-span of the beam is almost unchanged before the temporary pier is removed. 
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Fig.11 - Deflection value of main beam 

 Sling force 

In the incremental launching process, the cable force value is about the mid-span symmetry 
of the bridge. The measured value is basically consistent with the theoretical value, and the error 
between the theoretical value and the measured value is within 5%. 

 

Fig.12 - Cable force of the sling 

 Launching nose parameter analysis 

 In the process of incremental launching construction, the structural system of the bridge is 
constantly changing, and each section should bear the action of positive and negative bending 
moments alternately. The application of launching nose effectively reduces the cantilever length of 
the main beam, improves the stress condition of the main beam, and also plays a role in increasing 
the structural stability and preventing overturning and instability. In the analysis of launching nose, 
the parameters such as the length, stiffness and the mass of the length of the launching nose have 
great influence on the stress of the main beam. 

Although the structural form of girder and arch composite bridge is complex, its stiffness and 
dead weight are not uniformly distributed along the longitudinal direction, which is very different from 
the continuous beam with equal section, so it is difficult to configure launching nose according to the 
method of equal section beam. The model under different construction conditions was established 
by finite element software, and the influence of the variation of launching nose parameters on the 
bridge stress was studied from two aspects: the ratio of the length of launching nose to the maximum 
span of thrust (α), the ratio of the dead weight load per unit length of launching nose and the dead 
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weight load per unit length of main beam (β). It provides a reference for the selection of design 
parameters for the overall incremental launching construction launching nose. In addition, the design 
of the launching nose can only be studied if the temporary support is set up first. 

During the incremental launching process, if the length of the launching nose is too short, the 
structure may be damaged due to excessive stress under the maximum cantilever condition. If the 
length is too long, the launching nose will not play its role and the economy is poor. Therefore, an 
appropriate launching nose length should be selected. The length of the launching nose in this 
project is 23 m, and the ratio of the length of the launching nose Ln to the maximum span L of the 
thrust is α =0.7. Assuming that the cross-section and structural form of the launching nose remain 
unchanged and the length of the launching nose is changed, the value of is taken to be 0.45, 0.55, 
0.65, 0.75 and 0.85, respectively. Bending moments of the upstream main beam and arch rib are 
listed, as shown in Figure 13 and Figure 14. When is 0.45~0.75, the bending moment of the main 
beam has little change, while when is 0.55~0.85, the negative bending moment of the main arch has 
little change. The maximum stress of the upstream main beam and arch rib is shown in Figure 15 
and Figure 16. As the length of launching nose increases, the variation trend of stress is consistent. 
When is 0.75 and 0.85, the compressive stress of main beam is larger, with a maximum of -50 MPa; 
when is 0.75 and 0.85, the stress of arch rib is larger, with a maximum of 50 MPa. The appropriate 
range for α is 0.55~0.65 and the deflection of the launching nose is 21.1mm~22.8mm. 

       
     Fig. 13 - Beam bending moment of different guide        Fig.14 - Arch bending moments of 

different  
                          beam length                                               guide  beam lengths 

 
Fig.15 - Beam bending moment of different guide           Fig.16 - Arch stress of different lengths                                                               

beam length                                                           of launching nose 
 



 
 

  Article no. 32 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

  DOI 10.14311/CEJ.2021.02.0032 445 

 
Tab.2-   Deflection of launching nose at different lengths 

α 0.85 0.75 0.65 0.55 0.45 

Deflection (mm) 22.7 25.8 22.8 21.1 20.6 

        It is assumed that the stiffness and length of the launching nose remain unchanged. The 
values of β were 0.2, 0.4, 0.6, 0.8 and 1. In view of these conditions, the influence of the dead weight 
per unit length of the launching nose on the structure is studied under the maximum cantilever 
condition. In finite element software, the change of value is achieved by changing the bulk density 
of the launching nose material. As shown in Figure 17 and Figure 18, when the launching nose 
weight per unit length is taken as different values, the stress variation trend of main beam and arch 
rib is the same and almost unchanged. As shown in Table 2, the deflection of the launching nose 
increases with the increase of density, and the maximum value is 25.8mm. 

 
    Fig.17 - Beam stress under different density           Fig.18-  Arch stress under different      

                             Beam                                           density of guide of launching nose         
 

Fig. 3 - Deflection of launching nose under different launching nose density 
β 0.2 0.4 0.6 0.8 1 

Deflection (mm) 5.9 10.1 14.3 19.4 25.8 

 

CONCLUSION 

At present, there are few researches on the overall incremental launching construction 
of the beam arch composite bridge, and the stress form of its temporary members in the 
incremental launching construction is not fully understood. Based on the research background 
of the whole incremental launching  construction of the supported tie bar arch combination 
structure, this paper studies the temporary members in the incremental launching  construction 
by establishing the finite element model, which provides reference experience for the temporary 
design of the same type of beam arch combination structure. The research results of this paper 
can provide reference for the construction of similar bridges. The conclusions of this paper are 
as follows: 

In the process of incremental launching construction, the measured and theoretical 
stress values of the beam and arch have a high degree of coincidence, the stress is between -
30.4 MPa and 16.5 MPa, all within the safe range. The field monitoring results show that the 
stress changes slowly in the measuring points of the bridge, which indicates that the external 
force is applied slowly and evenly in the construction process.  

When the cantilever at the end of the bridge reaches the maximum, it is in the most 
unfavourable state. At this time, the stress at the 117 m position of the beam reaches the 
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maximum, the stress at the top edge is 33.7 MPa, and the stress at the bottom edge is -58.2 
MPa. The stress in other sections did not exceed 30 MPa, and the beam was under uniform 
stress. 

The temporary pier buttress reaction varies with the change of the incremental launching   
position, and the maximum of the buttress reaction is about 6000 kN. When the front foot of the 
internal arch passes by, the maximum supporting reaction of each temporary pier at the 
beginning of the incremental launching appears at the rear foot of the internal arch. The 
maximum supporting reaction of each temporary pier at the beginning of the incremental 
launching occurs when the arch foot in the front of the internal arch passes, while the maximum 
supporting reaction of each temporary pier at the beginning of the incremental launching  occurs 
when the arch foot in the rear of the internal arch passes.  

During the incremental launching process, if the length of the launching nose is too short, 
the structure may be damaged due to excessive stress under the maximum cantilever condition. 
If the length is too long, the launching nose will not play its role and the economy is poor. 
Therefore, an appropriate launching nose length should be selected. The reasonable range of 
α is 0.55~0.65, which is the ratio between the length Ln of launching nose and the maximum 
span L of incremental launching. 
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ABSTRACT 
The multiple earthquakes have proved the effect of chained masonry walls on the seismic 

behaviour of multistorey reinforced concrete buildings. The chained masonry walls have been 
considered one of the types of masonry infill walls but without gaps between the wall and the 
surrounding frame. This participation came intending to study this effect through the modeling of 
several two-dimensional frames for a multistorey reinforced concrete building, taking into account 
the hollow brick walls, which represent the most common type in Algeria. We analyzed the proposed 
models using ETABS finite element software, relying on the response spectrum method and 
respecting the most important requirements according to the applicable Algerian Seismic Code. After 
analysis of the different models, the results have been compared according to the parameters of the 
period, base shear, lateral displacement, and stiffness. Through a critical synthesis of the results, 
we concluded that these walls could significantly affect the seismic behaviour of this type of buildings. 
Moreover, the neglect of these walls in the modeling process can lead designers to have a false 
perception of the behaviour of these buildings towards seismic loadings.  

KEYWORDS 
 Chained masonry wall, Seismic behaviour, Reinforced concrete building, Hollow brick, 
Algerian Seismic Code  

 

INTRODUCTION 
The need to infill the spaces between columns and beams, is a necessary issue in building 

and construction processes, especially in multi-storey buildings, this type of building is widely used 
in most parts of the world, especially in Algeria. Also, the most well-known types of infill walls are 
those which are mainly made of hollow red bricks due to their lightness and multiple properties. 

Based on the multiple earthquakes that have hit various parts of the world, it can be said that 
these have caused severe damage to these types of buildings and caused many of them to collapse 
completely. 

If we looked at the direct causes of these earthquakes, we would find that they do not deviate 
from two basic questions: 

First, it is necessary to ensure the proper design of buildings to be constructed by finding 
models that simulate the actual behaviour of buildings when exposed to potential earthquakes. This 
allows us to reduce the damage that these inevitable disasters can cause. 
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Secondly, the strict implementation of the previously prepared designs, ensuring that the 
appropriate materials are brought in for the construction operations, and continuous monitoring of 
the work to ensure that the completed buildings conform to what was designed. 

To shine more light and scrutinize, we have tried to address the first reason, which revolves 
around the following question: how to achieve the best simulation of what will be accomplished in 
the site? 

To answer this question, we can say that the only way to achieve this is to try to model the 
largest possible number of constituent elements of this building, taking into account the importance 
and behaviour of each component to know its role in strength or rigidity. 

In addition to what will be detailed in this article, masonry infill walls, cannot be neglected in 
the analysis of reinforced concrete or steel buildings, nor be considered as non-structural elements, 
because the reality lies and the best proof of all that we have said is the loss and damage, which 
has been recorded across different countries. 

In an attempt to understand the behaviour of these walls, we have listed the most important 
approaches used in the structural analysis of reinforced concrete buildings, which were the results 
of the most important research and experiments based on real models or scaled-down models. 

These approaches can be summarized in three main families, which are simplistic models 
(macro-models) [1-3], average models (meso-models) [3-7], as well as precise models (micro-
models) [1-5,8-10]. To highlight evidence of this diversity, we can say that it results from the different 
characteristics of the different components of these masonry walls without forgetting the interaction 
between them and the surrounding environment [3-5,11-13]. 

Following the Boumerdes earthquake on May 21, 2003, and at the invitation of Mr. Mohamed 
Nadir HAMIMIDE, Minister of Housing and Urban Planning, Mr. Victor DAVIDOVICI went to Algeria 
from Wednesday, May 28 to Sunday, June 1, 2003 [19]. 

The objective of this mission was to make an independent analysis of the causes of the 
multiple damages and collapses of buildings and to propose priority actions to be put in place in the 
immediate [19].  

Through this mission, this researcher drew up a preliminary report, where he tried to present 
the most important reasons that caused, in one way or another, the collapse of important parts of 
the buildings that were subjected to the earthquake, and he focused on particular on the walls of the 
masonry infill most used in our country, which builds walls and connects them rigidly to the frames 
that surround it (Figure 1 & Figure 2) [19]. This article has therefore focused on this particular type, 
which represents the most responded type in Algeria and hence the term chained masonry which 
has been used in this article. 

Although the Algerian seismic code [17] does not give any method to model masonry infill 
walls, this earthquake engineering consultant also explained that not modeling these walls in the 
design processes causes the building to lose additional stiffness and resistance. This led us to think 
about presenting a reliable model on this aspect, through which we can treat the seismic behaviour 
of these infill walls. 
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Fig. 1 – Rigid connection, BOUMERDES earthquake of May 21, 2003 

 
The subject of the study that we will present below is limited to the importance of the role 

played by the chained masonry wall. This type represents the case of masonry infill without gaps, 
either with the columns or with the beams, in hollow bricks interconnected by a cement-based mortar, 
these walls occupy the void for the reinforced concrete frame in high seismicity area, according to 
the current codes in Algeria [14]. 

 

 
Fig. 2 – Chained masonry, BOUMERDES earthquake of May 21, 2003 

 
In the following, we have carried out a parametric study by analyzing several models of a 

two-dimensional multistorey reinforced concrete frame using the response spectrum method. 
With ETABS finite element software [15], we analyzed the proposed models and compared 

the results by a critical synthesis to assess the seismic response of these models by the study of the 
positive role paled by the chained masonry infill walls.  
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METHODS 
The study presented in this article concerns the numerical modeling of 2D reinforced concrete 

frames, using ETABS software [15], by the response spectrum method recommended in the Algerian 
Seismic Code (ASC99v2003) [17]. 

The analysis of the models is summarized as follows: 
Modeling the frames and extracting the results for the period, base shear, lateral 

displacement, and stiffness, so this is a linear dynamic analysis. 

Presentation of the analyzed models 
The span lengths are 3.00, 4.50, 6.00, and 7.50m and the number of spans is 2, 4, and 6 for 

all models. The number of storeys is fixed at 11 storeys and the storey height is 3.06m. 
The characteristics of concrete and steel of columns and beams are taken from the Algerian 

Code of Reinforced Concrete [16]. The compressive strength of concrete is 25000 kN/m2, the elastic 
limit of steel is 500000 kN/m2. 

The masonry used in this study is the hollow brick cited in the Algerian Code of Masonry [14], 
with an elastic modulus of 2000000 kN/m2, and compressive strength of 2000 kN/m2. The wall 
thickness of the chained masonry is 0.30m, which represents a double leaf wall, with a bloc of 0.10m, 
bloc of 0.15m, and 0.05m of space between two pieces of hollow bricks as shown in Table 1. 

 
Tab. 1 - Geometric and mechanical characteristics of frames 

Designation Values or type 
Concrete strength (kN/m2) 25000 

Modulus of elasticity of concrete, Ec (kN/m2) 32164000 
Steel tensile yield strength (kN/m2) 500000 

Storey height (m) 3.06 
Number of storey 11 

Building height (m) 33.66m 
Span length (m) 3.00m, 4.50m, 6.00m and 7.00m 
Number of spans 2, 4 and 6 

Masonry compressive strength, fm (kN/m2) 2000 
Modulus of elasticity of masonry, Em (kN/m2) 2000000 

Thickness of masonry walls, tm (m) 0.30 
 

The cross-sections of columns and beams are grouped in Table 2. 
Tab. 2 - Cross-sections of beams and columns 

Number of storey 

Length Span (m) 
3.00m 4.50m 6.00m 7.50m 

Beam's Dimensions (m) 
0.30 x 0.30 0.30 x 0.40 0.30 x 0.50 0.30 x 0.60 

Column's Dimensions (m) 
11 0.45 x 0.45 
10 0.45 x 0.45 
9 0.50 x 0.50 
8 0.50 x 0.50 
7 0.50 x 0.50 
6 0.55 x 0.55 
5 0.55 x 0.55 
4 0.55 x 0.55 
3 0.60 x 0.60 
2 0.60 x 0.60 
1 0.60 x 0.60 
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For the loads used in the analysis of all frames, we have 6kN/m2 as dead loads and 
1.50kN/m2 as live loads. 

For the response spectrum, we referred to the Algerian Seismic Code (ASC99v2003) [17], 
by using a spectrum for a zone of high seismicity (zone III), a user group of 2, a loose soil (S3), and 
a behaviour factor of 3.5. 
For the source of the mass, we took the totality of the dead loads plus 20% of the live loads [17]. 
 
Validation of the proposed model 

For the validation of the proposed model, we used the famous SEISMOSTRUCT software 
[18], which offers a great possibility of modeling the masonry infill walls, of a 7-storey frame, and 
then we compared the results with the use of the ETABS software of the same frame mentioned 
above [15]. 
The model of Seismostruct software, has validated experimentally. In Seismostruct software, the 
infill is considered as a four-node masonry panel element developed and initially programmed by 
Crisafulli (1997) [..] and implemented in Seismostruct by Blandon (2005) to see the nonlinear 
response of infill panels in frames. Each panel is represented by six struts; each diagonal direction 
represents two struts capable of taking axial loads along two opposite diagonal corners and a third 
to take shear from the top to the bottom of the panel. This last link acts only across the diagonal 
which is in compression, therefore it's (activation) depends on the deformation of the infill panel. The 
connecting strut under axial loads use the hysteresis model of masonry connecting struts developed 
by Crisafulli et all (2000) [..]. 

RESULTS 
In this section, we proceeded to compare, comment, and discuss the results according to the 

period, the base shear, the lateral displacement, and stiffness. 

 
Comparison of analyzed models in term of period 

Tab. 3- Period of analyzed frames 
Number 

of 
spans 

Span length (3.00m) Span length (4.50m) Span length (6.00m) Span length (7.50m) 
Bare 

Frame 
Fully 

Infilled 
Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

2 1.485 0.589 60.34% 1.456 0.538 63.05% 1.427 0.514 63.98% 1.405 0.501 64.34% 
4 1.457 0.487 66.58% 1.446 0.471 67.43% 1.427 0.465 67.41% 1.413 0.462 67.30% 
6 1.448 0.454 68.65% 1.442 0.451 68.72% 1.427 0.450 68.47% 1.416 0.451 68.15% 

Used unit in Seconds 
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Fig. 3 – Period of analyzed frames 

 Table 3 and Figure 3 represent the comparison of the results between the different models 
that were analyzed in terms of the period of vibration, which can be summarized as follows: 

This allows us to notice that all fully infilled frames recorded much lower period values than 
their fully bare counterparts, indicating that the introduction of chained masonry infill walls in the 
modeling processes of reinforced concrete frames, has significantly contributed to the decrease in 
period values and thus helps these frames exhibit better strength to seismic loadings. 

If we want to deepen the analysis of the results obtained, we can say that the values of the 
period of all models fully infilled frames, decreased by more than 60% compared to their fully bare 
counterparts. 

These significant values recorded by all fully infilled frames undoubtedly demonstrated the 
significant contribution of chained masonry infill walls to improving the performance of these frames 
when exposed to seismic loadings. 
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Comparison of analyzed models in term of base shear 
Tab. 4 - Base shear of analyzed frames 

Number 
of 

spans 

Span length (3.00m) Span length (4.50m) Span length (6.00m) Span length (7.50m) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

2 191.18 376.52 1.97 272.66 577.01 2.12 361.59 785.84 2.17 454.91 1003.95 2.21 

4 371.16 848.59 2.29 532.95 1263.20 2.37 707.50 1691.14 2.39 891.26 2132.80 2.39 

6 552.15 1337.98 2.42 791.36 1956.15 2.47 1053.37 2596.26 2.46 1324.90 3257.49 2.46 

Used unit is kN 

 
Fig. 4 – Base shear of analyzed frames 

 Table 4 and Figure 4 summarize the results of the different models that had analyzed in terms 
of the base shear, which can be interpreted as follows: 

These results allow us to note that all fully infilled frames had recorded much larger base 
shear values than their fully bare counterparts. This comes down to the consideration of the chained 
masonry infill walls by their inclusion in the modeling of the reinforced concrete frames, which 
participated significantly in the increase of the basic shear values and therefore increases the 
strength of these frames to seismic loadings. 
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If we want to detail the analysis of the aforementioned results, we can say that the base shear 
values of all models of fully infilled frames have increased by more than 2 times compared to their 
fully bare counterparts. 

These significant values recorded by all fully infilled frames demonstrated the important 
contribution of chained masonry infill walls to improving the performance of these frames when 
exposed to seismic loadings. 

Comparison of analyzed models in term of lateral displacement 
Tab. 5 - Lateral displacement of analyzed frames 

Number 
of 

spans 

Span length (3.00m) Span length (4.50m) Span length (6.00m) Span length (7.50m) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

2 0.0710 0.0224 68.45% 0.0682 0.0194 71.55% 0.0661 0.0179 72.92% 0.0646 0.0170 73.68% 

4 0.0683 0.0167 75.55% 0.0671 0.0158 76.45% 0.0658 0.0151 77.05% 0.0648 0.0148 77.16% 

6 0.0677 0.0148 78.14% 0.0666 0.0144 78.38% 0.0657 0.0142 78.39% 0.0649 0.0141 78.27% 

Used unit is m 

 
Fig. 5 – Lateral displacement of analyzed frames 
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 Through Table 5 and Figure 5, which represent the results obtained within the framework of 
the analysis of the seismic response in terms of the lateral displacement of the reinforced concrete 
frames, we can read the following: 

All fully infilled frames recorded small values compared to their fully bare counterparts. This 
decrease in the lateral displacement values is the result of the introduction of chained masonry infill 
walls, in the modeling processes of the reinforced concrete frames that have been proposed. 

These results can be detailed by reading the percentages, which have been recorded in the 
table above, where we can notice that all the percentages varied between 68% and 78%, which are 
important percentages, which cannot be neglected and which have indicated the great change in 
seismic behaviour of these frames. This leads us to say that the inclusion of these walls in the 
modeling process can play a vital role in improving the strength of reinforced concrete buildings 
when they are exposed to seismic loadings. 

 
Comparison of analyzed models in term of stiffness 

Tab. 6 - Stiffness of analyzed frames 

Number 
of 

spans 

Span length (3.00m) Span length (4.50m) Span length (6.00m) Span length (7.50m) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

Bare 
Frame 

Fully 
Infilled 

Ratio 
(%) 

2 63490 348824 5.49 81177 475040 5.85 99541 598909 6.02 117996 721909 6.12 

4 117440 724729 6.17 150066 961867 6.41 183734 1200600 6.53 217288 1440452 6.63 

6 170975 1099107 6.43 218558 1447250 6.62 267613 1801793 6.73 316207 2159438 6.83 

Used unit is kN/m 
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Fig. 6 – Stiffness of analyzed frames 

 From Figure 6 and also from Table 6, one can quite easily read the large values of the 
stiffness parameter recorded by all fully infilled frames, compared to fully bare frames, and this is 
mainly due to the presence of chained masonry infill walls, in the modeling process of reinforced 
concrete frames. 

From the results presented in the table above, it is noted that all the fully infilled frames have 
stiffness values between 5 and 6 times compared to the values given by their fully bare counterparts. 

The results obtained have proven to us beyond any reasonable doubt that the direct modeling 
of these chained masonry walls has greatly contributed to improving the seismic performance of 
reinforced concrete frames and significantly increased the strength of these frames when they are 
exposed to seismic loadings. 

CONCLUSION 
After completing the study of the proposed models, as well as the results and comparisons 

according to the parameters that we have previously identified, we can draw the following 
conclusions: 

The direct introduction of chained masonry infill walls, like the main element in the modeling 
process of reinforced concrete frames, has greatly contributed to lowering the values of the period 
as well as the lateral displacement and increased the values of the base shear and stiffness. This 
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allows these frames to acquire better strength to seismic loadings and consequently improves the 
seismic performance of this type of buildings. 

Through the previous results, we can see the essential impact that these walls left on the 
seismic response of reinforced concrete buildings. 

The indirect inclusion of these walls, or their neglect in the process of modeling of reinforced 
concrete buildings, may lead to an inappropriate expression of the real behaviour of this type of 
buildings. We can therefore take advantage of the presence of these walls in the modeling process 
to increase the capacity of these buildings when they are exposed to seismic loadings. 

Based on all of the above, we can say that these walls play a vital role in guiding the seismic 
behaviour of reinforced concrete buildings. 

In general, it can be said that modeling infill walls by entering them directly into the design 
processes, can add additional strength and stiffness to the building that can reduce the losses 
caused by earthquakes. From there, we can take advantage of these walls to increase the efficiency 
of the building to dissipate the earthquake energy. 

From this point of view, it has become imperative for all researchers, designers, as well as 
all those interested in this field, to unite their efforts to emerge a simulation better than what is 
available through a more accurate study based on experiments and as well as numerical analysis 
software. 

We are in the process of using non-linear analysis methods for further study of this type of 
building, which has spread widely in various countries around the world. 

We also try, in collaboration with many specialists in this field, to make contributions, albeit 
simple, within the framework of the preservation of urban heritage, in particular, what was carried 
out before the emergence of new simulation techniques, by studying its behaviour through innovative 
methods so that it can adapt to expected earthquakes and does not suffer significant damage, which 
can lead to its collapse. 

Finally, all efforts must be focused on the linear and non-linear dynamic analysis, of the 
constituent elements of the masonry infill wall, being represented in a more precise and detailed 
way, so that specialists and researchers in this field can come closer to the real behaviour of these 
buildings to seismic loadings. 
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ABSTRACT 

  This study investigated the feasibility of using CFRP cable as tension cables in suspen 
domes in view of the fact that suspen domes have been made with steel cables as its cable-strut 
system for centuries due to its availability. Indisputably, CFRP cables have become the material of 
choice in the 21st century for its efficiency and innovative design in bridge works. However, the 
application of CFRP cables to other cable structures has been limited. The need for its application 
to other cable structures is required in order to acquire more knowledge about its behavioral 
patterns. This paper gives preliminary findings of a successfully designed and constructed suspen 
dome prototype which comprehensively deepens the understanding of CFRP cable performance 
as a cable-strut system in a suspen dome. Results show that with its high stiffness, low weight and 
high strength, CFRP has proven to be a technically efficient and adequately strengthening material 
for structurally improving the adequacy of a suspen dome. 

KEYWORDS 
  Cable structures, Suspen dome, Cable-strut system, CFRP cable, Steel cable 

 

INTRODUCTION 

The trend for large span structures has become a preferred demand in the construction 
world today. New materials are searched for by Civil Engineers to construct lightweight structures 
with remarkable strength in the structure design of large span structures. Long span structures 
subjected to tension use cables for support. Some common cable structures include those 
illustrated in Figures. 1(a) and (b), to mention a few.  

.  

                 
                      (a) Cable-stayed                       (b) Suspension bridge 

Fig. 1- Cable-supported structures (Source: Google search) 

An interconnected structure made up of a single reticulated shell and a tensegric system 
(strut and cable) as shown in Figures. 2(a) and (b) is known as a suspen dome. A cable-strut 
system is made up of tension and compressive member, where the radial and hoop are in tension 
and the strut in compression [1]. A Suspen-dome can be categorized as a cable stayed roof and 
also as a large span structure. The cable system within the suspen dome structure plays a key role 
in achieving longer span for the structure.   
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(a) Single reticulated shell and the cable-strut system [1] 

 
              Cable strut                    Radial cables             Strut                 Hoop cables 

(b) Details of a cable strut system [2] 

Fig. 2- Suspen dome 

It is known from literature that the cable-strut system of a suspen dome has only been 
constructed with steel cables [2]. Structural stability is a key problem in the design of steel 
structures. The high tensile strength of steel cables is an ideal structural element for long span 
structure but in situations where much longer distances are required one has to resort to applying a 
new material. For Civil engineering works composite materials are mostly used as replacement. A 
CFRP cable has properties of high strength, corrosion resistance, low maintenance requirement, 
light weight and low relaxation compared to steel cables. With the development and 
implementation of CFRP cables, researchers are becoming inclined in its use for bridge 
engineering [3]. 

This paper gives a general evaluation based on the findings on static behaviour of both 
steel and CFRP obtained from analysis of a successfully built prototype of a suspen dome with 
CFRP cables as the cable-strut system, despite its anchorage challenges, compared with 
analytical results of steel cables. 
 

A REVIEW ON EXISTING ROOF STRUCTURES WITH CFRP CABLE 

In today’s world, new innovations are prominent for designing and constructing structures. 
As mentioned earlier, CFRP cables in real life architecture are mostly implemented in bridges [4-
10]. Up till now, there are no existing cable structures other than bridges on large scale with CFRP 
cables. In reality, the studies of CFRP cables used in other cables structures are meagre. Hence, 
limited information can be gathered on such topic. However, Schlaich et al[11] researched on the 
utilization of CFRP tension members and their anchorage for a cable roof. Similarly, an 
orthogonally cable structure was constructed with CFRP cables by Brennd el al [12] and Yue et 
al.[13] though in a miniature scope to provide positive effect and elasticity of CFRP cables (Figure 
3).  
 

Single-layer truss dome

Hoop cable

Strut

Radial cable
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a) Plan view, compression and tension rings nodes of CFRP spoked wheel roof 

 
b) Design and restraint conditions for a spoked wheel cable roof 

Fig 3. - Spoked wheel cable [13] 

The researchers ascertained that CFRP cable can improve the economic efficiency of 
façade cable roof. In addition, increasing the structural stiffness can improve the stability of the 
spoked wheel cable roof. Analogously, Olofin and Liu. [14-16] verified the implementation of CFRP 
cables in lieu of steel in a suspen dome numerically to understand the behavioral pattern of the 
structure. In addition, a computational analysis on the peak bearing capacity of an existing suspen 
dome was analyzed to justify outcomes [17] (Figure 4). 

 

Fig 4. - Load-displacement comparison [17] 

With the numerical results, experimentation on the static behavior of a prototype was 
investigated to verify the numerical findings [18]. The analyst concluded that CFRP gave 
outstanding performance which improved the structural efficiency of the cable-strut system as steel 
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cables. Hence using CFRP cables as a cable-strut system in a suspen dome is an important future 
development. 
 

ANCHORAGE SYSTEM 

Based on finite element analysis and bond theory, analysis and design of an anchor for 
CFRP was established. Due to the fact that anchoring of CFRP cable is one of the challenging 
factors for its utilization [19], the anchorage system was drafted to allow load transfer and minimal 
creep under a maximal cable prestressing strength. 
 
LAYOUT OF THE ANCHORAGE 

A conical hole of 24mm x16.5mm, a distance of 150mm made with Q235 steel was 
established for the outer sleeve cylinder steel. The interior surface of the hole was 8.1mm, in order 
to effect the motion due to friction between the exterior sleeve and interior wedge lubricant was 
added   as exemplify in Figure 5. 

 
(a) Hoop cable anchorage 

 
(b) Radial cable anchorage 

 
(c) Hexagonal nut 

 
(d) Connector 

Fig. 5 - Anchorage system 

The CFRP anchor with connectors had a length of 151mm and width of 24mm. The connector 
length is 76mm and 24mm in width, spiralling though a hexagonal bolt of 25mm.  The design 
criteria for the sleeve is 18mm x 12mm, with the interior thread as 18mm and exterior sleeve 
as25mm.  
 
ANCHORAGE TEST 

  Using a tensile machine, a uni-axial tensile test was investigated on samples to determine 
the anchorage mechanism; results obtained was slip failure (Figure 6) and colloid interference. 
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Fig. 6 - Slip failure 

Similarly, based on bond stress distribution, the mechanism of the loading process on the 
cable showed that the bending moment for CFRP was small when axial tensile force was 
measured which is acceptable for further investigation for the utilization of CFRP cables as tension 
members in tensegrity system for a suspen dome. 
 

DESCRIPTION OF THE INVESTIGATED STRUCTURE 

The design of the model was generally carried out in accordance with Chinese specification 
[20-21]. The model comprises of three interlacement, the beam, column and the single reticulated 
shell as illustrated in Figure 7(a) and detailed dimensions in Table 1.  

Tab 1 - Model dimensions 

Sections Height 
(m) 

Cross-sectional 
area(m) 

Diameter(mm) 

Reticulated system 
with steel bars 

0.4 20 x 12 4 

Columns 1.5 102 x 8 - 

Circular beams - H200 x 200 x 8 x 
12 

4 

Inner hoop - - 1.2 

Outer hoop - - 2.6 

The reliability, stiffness and strength of the joint was designed appropriately to avoid joint 
displacement due to brakeage not to affect the property mechanically. Figure 7(b). illustrates the 
joint connection for the proposed prototype. 

 
(a)  Model 
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(b) Joint layout 

Fig. 7 - Description of the prototype 

An ideal elasto-plasticity Q235 steel was used for the reticulated single layer and column 
whereas the cables are elastic.  
 
MATERIAL PARAMETER 

Table 2 illustrates the material parameters used for the construction and simulation of the 
model. 

Tab 2 - Material Parameters 
Material Density(kg/m3) Modulus of 

Elasticity(MPa) 
Tensile 
tension(MPa) 

Steel 7850 180 835 

CFRP(Hoop cable) 1600 147 2550 

CFRP(Radial cable) 1600 132 1528 

 
INTERNAL FORCE MEASUREMENT IN CABLE MEMBERS 

Tension sensor was used to measure the internal force produced in the hoop cable and 
strain gauge for the radial cable. The arrangement of the tension sensor on the hoop cable is 
illustrated in Figure 8(a) and the strain gauges were arranged as illustrated in Figure 8(b). The 
combination of tension sensor and strain gauge was used to measure tension in the cable. For the 
prestressed cables, thread sleeve method was employed with the scene layout illustrated in Figure 
8(c) showing radial cable and  hoop cable which was tensioned at 3kN. 
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(a) Hoop cable overview 

 
i) Detail 1 

 
ii) Detail 2 

 
(b)  Detail layout 

 

 
(c) Implementation of CFRP cables in the outer hoop and radial member 

Fig. 8 - Outline of the cable members 

Based on the findings of Kang et al. [22] which states that the maximum tension on the reticulated 
single layer are produced and intensive near the support of the hoop and radial cable, the 
experimentation CFRP cables were only applied for tension members which are the radial and 
hoop cable as illustrated in Figure 8. The hoop cables are 8mm in diameter and radial 5mm in 
diameter for CFRP. 

 

LOADING AND BOUNDARY CONDITIONS 

The dead, live, seismic and temperature are considered alongside with all pertinent load 
combinations as specified in Chinese standard codes for structures [20-21].  The single reticulated 

Hoop cable Radial cable 

Hoop anchorage 

Radial anchorage 

Strut 
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shells are under uniform loads and joints are rigid. The degrees of freedom for the supporting joints 
are restricted and assumed as pin jointed.   

 
NUMERICAL TECHNIQUE FOR THE MODEL 

In this study, an FEM software namely ANSYS was used to investigate the model to gather 
numerical data in comparison to the experimental data for validation of the test model. Trusses and 
beams are the fundamental composite of a suspen dome; BEAM188 was implemented for the 
single reticulated shell while LINK 10 was for the cable members [23]. A mesh size of 1mm was 
adopted. Uniformly distributed load is equivalent to a vertical concentrated load based on the 
equivalent principle of static. (Figure 9). 

 
Fig. 9 - Numerical load setup for the single reticulated shell 

Numerical simulation was investigated on CFRP and steel cables to make juxtaposition with 
the experimental data collected for CFRP cable. Full span loading was considered based on 
literature by Guo et al [24] to better understand the static behavior of the system.  
 
EXPERIMENTAL PROCEDURE FOR THE MODEL 

Three stages were involved for the test model setup which are i) installation i.e levelling, ii) 
geometric parameter measurement which entails measuring span, height, diameter to determine 
preliminary geometric imperfection of the prototype and iii) material limit dimension which entails 
test been carried out to determine tensile strength of the cables. The tests are specified into three 
categorizes  i) deflection test, ii) strain test and (iii) the test of internal force produced in the cables. 
The measuring devices are i) displacement laser tracker and ii) TS3862 static resistance strain 
measurer (Figure 10 illustrates measuring points). 

 
(a) Displacement measuring point 
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(b) Cable-strut system strain gauge layout 

 
(c) Single reticulated shell strain gauge layout 

Fig. 10 - Measuring points 

SUSPEN-DOME WITH CFRP CABLES PROTOTYPE 

Figure 11 illustrates the state of the art model with CFRP as the tensegrity system under full 
span loading. Based on Chinese specification, the test model was loaded symmetrically and 
unsymmetrically. Several loading processes were considered during the experimental 
measurement. The design requirements are specified in terms of the maximum load the structure 
must withstand. 

 

Fig. 11-  Full span loading 

Pretensioning of the cables were carried out by tightening the bolt at 180o conservatively at 
intervals. Full span loading of10kg was considered in this study to justify that concentrated loads 
on CFRP cables has similar attributes as the traditional steel which can optimize the cable-strut 
system of a suspen dome.  

 
RESULTS AND DISCUSSION 
 
COMPARATIVE ANALYSIS OF MAXIMUM VERTICAL DISPLACEMENT  

 

Vertically imposed load on the single reticulated shell layer 

CFRP cables 
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From Figure 12, it can be observed that the maximum displacement obtained for CFRP 
experimentally conforms to that of the numerical result of steel and CFRP. The little disparity, 
which is negligible, is believed to be the influence of the experiment surrounding. 

 

Fig. 12 - Maximum vertical displacement 

Hence, it can be deduce that the measured displacement value of CFRP cable conforms to 
the allowable displacement specification for a tensegrity which should be l/400 (l is the span of the 
dome) [20]. 
 
COMPARATIVE ANALYSIS OF MAXIMUM STRESS GENERATED IN THE SINGLE 
RETICULATED SHELL 

Under full span loading, the single reticulated shell bars were exposed to compressive 
stresses. 

 
Fig. 13  - Maximum stress of the single reticulated shell 

The trend of the stresses obtained from the experimentation with CFRP was similar to that 
of the FEM analysis as illustrated in Figure 13. 
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COMPARATIVE ANALYSIS OF INTERNAL FORCES GENERATED IN THE OUTER HOOP 
CABLE 

The internal force generated for CFRP for the experimentation has about 50% percentage 
difference from the numerical results of steel and CFRP as illustrated in Figure 14.  

 
Fig. 14 - Comparison of internal generated force in the hoop cable 

The possibility will be to adjust the pretension of the cables to lower the internal forces in 
the hoop cable or it could be as a result of the influence due to gauge position, shape of members 
and installing errors. Sometimes such errors may be compensated to produce accurate results. 

 
COMPARATIVE ANALYSIS OF RADIAL CABLES NEAR THE OUTER HOOP 

  The pretensioning of the hoop cables directly produced the internal forces in the radial 
cables. Changes in the radial cable generated force is basically indistinguishable to that of the 
hoop cable.  

 
Fig. 15 - Internal generated force in the radial cables 

Figure 15 illustrates the internal produced force in the radial cables. Due to the high internal 
force in the hoop cables, the radial cables have similar percentage difference.  The difference in 
the measured and calculated forces could be also caused by little movement in the nodes of the 
actual structure. 
 
ANALYSIS OF ANCHORAGE SYSTEM 

 The strain changes increase with rise in load. For the radial cable at initial loading the strain 
was 75με and increased to 630με. Similarly, the hoop cable had a value of -50με initially and 
increased to 37με. 
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 HOOP AND RADIAL CABLE ANCHOR 

Based on the ascribed loads, the strain changes in the anchor system for the radial and 
hoop cable conform to bond theory. The positioning of the strain gauge in the hoop cable for the 
anchor is exemplified in Figure 16, the strain gauge model is BX120-2AA. 

 
Fig. 16 - The hoop cable anchor with strain gauge (dimensions: mm) 

The anchor consists of a three-piece strain gauge placed with adhesive and wired up to 
facilitate data collection. The radial cable is thinner since its diameter is 5mm, a smaller version of 
the strain gauge was used namely BX120-1AA. The three-piece strain gauge is enclosed firmly in 
the anchorage system as illustrated in Figure 17. 

 
Fig. 17 - The radial cable anchor with strain gauge (dimensions: mm) 

Table 3 illustrates the stresses generated in the anchorage system. Theoretically, the 
higher the prestressing force, the stress compression in the hoop cable approaches the anchoring 
node. 

Tab 3 - Average stress generated in the anchorage system 
Strain gauge position Stress generated in hoop 

anchor(MPa) 
Stress generated in radial 
anchor(MPa) 

1-1,1-2,1-3 118.20 52.80 

Based on bond stress distribution, the result in Table 3 shows that the performance of the 
cable is indistinguishable to the axial pull reflecting the impact on the hoop cable is minimal and 
does not influence the anchorage. Similarly, the stress distribution of the radial cable is analogous 
to the stress distribution due to axial tension. The anchoring for the radial cable  has exceptional 
stress resisting capability under loading conditions. 
 

 CONCLUSION 

First of all, CFRP cables as the tensegrity system for a suspen dome has been constructed 
though on a small scale despite the challenges of anchorage. The findings obtained  gave some 
ideas about the structural static stability of CFRP cables as a cable-strut system in a suspen dome. 

Secondly, the obtained simulated results validate the test model which gives a practical 
design for the suspen dome with CFRP cables. The stresses on the single reticulated shell layer, 
the internal forces of the hoop and radial cables and the overall displacements fall within the range 
of the defined code which entails that the bending moment is minute when carbon fibre reinforced 
polymer cable is subjected to axial tensile force. Based on the setup procedure and the results 
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gathered from the assembled prototype design, a real life large span suspen dome with CFRP 
cables as the cable-strut system can be erected in the future. 

Finally, the information generated by the study could be used by researchers and engineers 
to upgrade and improve the design process of CFRP in cable structures for structural engineering 
works. 
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ABSTRACT 

In the process of rotation, the total weight of the bridge structure is jointly supported by the 
spherical hinge and the supporting structure, and its lateral stability is poor. It is easy to lose stability 
under the action of dynamic loads such as seismic action effect. The present paper takes a 10,000-
ton continuous rigid frame swivel bridge as the re-search object, analyzes the dynamic response of 
the seismic action to the horizontal swivel system and establishes several structure simulation 
models. Eighteen seismic waves in three directions that meet the calculation requirements are 
screened for time history analysis and compared with the response spectrum method. Finally, an 
optimization algorithm for the seismic response of the bridge under horizontal swivel system is 
proposed based on the mode superposition method. The UHPC spherical hinge bears all the vertical 
forces and 20% of the bending moment caused by the seismic action, the support structure bearing 
the remaining 80% of the bending moment. The optimization algorithm proposed in this paper 
features high accuracy. 

KEYWORDS 

Horizontal rotation, UHPC spherical hinge, Rotating process simulation, Seismic time history 

analysis, Optimization algorithm 

INTRODUCTION 
It is known that applying conventional construction methods for continuous rigid frame bridges 

is not advisable when crossing railways. The full framing method requires a railway protection shed; 
thus, it will affect the normal operation of the railway.  While the cantilever pouring method requires 
symmetrical construction in sections, and it features a long construction period. Besides, the 
application of large cantilever poses safety hazard to the operation of the train. Under these 
circumstances, the rotating construction method becomes the most advantageous method, which 
could reduce the impact of bridge construction on railway operations. First, complete the construction 
of the bridge superstructure and rotating piers on both sides of the railway. Then, the horizontal 
traction equipment on the cap is used to rotate the bridge swivel system composed of the 
superstructure, the swivel pier and the spherical hinge to a certain angle (usually 90°) along the 
central axis. When the superstructure of bridge crosses the railway line, it is connected with the side 
pier, finally completing the structural system conversion [1-4]. 

In the process of bridge rotation, the spherical hinge structure is the most important part of the 
bridge rotation process. The swivel bridge constructed during 1980-1990 mainly used concrete 
spherical hinges [5-8], as shown in Figure 1-1a. Concrete spherical hinge features low cost but also 
poor bearing capacity, and is therefore mainly used in small tonnage bridges. With the continuous 
increase in tonnage of the swivel bridge and the rapid development of the manufacturing industry, 
the prefabricated steel structure spherical hinge in the factory has gradually become the first choice 
for the spherical hinge, which has the advantages of high bearing capacity and good contact surface 

mailto:duyihan00@163.com
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flatness, as shown in Figure 1-1b. However, the cost of steel spherical hinges is relatively high. A 
20,000-ton spherical hinge can even cost several thousand dollars. In order to solve the 
shortcomings of the traditional spherical hinge structure, this paper applies Ultra-High Performance 
Concrete (UHPC) material to the spherical hinge structure [9-12]. The size of the UHPC spherical 
hinge greatly reduces the radius of the concrete spherical hinge, and at the same time reduces the 
manufacturing cost of the UHPC spherical hinge, all bringing high economic benefits. 

During the rotation process of the horizontal swivel system, the spherical hinge and the 
supporting structure jointly establish the support system. When subjected to dynamic loads such as 
earthquakes effects, the bridge is prone to instability during the vibration process. Changjie Wang 
and Wei Hei analyzed the seismic response of a T-shaped rigid-frame rotating bridge in the 
completed state, and calculated the bending moment envelope diagram of the main girder and piers 
of the superstructure under seismic action by the response spectrum method. It is found that the 
structure is always in an elastic state, and the load-bearing capacity of the structure meets the design 
requirements [13]. However, the research is limited to the analysis of the completed bridge state, 
i.e., the two ends of the main beam are simply supported, and the pier positions are consolidated. 
The seismic response analysis of the maximum cantilever state during the rotation process is not 
performed. The constraint in the maximum cantilever state is poor, the frequency of the first three 
modes is small, and the swivel system is more prone to instability under dynamic loads. Although 
seismic action is a combination of accidental effects, it is necessary to carry out seismic calculation 
and isolation design for important bridges in earthquake-prone areas or bridges with poor stiffness. 
So, the rotating bridge therefore must be subjected to seismic calculations in the maximum cantilever 
state (in the process of rotation) and the completed bridge state (rotation completed).  

Based on a 10,000-tonnage continuous rigid frame UHPC spherical hinged translation system 
bridge, this paper introduces the calculation method of seismic time history analysis of the system 
in the maximum cantilever state (in the process of rotation) and the bridge state (in the process of 
rotation completed) and mainly analyzes the influence of UHPC spherical hinge and the footing 
structure on structural stability under seismic action, proposing an optimization algorithm for the 
seismic response of the translation system and several structural measures to improve the seismic 
performance of bridges. 

   
        (a) Concrete spherical hinge       (b) Steel structure spherical hinge 

Fig.1 - Traditional spherical hinges 
 

RESEARCH METHOD  

Project overview 

This paper takes a continuous rigid frame bridge with variable beam height as the research 
object, with a span of 2x62 m and a maximum cantilever length of 62m on one side. The main beam 
adopts C50 concrete single box three-chamber inclined web box section. The top plate of the box 
girder is 21.3 m wide, and the cantilever length of the flange plates on both sides is 3 m. The end 
thickness of the cantilever plate is 20 cm, the root thickness is 50 cm, the top plate thickness of the 
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middle fulcrum box beam is 70 cm, and the bottom plate thickness is 190 cm. The beam height of 
the fulcrum is 6m, the beam height of the side span straight section 2m, and the rotating weight is 
about 10,000t. The spherical hinge structure adopts UHPC spherical hinge. The dimensions of each 
part of the swivel system are shown in Figure 2.  

 
(a) Bridge elevation (unit: m)                     (b) Structural of spherical hinge  (unit: cm) 

Fig.2 - Dimensions of each part of the swivel system 

Establishment of structural simulation model 

This paper uses the application ANSYS for simulation analysis: in the swivel model, the pier and 
the main beam are consolidated together to form the maximum cantilever state; the two ends of the 
bridge are in an unconstrained state, the spherical hinges and the footing structure support the entire 
rotating structure. The model in the maximum cantilever state of the structure is Model 1, as shown 
in Figure 3-a. After rotating into a certain point, the cantilever ends are connected with the supports 
on the piers on both sides, the outer concrete of the spherical hinge is closed, and the joint transforms 
into a consolidated state. The structure of the bridge state model is Model 2, as shown in Figure 3-
b. When the time history analysis method is used to calculate the response of the structure to the 
seismic action, the load step of a single seismic wave exceeds 10,000 steps. At the same time, 
geometric nonlinearity and material nonlinearity should be taken into consideration when analyzing 
the finite element simulation analysis. In order to simplify the calculation and improve the efficiency 
of analysis, this study adopts the overall model when calculating the internal force response of the 
structure, as shown in Figure 4-a. The local model analysis is used to calculate the influence of the 
spherical hinge and the footing structure on the stability of the system, as shown in Figure 4-b. 

 

  
(a) Model 1                                           (b) Model 2 

Fig.3 - Two analysis models 
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(a) Discrete graph of overall model   (b) Discrete graph of local model 

Fig.4 - Overall model and local model 

The Beam 188 element is used for the main beam and bridge pier, and the element has a three-
dimensional finite strain structure with two nodes.  Each node has 6 degrees of freedom (3 
translational degrees of freedom and 3 rotational degrees of freedom). In order to simulate the 
connection form between the bridge pier and the main girder, MPC184 unit was used for simulation. 
In the maximum cantilever state, the structure of the system is only restricted by the spherical hinge 
structure: the spherical hinge provides vertical force support, and the other footing structures provide 
lateral and longitudinal bending moment support, the overall structure in a balanced state.  Finally, 
the Model 1 adopts a consolidation treatment at the bottom of the pier.  In Model 2, the influence of 
side pier constraints on the structure is taken into consideration. Hence, we set vertical and 
horizontal general supports on the top of the pier and adopt Solid65 unit in the structure of the upper 
and lower spherical hinges and footing structures.  

In structural dynamic time history analysis, how structural damping is defined is very important. 
structural damping is proportional to the speed of the structure. When the transient analysis is used 
in the ANSYS solver, the structural damping is Rayleigh damping [14], and its expression is shown 
in equation (1). 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾] （1）  

 In the above equation, [C] is the damping matrix, [𝑀] is the mass matrix, while [𝐾] is the stiffness 
matrix, 𝛼  the mass damping coefficient, and 𝛽  the stiffness matrix coefficient. The relationship 

between the coefficient 𝛼, 𝛽 and the viscosity proportional coefficient ξ is shown below: 

𝛼/(2 × 𝜔) + 𝛽 × 𝜔/2 = 𝜉 （2）  

 In the formula: ω is the circular frequency, and f is the structure frequency, and ω=2πf. Two 
equations are obtained through structural modal calculation: 

𝛼/(2 × 𝜔1) + 𝛽 × 𝜔1/2 = 𝜉 
𝛼/(2 × 𝜔2) + 𝛽 × 𝜔2/2 = 𝜉 

 Combine the above formulas, the following equation is obtained.  

𝛼 = 4 × 𝜋 × 𝑓1 × 𝑓2 × 𝜉/(𝑓1 + 𝑓2) 

𝛽 = 2 × 𝜉/(𝜔1 + 𝜔2) = 𝜉/𝜋/(𝑓1 + 𝑓2) 
（3）  

Structural mode shape calculation 

 It is known that the dynamic characteristics of the structure are affected by the mass distribution 
and the boundary conditions of the structure. For the same order, Model 1 and Model 2 have different 
modal frequencies. The Lanczos method is used to calculate the first 10 modes of the structure, and 
the structure quality participation coefficient is over 95%. Vibration frequency and vibration form are 
shown in Table 1. 
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Tab.1 - Frequencies and modes of the first ten modes of the structure 

Mode 
number 

Frequency/Hz Vibration form 

Model 
1 

Model 
2 

Model 1 Model 2 

1 0.390 1.826 
the beam bent transversely, the 1st mode; 
the middle pier bent transversely, the 1st mode 

middle pier bent longitudinally, the 1st 
mode 

2 0.491 2.358 the beam bent longitudinally, the 1st mode side piers bent transversely, the 1st mode 

3 0.810 2.713 the beam bent longitudinally, the 2nd  mode 
the main beam bent longitudinally, the 1st 
mode 

4 1.870 3.240 middle pier bent longitudinally, the 1st mode side piers bent transversely, the 2nd mode 

5 2.107 3.322 The beam bent transversely, the 2nd mode beam bent longitudinally, the 2nd mode  

6 3.905 6.340 the beam bent longitudinal, the 3rd mode 
middle pier bent transversely, 1st mode;  
side pier bent horizontally, the 3rd mode 

7 4.060 7.912 
the beam twisted, the 1st mode； 

the middle pier bent transversely, the 2nd 
mode 

the main beam twisted, the 1st mode 

8 4.605 8.603 the main beam twisted, the 2nd mode 
the main beam bent longitudinally,  the 3rd  
mode 

9 4.637 8.721 
the main beam bent longitudinally,  the 4th 
mode 

the main beam bent longitudinally,  the 2nd 
mode 

10 7.340 9.340 the main beam twisted, the 3rd mode side piers bent transversely, the 3rd mode  

 

Earthquake input 

The input process of earthquake is the main influencing factor of seismic response analysis. 
Time history analysis selects actual strong earthquake records or artificially simulated acceleration 
time history according to the type of site. At the same time, it is required that the actual seismic 
records should not be less than 2/3 of the total. The average value of the shear force at the bottom 
of the pier calculated by multiple seismic waves should not be less than 80% of the calculation result 
of response spectrum method [15-16].  In order to obtain the true response of the continuous rigid 
frame bridge under the maximum cantilever state, all seismic waves recorded by actual strong 
earthquakes are used in the study, and the maximum value is used as the calculation basis. The 
actual strong earthquake record is based on the seismic database of the Pacific Earthquake 
Engineering Research Center(PEER). By inputting the design response spectrum and the first three-
order natural vibration period of the structure, multiple sets of suitable seismic waves are screened 
out. The actual response spectrum is obtained by Fourier transform, and the acceleration value 
under the first-order natural vibration period is compared with the designed response spectrum. The 
difference between the two should not be greater than 35%. Seismic waves are screened based on 
this principle. According to the screening results, it is found that the seismic records in three 
directions under the same set of ground motions: HMC180, HMC270, HMCDWN, are difficult to meet 
the requirement of less than 35% error at the same time under the first-order natural vibration period. 
Therefore, the seismic waves of Model 1 and 2 in the three directions are respectively different 
seismic data, and finally 18 seismic waves that meet the requirements are screened out of 50 strong 
earthquake records. This paper uses the acceleration response spectrum in the "Detailed Rules for 
Seismic Resistance of Highway Bridges" [16] as the comparative data for time history analysis, and 
the response spectrum is shown in equation (4). 

𝑠 = {

𝑆𝐴max × (5.5𝑇 + 0.45)    𝑇＜0.1𝑠
𝑆𝐴max                 0.1𝑠 ≤  𝑇 ≤ 𝑇𝑔

𝑆𝐴max × (𝑇𝑔/𝑇)𝑇＞𝑇𝑔

 （4）  

𝑆𝐴max  is the maximum seismic acceleration, while 𝑇𝑔 is the characteristic period, T is the natural 

vibration period.  
The actual seismic waves are screened through the characteristic period and the first three-

order natural frequencies of the structure. All in all, there are two directions in the two models and  a 
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total of 18 real seismic waves are screened. The acceleration time history curves of Model 1 and the 
seismic wave response spectrum after Fourier transformation are shown in Figure 5 and Figure 6. 
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Fig.5 - Transerse seismic wave acceleration time history curve of Model 1 
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Fig.6 - Transverse seismic wave response spectrum of Model 1 

It can be seen from the above figures (Figure 5 to Figure 6) that the seismic wave time history 
curve is relatively random, and the earthquake duration is different, ranging from 30s to 70s. What 
is for sure is that the duration of the earthquake is more than 5 times the basic period of the structure. 
The first-order natural vibration period of Model 1 is 2.56s; the corresponding design response 
spectrum acceleration is 0.017g, and the absolute value of the seismic wave error in the three 
directions is 11.8%-23.5%. The first-order natural vibration period of Model 2 is 0.55s; the 
corresponding design response spectrum acceleration value is 0.1 g, and the absolute value of the 
error in the three directions is 1.0%-23.7%; all meet the screening requirements.  

 

RESULTS AND DISCUSSION 

Simulation results 

Seismic response analysis of Model 1 

 We performed nonlinear dynamic time history analysis on the two models, and compared the 
time history analysis results with the calculation results of the response spectrum method.  It is 
necessary to consider the time integration function in ANSYS when calculating, otherwise the 
cumulative effect of seismic action cannot be considered. The time step of the seismic wave is 0.005s, 
and the calculation step should be consistent with the seismic wave record. The internal force 
response of Model 1 is shown in the following tables (Table 2 to Table 4). 
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Tab. 2  - Transverse seismic response of the bridge（force unit：kN，moment unit：kN·m） 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average  
Response 

spectrum results 

Pier top 
shear force Fy 1820 3104 1747 3104 2224 3080 

bending moment Mx 15500 25540 15970 25540 19003 16269 

Pier bottom 
shear force Fy 1900 3204 1785 3204 2296 3065 

bending moment Mx 19000 33025 18736 33025 23587 19913 

Cantilever 
root 

shear force Fy 1712 2970 1536 2970 2073 2300 

bending moment Mz 68460 101477 62485 101477 77474 60736 

 

Tab. 3 - Longitudinal bridge seismic response （force unit：kN，moment unit：kN·m） 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average  
Response 
spectrum 

results 

Pier top 

axial force Fz 2432 1416 1383 2432 1744 1789 

shear force Fx 2700 1028 1413 2700 1714 1350 

bending moment My 13317 5045 7019 13317 8460 7930 

Pier bottom 

axial force Fz 2433 1417 1383 2433 1744 1800 

shear force Fx 2797 921 1400 2797 1706 2300 

bending moment My 14303 5425 7362 14303 9030 11760 

Cantilever root bending moment My 10641 4790 5210 10641 6880 6240 

 

Tab. 4 - Vertical seismic response （force unit：kN，moment unit：kN·m） 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average  
response spectrum 

results 

pier top 

axial forceFz 7610 9300 7610 9300 8173 6080 

shear force Fx 58 100 87 100 82 26 

bending moment My 419 673 587 673 560 215 

pier 
bottom 

axial force Fz 8370 9700 7710 9700 8593 7438 

shear force Fx 62 100 88 100 83 39 

bending moment My 200 321 280 321 267 147 

cantileve
r root 

shear force Fz 7190 9100 7550 9100 7947 6695 

bending momentMy 21451 34483 30085 34483 28673 21744 

 

 From the above tables, we can see: 
(1)  Under lateral seismic input, the main response of the earthquake is the lateral bending 
moment from the pier bottom, the lateral shear force and the lateral bending moment of the main 
beam. The internal force at the top of the pier is less than that at the bottom of the pier, the axial 
force at the pier and the main girder are very small, and the transverse bending moment at the 
bottom of the pier is the controlling parameter. The calculation results of the three seismic waves 
are highly discrete, and their average results are close to the calculation results of the response 
spectrum. 
(2)  Under longitudinal seismic input, the main seismic response is the longitudinal bending 
moment at the bottom and top of the pier. Under this working condition, the longitudinal bending 
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moment of the bridge pier and the longitudinal bending moment of the cantilever root of the main 
beam are the control parameters. The calculation results of the three seismic waves are highly 
discrete. Among them, the calculation result of the first wave is about twice that of the other two 
waves, and the average result is close to the calculation result of the response spectrum. 
(3)  Under the vertical seismic input, the main seismic response is the axial force of the bridge 
pier and the longitudinal bending moment at the root of the main girder cantilever. The longitudinal 
bending moment has exceeded the seismic response in the longitudinal direction. The vertical axial 
force of the bridge pier and the longitudinal bending moment at the root of the main beam cantilever 
are the control parameters. The calculation results of the three seismic waves are relatively close, 
exceeding the calculation results of the response spectrum in the axial force response and the 
bending moment response. 

In order to obtain the most unfavourable result of seismic action, this study selects the maximum 
value in the time history analysis as the calculation basis. According to the results, the internal force 
time history curve of each control section is shown in Figure 7 and 8. 
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Fig.7 - Internal force time history curve of the pier bottom 
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Fig.8 - Internal force time history curve of the beam 

Under the action of three-dimensional earthquakes, the rotating structure will bend in the 
transverse and along the bridge direction and be compressed in the vertical direction. The axial force 
is borne by the UHPC spherical hinge, and the transverse as well as longitudinal bending moments 
are borne by the friction moment of the spherical hinge and the anti-overturning moment produced 
by the pressure between the footing structure and the slide way. Load the internal force of the pier 
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bottom into the local model, calculate the force of the UHPC spherical hinge and the footing structure, 
the UHPC spherical hinge compressive stress is shown in Figure 9 and Figure 10. 
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Fig.9 - Time history of central compressive stress of UHPC spherical hinge 
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Fig.10 - Time history of the compressive stress on outer edge of UHPC spherical hinge 

 
 It can be seen from Figure 9 and Figure 10 that the compressive stress of the spherical hinge 

changes with the vertical seismic action: the central compressive stress of the spherical hinge floats 
on the straight line y=16.84 MPa from which it can be obtained that the maximum compressive stress 
is 18.75 MPa, and that  the minimum compressive stress is 15.19 MPa.  Among them, 16.84 MPa is 
the compressive stress value of the spherical hinge under its own weight load, and the range of 
change is -9.8% to 11.3%.  The compressive stress of the outer edge of the spherical hinge fluctuates 
in the straight line y=9.9 MPa in which the maximum compressive stress is 11.03 MPa and the 
minimum compressive stress is 8.93 MPa, and the value of change ranges from -9.7% to 11.4%.  
The compressive stress of the spherical hinge under seismic action is about 11%. According to the 
research results of the literature [9,11], when the compressive strength of the UHPC spherical hinge 
is above 200 MPa, its compressive strength shall meet the seismic requirements of the bridge.  

 Under the action of vertical earthquake and its own weight, the pier is under axial compression, 
and its vertical compressive stress is all borne by the spherical hinge. At this time, the compressive 
stress of the supporting structure is basically zero.  According to the results of the internal force time 
history of the pier, lateral bending is the most unfavourable response of the pier. The lateral bending 
moment at the bottom of the pier will be transmitted to the position of the spherical hinge through the 
cap, and the frictional resistance of the spherical hinge and the anti-overturning moment of the 
footing structure will be shared. The friction moment of UHPC spherical hinge is shown in Figure 11, 
and the stress is shown in Figure 12. 
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Fig.11 - Time history of friction moment of UHPC spherical hinge 

 
(a) Friction stress                   (b) Sliding displacement 

Fig.12 - Stress of UHPC spherical hinge 

Figure 11 shows that the friction moment curve of the spherical hinge has obvious "peak 
clipping". The maximum bending moment at the bottom of the pier is 33025kN·m, while the maximum 
friction moment of the spherical hinge fluctuates around 6300 kN·m. At this time, the spherical hinge 
reaches its limit state. Figure 12 is a diagram of the frictional stress and sliding displacement of the 
spherical hinge in the limit state. The contact surface of the spherical hinge slides along the bending 
moment, and the maximum sliding distance is 0.209 mm. At this time, the bending moment 
transferred from the pier will be transferred to the footing structure through the upper cap, and the 
footing structure will contact the slideway to generate axial stress. The compressive stress diagram 
in the axial direction of the footing structure is shown in Figure 13. 
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Fig.13-  Pressure stress time history of the footing structure 

 When the compressive stress is positive, the compressive stress of the footing structures is 
calculated; when the stress value is negative, the calculated side compressive stress is 0, and it 
produces axial compressive stress on the opposite side of the supporting structures.  It can be seen 
from Figure 13 that the calculated maximum compressive stress of the side brace is 200.6 MPa, and 
the maximum compressive stress of the opposite side is 166.9 MPa. At this time, the steel pipe of 
the section of the footing structures produces a large compressive stress under the action of the 
lateral earthquake. The footing structures are used as the safety reserve of the structure during the 
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design and construction of the rotating bridge; the structural stability of the supporting structure is 
thus usually ignored.  

Seismic response analysis of Model 2 

The internal force response of the key section under three-way seismic input of Model 2 is shown 
in the following tables (Table 5 to Table 7). 

 

Tab. 5 - Transverse seismic response of the bridge(force Unit：kN, bending moment unit：kN·m) 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average 
Response 
spectrum 

Pier top 
shear force Fy 2192 2445 2832 2832 2490 2983 

bending moment Mx 1763 2608 2295 2608 2222 2530 

Pier bottom 
shear force Fy 2243 2527 2940 2940 2570 3752 

bending moment Mx 21487 23913 26932 26932 24111 18075 

Cantilever 
root 

shear force Fy 2139 2374 2751 2751 2421 2552 

bending moment Mz 58946 59284 68845 68845 62358 55756 

 
Tab. 6 - Response of the longitudinal bridge seismic 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average  
Response 
spectrum 

Pier top 

Axial force Fz 5915 5423 6429 6429 5922 5550 

Shear force Fx 3675 2385 4238 4238 3433 3370 

Bending moment My 17725 11836 20553 20553 16705 15320 

Pier bottom 

Axial force Fz 5919 5428 6432 6432 5926 5152 

Shear force Fx 3788 2458 4391 4391 3546 3610 

Bending moment  My 19809 12564 22805 22805 18393 16450 

Cantilever 
root 

Bending moment My 8830 11572 11114 11572 10505 11720 

 

Tab. 7-  Response of the vertical seismic（force Unit：kN，bending moment unit：kN·m） 

Location Internal force 
Seismic 
wave 1 

Seismic 
wave 2 

Seismic 
wave 3 

Max Average  
Response 
spectrum 

Pier top 

Axial force Fz 1410 1464 730 1464 1201 1230 

Shear force Fx 49 51 28 51 43 100 

Bending moment My 334 362 189 362 295 505 

Pier bottom 

Axial force Fz 1471 1504 739 1504 1238 1323 

Shear force Fx 50 55 28 55 44 112 

Bending moment My 103 174 91 174 123 215 

Cantilever 
root 

Shear force Fz 1375 1441 726 1441 1181 1235 

Bending moment My 17192 18621 9710 18621 15174 17300 

 The calculation results show that the seismic response of Model 1 at each control section is 
greater than that of Model 2. The bottom of the pier of Model 1 is consolidated, and the cantilever 
end of the main girder is a free end. As to Model 2, it applies vertical and lateral translational 
constraints at the cantilever end of the main girder through basin rubber bearings on both sides of 
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the pier. Under the action of lateral earthquake, the lateral restraint of the side pier limits the lateral 
displacement of the structure to a certain extent. Together with the bottom restraint of the middle 
pier, it limits the lateral bending moment of the bridge, thus reducing the lateral bending moment 
response of the middle pier section, which is transformed into lateral bending moment of the side 
pier. The maximum bending moment at the pier bottom section of Model 2 is 26932 kN·m, which 
reduces the seismic response by 18.4%; the maximum axial force of the pier bottom section 6432 
kN is reduced by 29.3%; the maximum bending moment at the pier top is 20553 kN·m, which is 
reduced by 27.7%; The maximum axial force of the pier top is 6429 kN, which is reduced by 33.7%; 
the maximum bending moment value of the main beam is 18621 kN·m, which is reduced by 46%.  
The side pier greatly reduces the bending moment response of the main girder and the vertical 
seismic response of the middle pier through the vertical restraint, which is transformed into the 
vertical axial force of the side pier itself. In the longitudinal direction, the middle pier is mainly used 
to resist external forces, and the restraining capacity of the side piers is limited. Therefore, under a 
longitudinal earthquake, the effect of the bending moment on the top and bottom sections of the 
middle pier is basically the same. Through the above analysis, the seismic response of the bridge 
under the maximum cantilever state is the core of the seismic calculation of the rotating structure: in 
addition to the calculation of the main girder and pier structure, the force state of the spherical hinge 
and the footing structure should also be analyzed, for example, observing whether spherical hinge 
and the footing structure would reach the state of ultimate bearing capacity and  whether the structure 
will undergo lateral instability. 

 This paper adopts the finite element calculation method, takes the maximum cantilever state 
as the research object, and selects real seismic waves as the external excitation for time history 
analysis. The calculation results are close to the real engineering situation. The time history analysis 
process has a large number of iterations, the total number exceeding 900,000 times, and the 
calculation time exceeds 3 days, which will bring more time costs to actual projects. Aiming at the 
characteristics of the swivel system, this paper proposes an optimization algorithm for seismic 
response, which shortens the calculation time of time history analysis on the premise of obtaining a 
certain calculation accuracy. 

Optimization algorithm for seismic response of continuous rigid frame bridge 

UHPC spherical hinge swivel system 

Proposal of optimization algorithm 

According to the vibration equation below: 

[𝑀]{𝑥′′(𝑡)} + [𝐶]{𝑥′(𝑡)} + [𝑘]{𝑥(𝑡)} = −[𝑀]{𝐼}𝑥′′(𝑡) （5）  

[𝑀]: mass matrix; [𝐶]: damping matrix; [𝑘]: stiffness matrix; 𝑥(𝑡): displacement function of the 
structure. The first and second derivatives respectively represent the speed and acceleration 
functions of the structure. The mode number of the structural system is n, and the mode matrix can 
be expressed as: 

[𝐴] = [{𝑥}1{𝑥}2. . . {𝑥}𝑛] （6）  

The displacement matrix expression is {𝑥(𝑡)} = [{𝑥}1𝑞1(𝑡) + {𝑥}2𝑞2(𝑡) + ⋯ + {𝑥}𝑛𝑞𝑛(𝑡)] =
[𝐴]{𝑞}. Combine the displacement matrix with equation (5), the following formula is obtained:  

𝑀𝑗
∗𝑞𝑗

′′ + 𝐶𝑗
∗𝑞𝑗

′ + 𝑘𝑗
∗𝑞𝑗 = −{𝑋}𝑗

𝑇[𝑀]{𝐼}𝑥′′(𝑡) （7）  

𝑀𝑗
∗ = {𝑋}𝑗

𝑇[𝑀]{𝑋}𝑗
𝑇，𝐶𝑗

∗ = {𝑋}𝑗
𝑇[𝐶]{𝑋}𝑗

𝑇，𝐾𝑗
∗ = {𝑋}𝑗

𝑇[𝑘]{𝑋}𝑗
𝑇, after transformation, equation (7) can 

also be presented as the following equation: 
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𝑞𝑗
′′ + 2𝜁𝑗𝜔𝑗𝑞𝑗

′ + 𝜔𝑗
2𝑞𝑗 = −𝛾𝑗𝑥′′(𝑡) （8）  

𝛾𝑗 is the mode shape participation coefficient, its expression shown as follows:  

𝛾𝑗 =
{𝑋}𝑗

𝑇[𝑀]{𝐼}

{𝑋}𝑗
𝑇[𝑀]{𝑋}𝑗

=
∑ 𝑚𝑖𝑥𝑗𝑖

𝑛
𝑖=1

∑ 𝑚𝑖𝑥𝑗𝑖
2𝑛

𝑖=1

 （9）  

The mass point i is subjected to the unit mass 𝑥0
′′(𝑡), and is assigned by 𝛾𝑗  to the mode j; then 

the following equation is obtained: 

𝑞𝑗(𝑡) = −
𝛾𝑗

𝑤𝑗
∫ ⅇ−𝜌𝐽𝑤𝑗(𝑡−𝜏)𝑥0

′′ (𝜏)𝑠𝑖𝑛 𝑤𝑗 (𝑡 − 𝜏)𝑑𝜏
𝑡

0

= 𝛥𝑗(𝑡)𝛾𝑗 （10）  

From the above formula, the displacement of the j-th mode shape is 𝑥𝑗𝑖𝛥𝑗(𝑡)𝛾𝑗. The 

expressions for all mode shape displacement and acceleration are: 

𝑥𝑖(𝑡) = ∑ 𝛾𝑗
𝑛
𝑗=1 𝛥𝑗(𝑡)𝛾𝑗，𝑥𝑖

′′(𝑡) = ∑ 𝛾𝑗
𝑛
𝑗=1 𝛥𝑗

′′(𝑡)𝛾𝑗 （11）  

From the above formula, the expression of the inertial force at the mass point i in the structure 
is as the following:  

𝐹𝑖(𝑡) = 𝑚𝑖[𝑥𝑖
′′(𝑡) + 𝑥0

′′(𝑡)] （12）  

According to the structure kinematics equation, the inertial force on the mass poin i is: 

𝐹𝑗𝑖(𝑡) = 𝑚𝑖[𝛾𝑗𝛥𝑗
′′(𝑡)𝑥𝑗𝑖(𝑡) + 𝛾𝑗𝑥𝑗𝑖𝑥0

′′(𝑡)] （13）  

Then the maximum inertial force is: 

𝐹(𝑗𝑖)𝑚𝑎𝑥 = 𝑚𝑖𝛾𝑗𝑥𝑗𝑖|[𝛥𝑗
′′(𝑡) + 𝑥0

′′(𝑡)]| （14）  

𝛥𝑗
′′(𝑡)   is the seismic acceleration under the initial acceleration state 𝑥0

′′(𝑡) . The equation 

|[𝛥𝑗
′′(𝑡) + 𝑥0

′′(𝑡)]| can be obtained from the response spectrum according to the seismic fortification 

intensity and the characteristic period of the site. The above formula thus can be rewritten as the 
following: 

𝐹𝑗𝑖 = 𝛾𝑗𝑥𝑗𝑖𝛼𝑗𝐺𝑖 （15）  

𝛼𝑗  is the horizontal seismic influence coefficient of mode j; 𝑥𝑗𝑖 is the horizontal relative displacement 

of mode j at the mass point i, 𝛾𝑗  the participation coefficient of mode j. According to the SRSS 

method, the total effect expression of seismic action is as follows: 

𝑆 = √∑ 𝑆𝑗
2 （16）  

 Examples 

The basic seismic acceleration of the translational system is 0.1g; the characteristic period of 
the site is 0.45 s, and the damping ratio of the structure is 0.05. The thrust stiffness of the pier is 
k1=k2=3EI/H, where E is the elastic modulus of the pier and I is the transverse bending moment of 
inertia of the pier; H is the height between the pier foundation and the main beam. The movement of 
the rotating structure can be equivalent to the movement of the elastic body with two degrees of 
freedom. Mass point 1 is the position of the centroid of the pier, and the mass is the mass of the pier 
itself, m1=686 t. Mass point 2 is the position of the top of the pier, and the mass is the total mass of 
the main beam of the superstructure and the bridge paving load, m2=9000t. According to the 
kinematic equations: 
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([
𝑘11 𝑘12

𝑘21 𝑘22
] − 𝜔2 [

𝑚1 0
0 𝑚2

]) (
𝑥1

𝑥2
) = (

0
0

) 

 The stiffness matrix is k11=k1+k2, k12= k21=- k2, k22= k2. The formula can be transformed as 
follows: 

|[
𝑘11 𝑘12

𝑘21 𝑘22
] − 𝜔2 [

𝑚1 0
0 𝑚2

]| = 0 

Combined calculation of determinant:|[
𝑘11 − 𝜔2𝑚1 𝑘12

𝑘21 𝑘22 − 𝜔2𝑚2
]| = 0 

 The angular frequency can be obtained from the above formula, and the mode diagrams at 
different natural frequencies can be obtained by continuing to solve the displacement matrix. By 
calculating the first few modes of the structure, the lateral main mode of the pier is drawn and solved. 
Through the previous finite element analysis, the first mode and the seventh mode in Model 1 are 
respectively the first and second lateral bending modes of the pier. The calculation results of the 
modal are directly used in the calculation. The frequency of the 7th mode is 4.06 Hz with a period of 
0.246 s, and the frequency of the first mode is 4.06 Hz with a period of 2.564 s. Take the 7th mode 
in the finite element model as the first mode of calculation, i.e., T1=0.246s. The first mode is used as 
the second mode of calculation, T2=2.564s. The mode displacement is shown in Figure 14. The 
natural vibration displacement is normalized, and the natural vibration law of the elastic body with 
two degrees of freedom is obtained. 

  
Fig.14 - First and second order transverse bending modes of bridge piers 

 The response of the first mode under horizontal seismic action will be discussed here. 
According to the design response spectrum, the seismic acceleration is 0.1g, and the influence 

coefficient of a horizontal earthquake is αmax=0.08. Since Tg=0.45s, and 0.1＜T1＜Tg, then 

α1=αmax=0.08, which can be obtained from equation (9): 

𝛾1 =
∑ 𝑚𝑖𝑥𝑗𝑖

𝑛
𝑖=1

∑ 𝑚𝑖𝑥𝑗𝑖
2𝑛

𝑖=1

=
1.0 × 686 + 2.1 × 9000

1.02 × 686 + 2.12 × 9000
= 0.485 

 Combine it with equation (12), the horizontal seismic force on two mass points is obtained: 

𝐹11 = 𝛾1𝑥11𝛼1𝐺1 = 0.485 × 1.0 × 0.08 × 686 × 10 = 266.2kN 
𝐹12 = 𝛾1𝑥12𝛼1𝐺2 = 0.485 × 2.1 × 0.08 × 9000 × 10 = 7333kN 

 Similarly, the horizontal seismic action of the second-order mode is T2>5Tg, according to the 
design response spectrum, α2=0.037, then 

𝛾2 =
∑ 𝑚𝑖𝑥𝑗𝑖

𝑛
𝑖=1

∑ 𝑚𝑖𝑥𝑗𝑖
2𝑛

𝑖=1

=
1.0 × 686 + 1.7 × 9000

1.02 × 686 + 1.72 × 9000
= 0.60 

 Thus, the horizontal seismic action should be: 
𝐹21 = 𝛾1𝑥11𝛼1𝐺1 = 0.6 × 1.0 × 0.037 × 686 × 10 = 152.3kN 

𝐹22 = 𝛾1𝑥12𝛼1𝐺2 = 0.6 × 1.7 × 0.037 × 9000 × 10 = 3397kN 
According to the SRSS method, after the two modes are superimposed, F1=306 kN, F2=8081 

kN, then the bending moment of the pier bottom Mx'=306(10-2.9)/2+8081(10-2.9)=58462 kN·m . The 
finite element result is Mx=233025=66050 kN·m, and the optimization algorithm is 90% of the finite 
element calculation result, which is close to the finite element calculation result. 
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CONCLUSIONS 

 In this paper, the mechanical behaviour of continuous rigid frame bridge UHPC spherical hinge 
translation system under seismic action is studied, and the following conclusions are obtained: 
(1)  Based on the seismic data of the Pacific Earthquake Engineering Research Center (PEER), 
18 seismic waves of Model 1 and Model 2 in the three directions are screened to meet the calculation 
requirements. The calculation results of real seismic waves are highly discrete, but the average value 
is close to the calculation results of the response spectrum method. 
(2)  The main seismic response of Model 1 is the lateral bending and vertical axial force at the 
bottom of the pier, also, the longitudinal and lateral bending of the main girder. The turntable structure 
bears the internal force of the pier and the UHPC spherical hinge bears all the axial pressure and 
20% of the lateral bending moment, the footing structure bearing the remaining 80% of the lateral 
bending moment. As to Model 2, the lateral bending moment and vertical axial force at the bottom 
of the pier reduce by 18.4% and 29.3%, respectively, and the maximum bending moment of the main 
beam at the root of the cantilever reduces by 46%. The side pier bears part of the internal force of 
the middle pier and the main beam, so the stress analysis during the horizontal rotation is the focus 
of the bridge seismic analysis. 
(3)  An optimization algorithm for the seismic response of a continuous rigid frame bridge in the 
horizontal rotation process is proposed, which has higher accuracy compared with the calculation 
results of time history analysis and response spectrum method. Post-evaluation of the seismic 
performance of the bridge has been carried out for the built project. The compressive stress of the 
footing structure is reduced by increasing the distance between the footing structure and the center 
of rotation, increasing the number of the footing structure, increasing the wall thickness of the footing 
structure, and adopting a steel tube concrete structure. Thereby improving the seismic performance 
of the bridge horizontal swivel system. 
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ABSTRACT 

Good durability of concrete is an essential part of the design process, and durability designs 
are carried out by specifying material requirements and the exposure conditions in which the 
structure is in contact. The main feature of durable concrete is low water absorption. Almost all forms 
of deterioration in reinforced concrete involve harmful fluid ingress through the concretes pore 
structure. In wet concrete, the water ingress rate or other liquids is mainly controlled by absorption 
due to capillary rise. This study examines the effect of basalt, polypropylene, and steel fiber in 
different volume fractions (Vf) of 0.3%, 0.6%, and 0.9% for absorption tests. A total of 8 specimens 
for different fiber volume fractions were examined based on the rate of water absorption test 
recommended by ASTM C1585-04.  A result obtained has been analyzed and compared with the 
control specimen. A relationship between absorption rate and the square root of time for both 
concrete mixtures was represented graphically and linearly. Result data showed a precise decrease 
in absorption due to incorporating both types of fiber. Also, basalt and polypropylene showed greater 
uptake than steel fiber and enhanced water transport into concrete specimens from the result data. 
However, steel fiber showed high resistance to absorption rater than the control specimen and other 
fiber. 

KEYWORDS 

Basalt fiber, Water absorption, Polypropylene fiber, Steel fiber 

INTRODUCTION 

The durability of concrete mostly depends on how fluids penetrate the concrete matrix. For 
instance, damage caused due to the present chloride ions in de-icing salts or seawater. The 
durability of concrete is affected by pore structure. The porosity and connectivity of the pore play a 
vital role in the permeability of concrete.  The experimental test results are widely used as a factor 
for concrete durability has been adopted in the past study [1,2]. 

0.05% by volume fraction of Polypropylene fiber is considered the optimum amount of 
polypropylene fibers to be added to concretes mixture due to its excellent performance at elevated 
temperature [3]. Improving the hardened property, the mainly compressive strength of concrete does 
not enhance its behavior, especially tensile strength and strains. [4]. The behavior of self fiber 
compacting concrete was affected by incorporating silica fume [5]. Steel fiber showed the best 
resistance to the damaging effect of NaCl than other types of fiber and control specimens as its 
compressive strength increased by 0.6% and 0.9% by 4.6% and 16.4%, respectively. That might 
result from relatively high bonding, which blocked water and NaCl solution from traveling between 
fiber and hardened concrete [6]. The basalt aggregate was used in slurry infiltrated fiber concrete 
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[7].  The anti-cracking behavior of steel fiber in steel fiber ceramic concrete was enhanced with fiber 
content [8]. Niveditha and Srikanth [17] study the effect of mineral admixture on the hardened 
properties, water absorption rate, and permeability in geopolymer concrete. They reported that the 
addition of ultra-fine slag enhances the durability properties.[9]  

The investigating parameters such as permeability, diffusivity, and rate of water absorption 
behavior are vital for the durability of concrete [10]. Sorptivity, the rate of water absorption, is a rapid 
and simple test that can indicate the transport properties of cover concrete and its tendency to absorb 
and transmit water by capillarity [11]. The water absorption varies mainly depending on the cement 
paste aggregate in the concrete mixture [12]. Four requirements must be met for the water 

absorption vs. √𝑡   Law to hold, [13]: (I) homogeneous material is required on the penetration 
distance scale, (II) The capillary absorption flow, (III) the availability of water to flow at the inflow 

surface of the reservoir, and (IV) Gravitational effects. The √𝑇𝑖𝑚𝑒 law translate the kinetics of 
capillary absorption (sorptivity). Other factors that can affect the sorptivity values of concrete are the 
sorptivity properties of the individual components of the mix, such as the cement paste matrix and 
its physical arrangement, for example, the aggregate distribution [13]. In this study, the absorption 
rate of water of concrete mixtures incoprated with basalt, polypropylene, and steel fiber were 
evaluated. And the method involved in determine the increase in the mass of a specimens that 
results from the absorption of water as a function of time when only one surface of specimens is 
under water.   

EXPERIMENTAL PROGRAM 

Material 

Ordinary cement (42.5N) was used to prepare concrete mixtures; Table 1 shows the 
properties of aggregates used in the study, following the international standard [14]. Natural river 
sand with a specific gravity of 2.60 was used as fine aggregate. A natural stone with a nominal size 
of 15–20 mm was used as a coarse aggregate. The cement, sand, coarse aggregate, and water 
content were 407, 535, 1245, and 203.7 kg/m3, respectively, prepare to achieved C30 concrete 
according to [15]. The three specific fibers, namely: basalt, polypropylene, and straight steel fiber, 
as shown in Figure 1, were used in the study.  

 Tab. 1 - Properties  aggregates used 

Materials Apparent density 
(kg/cm3) 

Apparent density 
(kg/cm3) 

Fineness 
modulus 

Moisture content 
(%) 

Coarse aggregate 2665 1450 - - 

Fine aggregate 2670 1554 2.46 3.1 

Tables 2 and 3 present the fibers' performance behavior to fabricate the fiber-reinforced 
concrete mixture. The average compressive strength of the reference sample and fiber reinforced 
concrete specimens were also presented in Table 3.  
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Tab. 2 - performance Properties of fibers used 

     Property Basalt Polypropylene  Steel fiber 

Length (mm) 18 12 13 

Diameter (mm) 0.013 0.021 0.2 

Aspect ratio (l/d) 1384 544 65 

Tensile strength (MPa) 3000~3500 365~600 2900 

Ultimate elongation (%) 3.2 25~60 4 

Density (g/cm3) 2.65 0.9 7.8 

Modulus of Elasticity (GPa) 90~110 2.4~3.2 210 

Fig.1- Fiber type: (a) Basalt fiber  (b) PP fiber, (c) Steel fiber 

Mixing and sample preparation 

     The mixing of non-fibrous and fiber reinforced concrete was described as follows: first, the 
constituent materials, including coarse aggregate, fine aggregate, and cement, were mixed dry in a 
concrete mixer for about 2 minutes. Subsequently, water was added gently to the mixture, while 
mixing was continued for the next 1 minute. The fibers were scattered into the concrete mixture to 
prevent the fiber clotting., the mixing was continued for another 3 minutes to obtain homogeneous 
concrete mixtures. For absorption test, eight 185 × 150 mm cylinder specimens were produced with 
fiber volume fraction of 0.0%, 0.3%, 0.6%, and 0.9%, respectively. While for the compressive 
strength test, three 150× 150× 150 mm Cubic specimens were cast for each fiber volume fraction. 
The average of samples from each mixing condition was taken as the compressive strength as 
shown in Tab. 4.  After 24 hours, all the samples were removed and cured at the standard curing 
room for 28 days. The cylinder specimens were prepared for the water absorption test.  
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Tab. 3: The compressive strength results of fiber reinforced concrete mixtures. 

Specimen 
Type of Fiber Fiber volume 

fraction Vf (%) 
Number of specimens Average 

Compressive 
strength (MPa) 

Plain/Control     - 0.0 3 35.55 

BFRC Basalt 0.3 3 32.02 

0.6 3 33.24 

0.9 3 35.86 

PFRC Polypropylene 0.3 3 33.44 

0.6 3 33.27 

0.9 3 29.92 

SFRC Steel 0.3 3 37.95 

0.6 3 43.82 

0.9 3 45.55 

Compressive strength for concrete cube specimen with 0%, 0.3%, 0.6%, and 0.9% of Basalt, 
Polypropylene, and Steel Fibers are shown in Table 3. 

As seen from the table, the addition of 0.3% and a 0.6% volume of Basalt fiber resulted in 
decreased compressive strength relative to plain concrete by 9.9% and 6.5. At the same time, 0.9% 
volume of Basalt fiber indicates a slight increase in compressive strength (i.e., 0.9%).  Similarly, the 
addition of 0.3%, 0.6%, and 0.9% volume of polypropylene fiber resulted in a decrease of 
compressive strength relative to plain concrete by 5.9%, 6.4%, and 15.8%, respectively. For steel 
fiber, addition of 0.3%, 0.6% and 0.9% resulted in an increase in compressive strength by 6.8%, 
23.3% and 28.1% respectively. The addition of polypropylene and basalt fibers in the concrete 
mixture has different degrees of reducing compressive strength. Several factors affect the strength 
of concrete, such as cement strength, water-cement ratio, and the size of the concrete aggregates 
[14]. The incorporation of the fibers within the concrete matrix changes the phase of each 
component. As seen from the test results analysis, with the same series of fiber concrete, the 
strength decreases with the increase of fiber mixing ratio increases; also, with the same volume of 
fiber, different series of fiber results in different compressive strength of concrete. 

Testing procedure 

The water absorption rate of fiber reinforced concrete mixtures was conducted according to 
[16] ASTM C1585-04. The influence of fiber volume fraction and fiber type were evaluated
accordingly. The water intake led to an increase in the mass of a specimen due to the capillary action
of water expressed as a function of time, subjecting only one surface of the sample to water, and the
top surface was sealed (candle wax). The water absorption is calculated using Eq. 1. For this study,
the temperature variation was considered constant, and 0.001 g/mm3 is taken as water density.

 𝐼 =
𝑚𝑡

𝐴×⍴𝑤
 (1) 

Where I, mt, ⍴𝑤 And A are the water absorption in (mm), change in specimen mass (g) at a 
time t, density of water (g/mm3), and exposed area of the specimen (mm2), respectively. 

The square root of time relationship controls the water transport into the concrete by 
capillarity. The initial rate of absorption (mm/s-2) was defined as the slope of the line that is the best 

fit to 𝐼 plotted against the square root of time (S-2). This slope is obtained using the least-squares, 
linear regression method of the plot of 𝐼 versus time S-2. A schematic setup of the capillary suction 
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test is shown in Figure 2. A cylindrical specimen was placed on the support device at the bottom of 
the pan, filled with tap water, then the water level was maintained 1 to 3mm above the top of the 
support device. The absorbed water quantity was recorded at different time intervals as indicated in 
Tab.le4 through 6. Any surface water was blotted off with a dampened paper towel for each mass 
determination. 

Linear regression was used to determine the slope. The experimental setup of the capillary 
action test is depicted in Figure 2. The test specimens were put on the pan filled with water and 
supported by a device. The water level was kept at a height ranging from 1 to 3mm above the top of 
the support device. The absorbed water quantity was monitored at different time interval indicated 
in Table 4.  

. 

 A schematic setup  Cylindrical specimens 

Fig. 2- Experimental Setup 

RESULT AND DISCUSSION 

Water absorption 

The result of the water absorption test of non-fibrous and fiber reinforced concrete cylinder 
specimens incorporated with 0%, 0.3%, 0.6%, and 0.9% of basalt, polypropylene, and steel fibers 
are summarized and given in Tables 4 – 6. The square root of time relationship monitors the water 

absorption in concrete specimens by capillarity action. The initial rate of water absorption (mm/𝑠1/2) 

described  the slope of the line drawn on the graph of absorption versus the square time (𝑠1/2). Slop 

was obtained by using least–square linear regression analysis from the plot of 𝐼 versus the square 
root of time 1, 5, 10, 20, 30, and 60 minutes using all the points within this range. The secondary 
rate of water absorption (mm/S1/2) is described as the slope of the line that is the best fit to the water 
absorption graph plotted against the square root of time (S1/2) 1, 2, 3, 4, 5, 6 and 7 days using all the 
points from1d  to 7d [16].  
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Tab. 4 - water absorption of BFRC 

 Observed time   Water  absorption (mm) 

Time (s) √𝑡𝑖𝑚𝑒 (𝑠1/2)  0% Fiber 0.3% Fiber 0.6% Fiber 0.9% Fiber 

0    0 0.0000 0.0000 0.0000 0.0000 

60   8 0.3348 0.3348 0.5580 0.5580 

300   17 0.1860 0.5208 0.5580 0.5580 

600   24 0.1860 0.7068 0.7440 0.7440 

1200   35 0.3720 0.7068 0.9301 0.7440 

1800   42 0.3720 0.7068 0.9301 0.9301 

3600   60 0.5580 1.0788 1.3021 1.1161 

7200   85 0.5580 1.2649 1.4881 1.1161 

10800   104 0.7440 1.4509 1.6741 1.4881 

14400   120 0.9300 1.4509 1.8601 1.4881 

18000   134 1.1161 1.4509 1.8601 1.4881 

21600   147 1.3021 1.6369 2.0461 1.6741 

99420   315 1.4881 2.1949 2.7901 2.0461 

196620   443 1.6741 2.3801 2.9762 2.2321 

272220   522 1.6741 2.5670 2.9762 2.2321 

355020   596 1.4881 2.7530 3.1622 2.4181 

529980   728 1.6742 2.7530 3.3482 2.4181 

6223580   790 1.6742 2.7530 3.3482 2.6041 

Tab. 5 - water absorption of PFRC 

     Observed time    Water  absorption I (mm) 

Time (s) √𝑡𝑖𝑚𝑒 (𝑠1/2) 0% Fiber 0.3% Fiber 0.6% Fiber 0.9% Fiber 

0    0 0.0000 0.0000 0.0000 0.0000 

60   8 0.3348 0.5580 0.7440 0.1860 

300   17 0.1860 0.5580 0.7440 0.1860 

600   24 0.1860 0.7440 0.9301 0.5580 

1200   35 0.3720 0.7440 0.1161 0.5580 

1800   42 0.3720 0.7440 0.1161 0.7440 

3600   60 0.5580 0.9301 1.3021 0.9301 

7200   85 0.5580 1.4881 1.4881 0.9301 

10800   104 0.7440 1.4881 1.8601 0.9301 

14400   120 0.9300 1.4881 1.8601 0.1161 

18000   134 1.1161 1.4881 2.0461 0.1161 
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21600   147 1.3021 1.6741 2.0461 1.3021 

99420   315 1.4881 2.7902 2.4181 1.6741 

196620   443 1.6741 2.7962 2.6041 1.6741 

272220   522 1.6741 2.7902 2.4181 1.6742 

355020   596 1.4881 2.9762 2.6041 1.6742 

529980   728 1.6742 2.9762 2.6041 1.6742 

623580   790 1.6742 3.1622 2.6041 1.8601 

717180  847 1.8601 3.1622 2.6041 1.8601 

Tab. 6 - water absorption of SFRC 

     Observed time    Water  absorption I (mm) 

Time (s) √𝑡𝑖𝑚𝑒 (𝑠1/2)  0% Fiber 0.3% Fiber 0.6% Fiber 0.9% Fiber 

0    0 0.0000 0.0000 0.0000 0.0000 

60   8 0.3348 0.1860 0.3720 0.0000 

300   17 0.1860 0.3720 0.3720 0.0000 

600   24 0.1860 0.3720 0.3720 0.1860 

1200   35 0.3720 0.3720 0.5580 0.3720 

1800   42 0.3720 0.3720 0.5580 0.3720 

3600   60 0.5580 0.5580 0.5580 0.3720 

7200   85 0.5580 0.7440 0.5580 0.3720 

10800   104 0.7440 0.7440 0.5580 0.7440 

14400   120 0.9300 0.9301 0.5580 0.7440 

18000   134 1.1161 0.9301 0.7440 0.7440 

21600   147 1.3021 0.1161 0.7440 0.9301 

99420   315 1.4881 1.4881 0.7440 0.1161 

196620   443 1.6741 1.4881 0.9301 1.3021 

272220   522 1.6741 1.4881 0.9301 1.3021 

355020   596 1.4881 1.4881 0.9301 1.3021 

529980   728 1.6742 1.4881 1.3021 1.3021 

623580   790 1.6742 1.6742 1.3021 1.3021 

717180  847 1.8601 1.6742 1.3021 1.3021 

The concrete mixture absorption rates incorporated with different fibers at various intervals 

were proportional to the square root of time linearly at the initial stage. Among the fiber type, steel 

fiber is more resistant to capillary suction in various mixtures than basalt fiber. However, 

polypropylene for both mix ratios indicates the fastest absorption rate for the initial period. The basalt 

showed an accelerated degree of absorption for secondary absorption compared to steel fiber and 

control. 
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As shown in Figure 3, the absorption rate of BFRC specimens is higher than non-fibrous 
samples. The inclusion of basalt fiber at 0.6% volume fraction shows the highest absorption at the 
initial and secondary stage of absorption with values 2 mm and 3.6 mm, respectively. The absorption 
rate of specimens containing 0.9% basalt fiber was lower than the absorption of samples 
incorporated with 0.3% basalt fiber. The case is different in PFRC specimens, whereby specimen 
with 0.3% polypropylene fiber exhibits the highest absorption rate. The absorption rate decreases 
with an increase in polypropylene fiber, as shown in Figure 4. The steel fiber reinforced concrete 
revealed that the control sample has the highest absorption rate, and the specimen containing 0.9% 
steel fiber had the lowest absorption capacity, as depicted in Figure 5.  

Fig. 3-  Rate of absorption against the square root of time for BFRC 

Fig. 4-  Rate of absorption against the square root of time for PFRC 
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Fig. 5-  Rate of absorption against the square root of time for SFRC 

Effect of Fibers on the rate of absorption at initial and final stages 

Figures 6 and 7 show the comparison of initial and secondary absorption for non-fibrous and 
fiber reinforced concrete. Generally, incorporating fibers into the concrete mixtures compared to the 
reference specimens leads to a significant decrease in water absorption rate regardless of the fiber 
type at an initial stage. It can be seen, at 0.3 and 0.6% of polypropylene fiber, the amount of water 
absorption remains the same and further reduce at 0.9% volume fraction. A nearly constant reduction 
of the absorption rate was revealed at the three different volume fractions of basalt fiber at an early 
absorption stage. However, in SFRC, the water absorption decreases with an increase in steel fiber. 
At the secondary stage, the absorption rate of plain, BFRC, PFRC, and SFRC specimens 
demonstrate similar behavior. However, the steel fiber reinforced concrete specimens revealed a 
significant decrease in the absorption rate at all levels of increment of steel fiber,  presumably 
attributed to steel fiber's metallic nature. 

Fig. 6-  Initial absorption vs. fiber mix ratio for Plain, BFRC, PFRC, and SFRC. 
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Fig. 7-  Secondary absorption vs. fiber mix ratio for Plain, BFRC, PFRC, and SFRC 

CONCLUSION 

In this study, the effect of fiber volume fraction and fiber types was experimentally investigated 
to determine the water absorption rate in the concrete mixtures. The need to overcome the problem 
of degradation of concrete by the mass movement of water into concrete structures. The following 
conclusions can be drawn:  

 The absorption rate for each type and each volume of fiber were linearly proportional to the
square root of time.

 The addition of basalt, polypropylene, and steel fiber in different volume ratios showed a
significant decrease in the initial absorption rate. However, basalt showed no notable change
with secondary absorption, while steel and polypropylene showed little secondary absorption.

 Among the fiber reinforced concrete specimens, SFRC showed the highest resistance to the
capillary action compare to reference samples, which might result from relatively stable bonding,
which blocked water from traveling between fiber and hardened cement paste. However, BFRC
and PRFC revealed a high absorption rate than SFRC because PRFC significantly accelerated
water transport into concrete; this is presumably due to interfacial transition zone resulting from
incorporating polypropylene fiber in the mixture,  thin and long hydrophobic behavior.
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ABSTRACT 

This study mainly analyzed the effect of steel fiber (SF) mixed with polypropylene fiber (PF) 

on the performance optimization of concrete. Firstly, the steel fiber reinforced concrete (SFRC), 

polypropylene fiber reinforced concrete (PFRC) and steel-polypropylene hybrid fiber reinforced 

concrete (SP-HFRC) specimens were designed. Then, the slump experiment, compressive strength 

experiment, and tensile strength experiment were carried out. The results demonstrated that the 

increase of fibers reduced the slump, and the influence of PF on the slump was the largest, followed 

by SF and SP; when the content of SF was 1% and the content of PF was 0.1%, the compressive 

strength and tensile strength of the concrete were 73.16 MPa and 6.33 MPa, which was superior to 

the concrete mixed with single fiber. In the perspective of the seismic performance, the ultimate load 

of the SP-HFRC specimen was 6.25% higher than that of the plain concrete (PC) specimen, and its 

energy consumption was 126% higher than the PC specimen. The experimental results demonstrate 

that SP-HFRC has a superiority in mechanical property and can be further promoted and applied in 

building structure. 

KEYWORDS 

 Hybrid fiber reinforced concrete, Steel fiber, Polypropylene fiber, Mechanical property 

INTRODUCTION 

As a kind of building material, concrete has been widely used in buildings, bridges, roads and 

tunnels because of advantages such as low price, convenient construction and good durability. But 

concrete also has some defects, such as low tensile strength, poor ductility and multiple cracks [1]. 

The existence of cracks will accelerate steel corrosion and affect the mechanical properties of the 

structure. With the development of society, the performance of ordinary concrete has not been able 

to meet people’s needs. How to improve the performance of concrete has attracted more and more 

attention of researchers. It has been found that the addition of fibers in concrete is beneficial to 

reduce the occurrence of cracks and improve the tensile and crack resistance of concrete [2], while 

the performance optimization effect of two or more fibers is better than that of single fiber. Yang et 

al. [3] studied hooked steel fibers with various aspect ratios and volume fractions and found that the 

aspect ratio of the fibers increased from 65 to 80 and the reduction of 0.25% of the volume fraction 

of the fibers would not affect the optimization effect. Sadiqul Islam et al. [4] studied polypropylene 

fibers in different proportions (0.10%, 0.15%, 0.2%, 0.25% and 0.3%) and found that the plastic 
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shrinkage cracks of concrete which was added with fibers decreased by 50-99%, but the permeability 

coefficient of water and gas increased. Hay et al. [5] studied the role of steel and polyvinyl alcohol 

(PVA) fibers in concrete and found that 1.65% volume fraction of composite fibers was beneficial to 

improve the applicability and durability of concrete structures. Song and Yin [6] studied the mixing of 

0.5%, 1%, 1.5% steel fibers and 0.1% carbon fibers and found that the addition of fibers could 

improve the compressive strength and compressive toughness of concrete. In this study, through 

the design of steel fiber reinforced concrete (SFRC), polypropylene fiber reinforced concrete (PFRC) 

and steel-polypropylene hybrid fiber reinforced concrete (SP-HFRC) specimens, the performance 

optimization effect of hybrid fiber was studied. It was found that the best performance optimization 

effect was obtained when the content of steel fiber (SF) is 1%, and the content of polypropylene fiber 

(PF) was 0.1%. This study makes some contributions to the further application of SP-HFRC in 

practical engineering. 

CONCRETE MATERIAL WITH HYBRID FIBERS 

At present, steel fibers (SF) [7], polypropylene fibers (PF) [8], basalt fibers (BF) [9] and carbon 

fibers (CF) [10] are fibers which are frequently used in concrete. It is found that the addition of fibers 

can prevent the expansion of cracks in concrete, improve the tensile and bending resistance, and 

enhance the corrosion resistance of steel bars [11], which has a good development prospect. Hybrid 

Fiber Reinforced Concrete (HFRC) refers to the concrete which is added with two or more kinds of 

fibers in concrete to optimize the performance of concrete in many aspects. At present, the mixing 

of fibers mainly includes the following forms: 

(1) the mixing of main fibers and minor fibers; 

(2) the mixing of one fiber in different sizes; 

(3) the mixing of different kinds of fibers with similar sizes; 

(4) the mixing of fibers with different sizes and types. 

It is found that the mixing of metal fibers and non-metal fibers plays an excellent role in 

optimizing the performance of concrete. Therefore, the performance of SP-HFRC was analyzed in 

this study. 

MATERIALS AND METHODS 

Materials 

Cement: 42.5R ordinary Portland cement, Dalian Xiaoyetian Cement Plant. 

Coarse aggregate: gravel with particle size between 5 mm and 20 mm and 1.3% mud content. 

Fine aggregate: river sand with 2.48 fineness modulus. 

Water reducer: polycarboxylic acid water reducing agent, Beijing Muhu Admixture Co., Ltd. 

Water: ordinary tap water. 

SF: Hengshui Guangjun Rubber and Plastic Products Co., Ltd. (Figure 1), and its 

performance indicators are shown in Table 1. 
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PF: Wanfeng Building Materials Chemical Co., Ltd. (Figure 2), and its performance indicators 

is shown in Table 1. 

Tab. 1 - Performance indicators of fibers 

  SF PF 

Length/mm 35 12 

Diameter/mm 0.8 0.035 

Density/(g/m3) 7.8 0.91 

Tensile strength/MPa ≥ 800 ≥ 350 

Elasticity modulus/GPa 210 3.5 

 

Fig. 1 – Steel fibers 

 

Fig. 2 – Polypropylene fibers 
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Preparation of specimen 

The proportion of cement, coarse aggregate, water and water reducing agent of the concrete 

was 1:2.2:1.8:0.012. The amount of cement in 1 m3 concrete was 450 kg/m3. Fiber content of 

different specimens is shown in Table 2. PC is plain concrete, SF5 means that the volume of SF in 

concrete is 0.5%, PF1 means that the volume of PF in concrete is 0.1%, S10P1 means that the 

content of SF in concrete is 1% and the content of PF is 0.1%, and so on.  

Mixing was done by a forced mixer. Firstly, the coarse aggregate was mixed. During mixing, 

the fibers were evenly added. Sixty seconds later, cement was added, followed by water reducer 

and water. The test specimen is shown in Figure 3. 

Tab. 2 - Experimental groups 

Specimen number SF volume fraction/% PF volume fraction/% 

PC 0 0 

SF5 0.5 0 

SF10 1 0 

SF15 1.5 0 

PF1 0 0.1 

PF2 0 0.2 

PF3 0 0.3 

S10P1 1 0.1 

S10P2 1 0.2 

S10P3 1 0.3 

 

Fig. 3 – The test specimen of concrete 

Experimental methods 

(1)  Slump test: To ensure that the slump cylinder (Figure 4) was horizontally fixed, the concrete 

was evenly placed into the cylinder in three layers. After clearing the concrete on the bottom plate of 

the cylinder, the cylinder was lifted vertically and smoothly between 5 and 10 s. The whole 

experiment process was controlled within 150 s. The height difference between the height of the 
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cylinder and the highest point of the slump concrete was measured, which was regarded the slump 

value of the concrete. 

 

Fig. 4 – Slump cylinder  

(2)  Compression test: A specimen in a size of 150 mm × 150 mm × 150 mm × 150 mm was 

loaded by JES-2000A pressure tester (Figure 5). The specimen was placed in the middle of the 

lower pressure plate, and the bearing surface was perpendicular to the top surface to ensure the 

balanced contact between the upper pressure plate and specimen. The loading speed was between 

11.25 kN/s and 18 kN/s. The loading continued until the specimen was destroyed. Compressive 

strength A

F
f =

, where F  stands for the failure load of the specimen and A  stands for the bearing 

area of the specimen. 

 

Fig. 5 – JES-2000A Pressure Testing Machine  
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(3)  Tensile test: A specimen in a size of 150 mm × 150 mm × 150 mm × 150 mm was loaded by 

WE-600C hydraulic universal testing machine (Figure 6). Firstly, the center line was drawn on the 

specimen, and then the cushion block, cushion strip and specimen were placed in turn. All the 

centers were aligned with the center line of the pressure plate of the testing machine, and the loading 

speed was between 0.05 Mpa/s and 0.08 Mpa/s. The loading continued until the specimen was 

destroyed. Tensile strength A

F
f 637.0=

, where F  stands for the failure load of the specimen and A  

stands for the split area of the specimen. 

 

Fig. 6 – WE-600C Hydraulic Universal Testing Machine  

RESULTS 

Slump 

The slump values of different specimens are shown in Figure 7. 

 

Fig. 7 – Slump values of different specimens  

It was found from Figure 7 that the type and content of fibers had a significant impact on 

slump. The slump value of PC was the highest. In SFRC and PFRC, with the increase of fiber 

content, the slump decreased gradually; the impact of SF on slump was greater. In HFRC, the 

increase of fiber content also reduced the slump. High slump indicates that concrete has good fluidity 

and cohesion. Considering slump, the fiber content in HFRC should be as low as possible. 
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Compressive strength 

The compressive strength of different specimens is shown in Figure 8. 

 

Fig. 8 – Compressive strength of different specimens  

It was found from Figure 8 that the compressive strength of SFRC was higher than that PC, 

while PFRC was slightly lower than PC. When the content of SF content was 1.5%, the compressive 

strength of concrete reached 77.27 MPa, the highest, 7.3% higher than PC. When the content of PF 

was 0.3%, the compressive strength of concrete is 69.36%, 3.7% lower than PC. The change of 

compressive strength of HFRC was between SFRC and PFRC; HFRC had slight improvement 

compared to PC. When the content of SF was 1% and the content of PF was 0.1%, the compressive 

strength of concrete reached 73.16 MPa, the highest, 1.6% higher than PC. 

Tensile strength 

The tensile strength of different specimens is shown in Figure 9. 

 

Fig. 9 – Tensile strength of different specimens  

It was found from Figure 9 that the addition of SF could significantly enhance the tensile 

strength of concrete. When the content of SF was 1.5%, the tensile strength of SFRC was 31.68% 

higher than that of PC. When the content of PF was 0.3%, the tensile strength of PFRC was 20.91% 



 

 

  Article no. 37 

 

THE CIVIL ENGINEERING JOURNAL 2-2021 

 

 

DOI 10.14311/CEJ.2021.02.0037 508 

higher than that of PC. When the content of SF was 1% and the content of PF was 0.1%, the tensile 

strength of HFRC was higher than that of single-fiber concrete, 1.9% higher than SF10 and 23.6% 

higher than PF1. 

SEISMIC PERFORMANCE 

It was found from the comprehensive experimental results that when the content of SF was 

1% and the content of PF was 0.1%, the performance optimization effect of the SP-HFRC specimen 

was obvious. To analyze the seismic performance of the specimen, concrete columns were prepared 

using PC and concrete containing 1% SF and 0.1% PF. The cross-section size of the column was 

250 × 250 mm. The concrete base was 400 × 400 × 900 mm. The longitudinal steel bar was HRB400. 

The stirrup was HPB300. The parameters of steel bars are shown in Table 3. The reinforcement 

ratio was 1.62%. The stirrup ratio was 0.62%, and the ratio of axial compression stress to strength 

was 0.35. The structure of the test specimen is shown in Figure 10. 

Tab. 3 - Parameters of steel bars 

 HRB400 HPB300 

Diameter/mm 14 8 

Yield strength/MPa 552.98 330.76 

Ultimate strength/MPa 670.29 437.15 
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Fig. 10 – The structure of the test specimen 
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The seismic performance of the test specimen was tested by the pseudo static test. The axial 

load was loaded using an oil jack. The repeated load was applied at the beam end using a hydraulic 

servo actuator at a loading rate of 0.4 mm/s, and the loading continued until the load of the beam 

end significantly reduced. The layout of measuring points is shown in Figure 11 and 12. 

 

Fig. 11 – The layout of strain gauges 

1

2 3 4 5

6

 

Fig. 12 – The layout of displacement meters 

The loading of the two test specimens is shown in Table 4.  
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Tab. 4 - Comparison of load 

 PC SP-HFRC 

Cracking load/kN 19.87 24.78 

Yield load/kN 39.68 45.32 

Ultimate load/kN 46.76 48.69 

Final load/kN 39.87 42.36 

It was seen from Table 4 that the loads of the SP-HFRC specimen were significantly larger 

than those of the PC specimen, indicating that the strength of the SP-HFRC column had more 

significant improvement than the PC column; the final load of the SP-HFRC specimen was 6.25% 

larger than that of the PC specimen. It was found that the addition of fibers was beneficial to the 

seismic performance of the structure. 

The energy consumption of the test specimens was compared, and the results are shown in 

Figure 13. 

 

Fig. 13 – Comparison of energy consumption 

It was found that the energy consumption of the two test specimens was similar under small 

displacements, but the difference became larger and the energy consumption of the SP-HFRC 

specimen was significantly larger with the increase of the displacement. It demonstrated that the 

addition of fibers significantly improved the energy consumption ability of the structure. Taking 120 

mm displacement as an example, the energy consumption of the SP-HFRC specimen was 126% 

higher than that of the PC specimen. 

DISCUSSION 

Concrete is one of the most important building materials, and the research on performance 

optimization of concrete plays an important role in social and economic development. It is found that 

fibers plays an important role in optimizing the performance of concrete and they can improve the 
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compressive strength of concrete [12], restrain cracks, delay corrosion [13], and enhance the 

bonding strength between concrete and steel bars [14]. HFRC composed of two or more mixed fibers 

can give full play to the advantages of multiple fibers and has high practical application values in 

building structure. 

This study mainly focused on the optimization effect of SF and PF on concrete performance, 

designed SFRC, PFRC and SP-HFRC specimens, and tested their performance. Firstly, it was found 

from the slump measurement results (Figure 7) that the addition of fibers reduced the slump, and 

the higher the content of fibers, the lower the slump. It might be because that the addition of fibers 

adsorbed more moisture, which reduced the water content in concrete, and moreover SF and PF 

also increased the viscosity of concrete, resulting in the decline of slump and the decrease of 

concrete fluidity. The experimental results of compressive strength (Figure 8) demonstrated that the 

addition of SF increased the compressive strength of specimens, and the addition of PF decreased 

the compressive strength of specimens. In S P-HFRC, the change of compressive strength was 

between the specimens with single SF and PF. When the content of SF was 1% and the content of 

PF was 0.1%, the maximum compressive strength was 73.16 MPa, which was 1.6% higher than that 

of PC. It was found from Figure 8 that the tensile strength of SFRC was significantly higher than that 

of PC, and the higher the content of SF, the larger the improvement. When the content of SF was 

1.5%, the tensile strength of SP-HFRC was 31.68% higher than that of PC. The tensile strength of 

SP-HFRC was also higher than that of PC and higher than that of the concrete added with the same 

content of single fiber. The comparison of the load and energy consumption between the two 

concrete columns in the analysis of the seismic performance of the test specimens showed that the 

addition of mixed fibers was effective in enhancing the seismic performance of the building structure. 

Firstly, fibers could improve the strength of the concrete column. It was seen from Table 4 that the 

SP-HFRC specimen had high load, indicating that it had high strength. Then, in the perspective of 

energy consumption, with the increase of the displacement, the accumulative energy consumption 

of the SP-HFRC specimen was significantly larger than that of PC, showing that the SP-HFRC 

specimen had better energy consumption ability. 

It was concluded from the experimental results that the incorporation of fibers could reduce 

the collapse degree of concrete, was not conducive to the fluidity of concrete, and had an 

inconspicuous optimization effect on compressive strength, but it had a good strengthening effect 

on the tensile strength. When the content of SF was 1% and the content of PF was 0.1%, the 

concrete had improved compressive and tensile strength and good strength and energy consumption 

ability. 

Although some achievements on research of SP-HFRC have been obtained in this study, 

there are still many shortcomings, which need to be improved in further work. 

(1)  This study only considers the content of fiber, but does not consider the influence of fiber 

length, shape, etc. 

(2)  The properties of concrete such as high temperature resistance, low temperature resistance, 

seismic resistance and impermeability need further study. 

(3)  Study on the blending of more than two kinds of fibers is needed. 

(4)  The influence of additives such as water reducing agent was not taken into account. 

CONCLUSION 

In this study, the mechanical property of SP-HFRC in building structure was analyzed through 

experimental design, and the properties of SFRC, PFRC, and SP-HFRC with different content of 

fibers were compared. It was found that: 
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(1) the increase of fibers reduced the slump of the concrete; 

(2) the increase of fibers improved the compressive and tensile strength of the concrete; 

(3) compared with SFRC and PFRC, SP-HFRC presented better mechanical properties; when the 

content of SF and PF was 1% and 0.1% respectively, the performance of SP-HFRC was optimal. 

(4) compared with the PC column, the SP-HFRC column had better strength and energy 

consumption ability, i.e., better seismic performance. 
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ABSTRACT 

Understanding of the internal arrangement of the constituents of structural concrete, at the 
microscopic level, and its strength behavior, as well as its ability to result in durable concrete, are 
necessary in order to enhance its innovative and sustainable application. This paper presents the 
results of investigation conducted to ascertain the strength characteristics, microstructure 
configuration and durability traits of concrete with its ordinary Portland cement (OPC) fraction 
replaced partially with empty palm oil fruit bunch ash (EPO-FBA). The compressive strength 
properties were assessed with 150 x 150 x 150 cube specimens while 100 x 100 x 100 cube 
specimens were used to assess the durability properties. An insight into the morphology and the 
microstructure of samples with EPO-FBA was obtained through Scanning Electron Microscopy 
(SEM). The results showed that EPO-FBA is a good supplementary cementing material up to 10% 
replacement level, however, the samples with EPO-FBA showed a significantly improved 
compressive strengths development and good durability characteristics at latter ages, at the 
replacement level beyond 10%.  

 KEYWORDS 
 Compressive strength, Microstructure, Sorptivity, Water absorption  

 

INTRODUCTION 

Sustainable design and practices in structural concrete require that: (i) usage of materials be 
optimized, (ii) unsuitable materials be made fit, (iii) new materials be developed to minimize and 
conserve the consumption of non-renewable materials used in the production of structural concrete, 
and (iv) materials be used innovatively. Thus, understanding of the internal arrangement of the 
constituents of structural concrete, at the microscopic level, and its strength behavior, as well as its 
ability to result in durable concrete, are necessary in order to enhance its innovative and sustainable 
application. The relative lack of success in developing microstructure/property relationships for 
concrete is due to the apparent lack of good microstructural characterization. It is well-known that 
concrete has a heterogeneous and complex microstructure, which has made it difficult to construct 
realistic models of its microstructure [1]. Knowledge of its microstructure would have enabled the 
behavior of the material to be reliably predicted [2]. The heterogeneity of concrete, according to [1], 
can be considered on several levels, with the simplest level, consisting of aggregate particles, 
distributed in a matrix of cement paste. On a more detailed level, says [1] the paste itself is a mixture 
of unreacted cement, hydration products, pores, and water and at a still finer level these phases 
themselves have complex microstructures. While it is known that the hydration products control the 
strength and mechanical properties of concrete, the pores (sizes, distribution, 
continuity/discontinuity), on the other hand governs the durability characteristics of concrete. Thus, 
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understanding the microstructure and properties of the individual components of concrete and their 
relationship to one another can serve as a means of re-constructing and re-configuring its properties 
for innovative application. This is because microstructure of a material determines many of its 
physical and mechanical properties [3]; in this case, the strength and durability characteristics of 
structural concrete. This is particularly important for materials sourced from agricultural wastes that 
are being discovered as potential structural material for enhancement of sustainability in structural 
concrete in developing countries. For many of these materials, a complete structural response is yet 
to be captured. For example, there is paucity of literature on the microstructure of concrete with the 
ordinary Portland cement portion partly replaced with the empty palm oil fruit bunch ash (EPO-FBA). 
The earlier work by [4] on the possible use of EPO-FBA as partial replacement of ordinary Portland 
cement (OPC) in concrete covers little area. For example, only the latter ages (60, 75, and 90 days) 
were considered. According to [5], without 28 days’ strength, the results seemed to lack any 
constructional and structural value. This is because the 28 days’ strength is what is used in the 
design of structural concrete in codes and standards, and many other properties of concrete for 
construction purposes are linked to the 28-day strength.  However, their work yielded a useful insight 
into the levels of replacement of OPC with EPO-FBA in concrete that will not affect the compressive 
strength of the concrete. The value was 15% by weight of the OPC.  Subsequent work by [6] tried to 
address this shortcoming. But their work, though with expanded scope, did not however extend to 
microstructure and durability investigations of concrete with EPO-FBA. Also, the work of (7) dealing 
with the use of the ashes of oil palm empty fruit bunch was limited to mortar only.  In all these 
investigations, durability and microstructural studies were conspicuously absent. Thus, the aim of 
this investigation is to assess the compressive strength, microstructure and durability characteristics 
of concrete with EPO-FBA as partial substitute of its OPC fractions.  Specific objectives to be 
achieved for the concrete samples with EPO-FBA as partial replacement of cement are (i) 
determination of compressive strength development, (ii) assessment of durability properties through 
water absorption and sorptivity, and (iii) morphological investigations using scanning electron 
microscopy (SEM). 

MATERIALS AND METHODS 

Materials 
Investigations in this work were carried out by using the following materials.  

The Binder.  
Ordinary Portland Cement (OPC), produced to satisfy the requirements of [8, 9], and 

classified as grade 42.5.was used as the binder for this work. 

Fine Aggregates 
A sand deposit at Ootunja, a settlement near Ikole Ekiti, Nigeria, served as the source of the 

fine aggregate used for this work. In order to ensure the fitness of the sand for use in structural 
concrete as per [10], the sand was dried and sieved through sieve 2.36 mm.  All forms of debris and 
other deleterious materials were also removed. 

Coarse Aggregates 
An active quarry, located in Ikole town in Ekiti State, Nigeria, serves as the source of the 

coarse aggregates used for this work. The size of the aggregates ranged from 4.75mm to 20mm as 
per the recommendation of [11] in relation to aggregate for structural concrete. 

Empty Palm Oil Fruit Bunch Ash (EPO-FBA). 
The empty palm oil fruit bunch ash (EPO-FBA) used to partially replace the OPC was 

obtained from empty palm oil fruit bunches, which were collected from palm oil industries in Ikole-
Ekiti, Nigeria. Thebunches were sun-dried (Figure 1) and then pulverized.  
In order to obtain the ash, the pulverized empty palm oil fruit bunches were burnt through open field 
burning as described by [12]. The ash samples passing through 45 μm test sieve were collected, 
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bagged and stored in a cool place.  

Water 
For the execution of this research work, potable water that satisfied the requirement of [13] 

was used. 

 

Fig. 1 - Drying of Empty Palm Oil Fruit Bunches 

Mix Proportion, Design and Concreting 
In order to model Nigerian field situations as much as possible, a mix proportion of 1:2:4 and 

water/cement ratio were chosen. These values were chosen to align with practice in Nigeria. The 
cement fraction in the mix was partially replaced with EPO-FBA up to 15% at interval of 5% by weight. 
Observations by [4] had showed that, beyond 15% replacement values, the strength development 
was very low. The mix proportion is presented in Table 1. 
  

Tab. 1: The Mix Proportion used for the Investigation 

% EPO-FBA 

in the Mix 

Mix 

Designation 

Binder (kg/m3) Fine Aggregate 
(kg/ m3) 

Coarse Aggregate 
(kg/ m3) 

Water 
(kg/ m3) 

Cement EPO-FBA 

0 M0 343 0.00 686 1372 172 

5 M5 325.85 17.15 686 1372 172 

10 M10 308.70 34.30 686 1372 172 

15 M15 291.55 51.45 686 1372 172 

Concreting was carried out by measuring out the concrete ingredients by weight, thoroughly 
mixed and cast into moulds. Two types of moulds were used during the investigation. The 150 x 150 
x 150 mm cubes were used for compressive test specimens and 100 x 100 x 100 mm cube moulds 
were used for durability tests specimens. The cast concrete specimens were then properly 
compacted by tamping. The specimens were left in the moulds for 24 hours, after which they were 
de-moulded, and then placed in curing tank for curing process. All the concrete specimens were 
moist cured in a curing tank, until the day of testing. The testing days were 7, 14, 28, 60 and 90 days 
for compressive test specimens. The durability test specimens were tested at 28 and 90 days of 
curing. The 28-day samples were used for microscopic investigations. The specimens without EPO-
FBA served as the control. A total of 60 numbers 150 x 150 x 150 mm cube specimens and 48 
numbers of 100 x 100 x 100 mm cube specimens were cast.  
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Experimental procedures 

Determination of Physical and Chemical Properties of the Materials 
Preliminary investigation was carried out to characterized the materials used by determining 

some of their properties. Physical properties like: specific gravity, moisture content, water absorption, 
dry density, bulk density and sieve analysis, were carried out on the aggregates. Chemical and 
physical tests were also performed on samples of EPO-FBA to determine its oxide composition and 

some physical properties like fineness (dry-sieving on 45m) and specific gravity. 

The Compressive Strength Test 
The compressive strength of concrete specimens containing EPO-FBA were assessed using 

150 x 150 x 150 mm cube specimens. This was carried out in accordance to the provisions of [14]. 
A 2000KN WAW-2000B computerized electrohydraulic servo universal testing machine with 
accuracy of ± 1% of test force, was used to determine the compressive strength. Three specimens 
were tested at the testing date, and the average used to evaluate the mean strength.  

Water Absorption Test 
According to [15], absorption is a measure of the volume of pore space in concrete. A method 

suggested by [16, 17] is used to assess this property.  To conduct this experiment, 100mm x 100mm 
x 100mm concrete cubes specimens were cast and were moist-cured in a curing tank for 28 and 90 
days. At each of the testing day, the cube specimens were taken out of the curing tank and oven-
dried at temperature of 1050 C until a constant weight was reached. The specimens were then 
sealed, and then allowed to cool in a container for three days. Silicone sealant was then used to coat 
the sides of the concrete samples so that flow is constrained to flow in one direction. Then the 
samples were positioned in a vertical position and partially immersed in water to a depth of 5 mm at 
one end. The rest of the portions were kept exposed to the laboratory air as shown in Figure 2 as 
adapted from [16].   

 

 

 

 

Fig - 2. Set up for the measurement of Coefficient of water absorption and Sorptivity 
of Concrete specimens (adaptation from [16]). 

During the first 60 minutes, the quantity of water absorbed was calculated. This is done by 
measuring the increase in mass (gained over a period of 60 minutes) as a percentage of dry mass. 
Then, the coefficient of water absorption of concrete specimens containing EPO-FBA, after 28 and 
90 days of moisture curing were determined using the formula used by [16]. 

𝐾𝑎 =  (
𝑄

𝐴
)2 ×

1

𝑡
       (1) 

where Ka is the coefficient of water absorption (m2/s), Q is the quantity of water absorbed (m3) by the 
oven dry specimen in time (t), t is 3600 seconds and A is the surface area (m2) of concrete specimen 
through which water penetrates. 

Sorptivity Test  

According to [15], sorptivity measures the rate of absorption of water by capillary suction of 
unsaturated concrete placed in contact with water, where no head of water exists, thus determining 
the rate of capillary-rise absorption by concrete specimens. This is a reflection of the capillary forces 
exerted by the pore structure causing fluids to be drawn into the body of the material [16, 18].  A 
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method suggested by [21] was used to assess the sorptivity of concrete specimens with EPO-FBA 
as partial replacement of ordinary Portland cement. The test is similar to that of absorption test 
described above, but with little difference. The difference is that after the initial mass measurement 
of the cube samples was taken, subsequent mass measurement was taken at 4, 8, 10, 20, 30, 60, 
90 and 120 minutes, and the gain in mass per unit area over the density of water was obtained. The 
gain in mass was then plotted against the square root of the elapsed time. The slope of the line of 
best fit of these points was taken as the sorptivity value. The formula (equation 2) suggested by [18] 
was then used to calculate the sorptivity of the specimens. 

𝑖 =  
𝑆

√𝑡
        (2) 

Where i = the cumulative water absorption per unit area of the surface (m3/m2); S is the sorptivity 
(mm/min0.5) and t is the elapsed time (s).  The sorptivity of the concrete cube specimens containing 
EPO-FBA as partial replacement of ordinary Portland cement were determined after 28 and 90 days 
of water curing. The setup for the measurement of sorptivity values of the concrete cubes is shown 
in Figure 2 [16]. 

Microstructural and Morphology Investigation  
Scanning electron microscopy (SEM) equipment (ASPEX 3020) with energy dispersive 

spectrometry capabilities was used for microstructural investigations.  SEM investigations were 
carried out on broken sample of 28 days concrete specimens containing EPO–FBA as partial 
replacement of ordinary Portland cement, in order to examine their morphological structures.  

RESULTS 

Physical and Chemical Properties of Materials   
The results of some physical properties of aggregates and that of the chemical properties of 

EPO-FBA are respectively presented in Tables 2 and 3. 

Tab. 2: Some Physical Properties of Aggregates Used 
Properties Coarse Aggregates Sand 

Bulk Density (kg/m3) 1779.02 1387.79 

Dry Density (kg/m3) 1702.89 1501.60 

Specific Gravity 2.64 2.60 

Moisture Content (%) 3.87 6.07 

Water Absorption Capacity (%) 3.75 3.59 

Coefficient of Curvature (Cc) 1.72 1.14 

Coefficient of Uniformity (Cu) 4.75 6.70 

Fineness Modulus - 2.62 

With coefficient of curvature or gradation (Cc = 
𝐷30 𝑥 𝐷30

𝐷60𝐷10
) and the coefficient of uniformity (Cu = 

𝐷60

𝐷10
)  calculated from the results of mechanical analysis for coarse aggregates to be 1.72 and 4.75, 

and for the sand to be 1.14 and 6.70, as can be seen from Table 2, suggested well graded aggregate 
that will guaranty adequate compaction [20]. Also, the fineness modulus obtained for the sand is 
2.62. This value satisfies [21] specifications for fine aggregates of between 2.3 and 3.1 for use for 
structural concrete. Though the combined total of SiO2+Al2O3+Fe2O3 in EPO-FBA (Table 3) is not up 
to the value that could allow classification into the categories of fly ash as per [21].  From Table 3, it 
can be seen that EPO-FBA has a higher loss on ignition (LOI) than that of cement and also greater 
than the limits of 5.0% set by [9]. The loss on ignition, a measure of the extent of carbonation and 
hydration of free lime and free magnesia is due to atmospheric exposure [15]. The higher value, 
according to [13], is actually advantageous as hydrated free lime is innocuous. The overall chemical 
composition of EPO-FBA as presented in Table 3, resembles bauxite (found in Ghana) and natural 
cement (found in UK) in the work of [24] which were found to have cementitious properties. 
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Tab. 3: Chemical and Physical Properties of Empty Palm Oil Fruit Bunch Ash (EPO-FBA) 

Oxide EPO-FBA OPC 

CaO (%) 19.01 64.37 

SiO2 (%) 6.42 20.68 

Fe2O3 (%) 6.64 3.62 

MgO (%) 4.10 1.81 

Al2O3 (%) 12.70 5.41 

SO3 (%) 1.42 1.03 

Na2O (%) 7.25 0.51 

K2O (%) 1.86 0.47 

LOI (%) 40.60 0.39 

Specific Gravity  2.55 3.12 

But the high alkali (K2O and Na2O) value (9.11%) raises concerns about possible alkali-
aggregate reaction if used in concrete without mitigating measures. 

Compressive Strength  
The compressive strength development of concrete samples containing EPO-FBA as partial 

replacement of cement is shown in Figure 3.  

 

Fig. 3 - Compressive Strength Development of Concrete Samples with EPO-FBA 

It can be observed that compressive strengths increased with increasing curing ages at all 
replacement values. This is a well-established trend. Continuous hydration produces the strength-
formation C-S-H gel, and the more its quantity, the greater the strength that will be developed. 
However, the compressive strength of the samples decreased with increase in the content of EPO-
FBA in the mix. This can be observed in Table 4 through the perfomance criterion of strength 
activation index (SAI). However, this decrease, in relation to the control samples, was at a 
decreasing rate with curing ages. For example, in the concrete samples designated as M15, the 
decreased were 68.69, 74.39, 74.68, 81.85, and 87.42% respectively at 7, 14, 28, 60 and 90 days 
of curing. This pattern was the same for concrete samples in other replacement values.  According 
to [23], the strength activation index (SAI) can be used to assess the pozolanicity of any material. A 
compressive strength of the blended concrete sample at 7-day or/and 28-day that is higher than 75% 
of the compressive strength of the control specimens suggests a material with pozzolanic 
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characteristics. It can be observed from Table 4 that the specimens with 10% EPO-FBA developed 
compressive strength that are higher than 75% of the control at both 7 and 28 days of curing. At 
higher curing ages of 60 and 90 days however, it can be observed that the SAI increased significantly 
to over 90% of the control.  

Tab. 4: Compressive Strength Development of Concrete Samples with EPO-FBA 

Mix 

 
Designation 

Compressive Strength, CS (N/mm2) and Strength Activation Index, SAI 

Curing Age (days) 

7 14 28 60 90 

 CS SAI 
(%) 

CS SAI 
(%) 

CS SAI 
(%) 

CS SAI 
(%) 

CS SAI 

M0 24.84 100.00 25.34 100.00 29.78 100.00 33.61 100.00 35.28 100.00 

M5 24.96 100.48 24.82 97.95 26.42 88.72 34.12 101.52 34.11 96.68 

M10 19.82 79.79 22.71 89.62 24.38 81.87 30.75 91.49 32.90 93.25 

M15 15.82 63.69 18.85 74.39 22.24 74.68 27.51 81.85 30.84 87.42 

It is thus obvious that on the basis of the data presented in Table 4, that concrete samples 
with up to 10% EPO-FBA content meet the performance index criterion for pozzolanicity.  

Durability  

The durability properties of concrete samples containing EPO-FBA were assessed through 
water absorption and sorptivity tests; and the results are presented in Figures 4. Though both 
measured different things - water absorption measuring volume of pore space in the concrete and 
sorptivity measuring the rate of capillary-rise absorption - they were in agreement in relation to the 
durability properties of concrete specimens containing EPO-FBA. From figure 4(a), it can be 
observed that the water absorption of concrete specimens containing EPO-FBA was lower at 90 
days than at 28 days. This is suggestive of reduction in the volume of pore space in the concrete 
specimens at longer curing ages. Sorptivity reflects the capillary porosity on which the permeability 
of hardened cement paste is dependent [15]. Permeability on the other hand, is a reflection of the 
interconnectivity of pores in the paste. From Figure 4(b), it can be observed that the 90 days sorptivity 
of samples were lower than that of 28 days samples. This means 90 days samples are less porous 
or less permeable than 28 days samples.  

The results of durability characteristics of specimens with EPO-FBA presented in Figure 4, 
can be explained in relation to the pore structure of the hydrated paste phase. With the progress of 
hydration, the hydration products (the C-S-H gel) fill the originally water-filled void [15]. This not only 
reduces the volume of pore space in the samples, but also results in discontinuity of pores. This 
results in reduced permeability with time, observed for 90 days specimens, as more hydration 
products continue to fill the available pores. The results of the durability test also agree with the 
pattern of strength development of concrete samples with EPO-FBA, in which strength development 
improved with curing age, as discussed in section 3.2. 
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a) Water Absorption of Concrete Samples with EPO-FBA 

 

b) Sorptivity of Concrete Samples with EPO-FBA 

Fig. - 4 Durability Properties of Concrete Samples with EPO-FBA 

According to [15], there is a relationship between the relative volume of hydrated products 
gel in the space available to it (permeability) and strength. As hydration continues unhindered, 
hydration products are formed with the double effect of increased strength and reduced permeability 
in the concrete samples, as witnessed in this work. 

Microstructure 

The SEM micrographs of concrete samples with EPO-FBA at replacement levels of 0%, 5%, 
10% and 15% cured for 28 days are shown in Figures 5 and 6, for a glimpse into the structure of the 
hydrated paste samples. In relation to the control, the microstructure appears to be progressively 
less dense or of increased porosity due to reduced formation of C-S-H gel.  
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Fig. 5 - SEM Images for Concrete samples with EPO-FBA (Control) 

It appears that higher EPO-FBA replacement percentage has relatively lighter structure. The 
SEM images of the control samples show a well-developed aggregate–cement paste interface and 
the hydration product C-S-H (Calcium Silicate Hydrate) can be seen as honeycombs structure with 
some surrounding few pores but no crack. On the other hand, the 5% replacement level with EPO-
FBA shared similar characteristics with that of the control sample. The strength forming product of 
hydration C-S-H can be seen surrounding the whole aggregate structure with many pores compared 
to that of 0% replacement. The SEM micrograph for 10% and 15% of EPO-FBA show pores that are 
large and the structure becomes relatively porous, thus less densely-packed. This can be connected 
to the fact that there is reduction in the quantity of strength forming hydration product C-S-H as the 
quantity of EPO-FBA increases. The EDX spectrum of the concrete samples are shown in figure 7.  

 

Fig. 6 - SEM Images for Concrete Samples with EPO-FBA (5, 10, & 15%) 
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Fig. 6 - SEM Images for Concrete Samples with EPO-FBA (5, 10, & 15%) 

 

 

Fig 7 - The EDX Spectrum of Samples with EPO-FBA (0, 5, 10 & 15%) 
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It can be seen that the count of Silicon and Calcium which are the main element responsible 
for the strength forming and bonding of concrete structure declines with increasing EPO-FBA (Table 
5). 

Tab. 5 - The C/S Ratio of Mixes with EPO-FBA 
Mix 

Designation  
Ca (C) Si (S) 𝐶

𝑆
 

M0 55.72 16.18 3.44 

M5 35.58 8.36 4.26 

M10 35.62 7.42 4.80 

M15 35.62 6.28 5.67 

This contributes to the reason why there is decrease in the compressive strength of concrete 
with increasing EPO-FBA. The ratio of silicon and carbon however increased with increase in the 
quantity of EPO-FBA in the mix. According to [26], increasing ratio means increasing pozzolanic 
activities. But this would not be felt until later ages, as can be seen from the result of the compressive 
strength and sorptivity. This is characteristic of SCM, with well-known latent pozzolanic properties.  

CONCLUSIONS AND RECOMMENDATION  

From the analysis of the results of this investigation, the following conclusions can be made: 
1. Partly replacing the cement fraction of concrete mix with empty palm oil fruit bunch ash (EPO-

FBA) led to reduction in compressive strength. However, replacement at 10% of the cement 
by weight will develop strength comparable to the control. 

2. The compressive strengths of concrete samples with EPO-FBA continued to improve with 
curing ages at all the replacement level considered in this investigation. 

3.  Concrete specimens with EPO-FBA developed improved durability characteristics with age. 
4. The microstructure of 28-day concrete specimens with EPO-FBA showed porous 

microstructure, but with latent pozzolanic activities.    

It is obvious from the analysis of the results of this investigation that a relationship exists 
between the compressive strength, durability properties and morphological structures of the 
concrete samples containing EPO-FBA as partial replacement of cement. Although this 
investigation can be considered as preliminary, that the concrete samples have heterogeneous 
microstructure, with the pores (sizes and distribution) playing a significant role in the quality of 
the concrete samples, is not in doubt. For innovative application of EPO-FBA in structural 
concrete, more research works aimed at finding ways to reduce the pores, not only at latter ages, 
but at earlier ages, is necessary. Research works in this area are thus recommended. 
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ABSTRACT 

The box girder joint section of the Yangtze River Highway Bridge is taken as the research 
background, and the finite element software MIDAS/FEA is used to simulate the hydration heat of 
concrete to the layout of cooling water pipe in building mass concrete. The correlation between the 
finite element calculation results and the measured data is more than 0.976, which is in good 
agreement. On this basis, the influence of changing the diameter and distance of the cooling water 
pipe, the inlet temperature and the flow rate on the temperature of hydration heat is studied. The 
results show diameter of the cooling water pipe and inlet temperature have a significant effect on the 
temperature of hydration heat. The change of water flow rate has little effect on the temperature of 
hydration heat. It provides a reference for the layout of the same concrete cooling water pipe 
arrangement. 

KEYWORDS 

Cooling water pipe, Water temperature, Hydration heat, Test, Simulation analysis 

INTRODUCTION 

Concrete is a building material mainly composed of cement and aggregate. In the pouring of 
mass concrete, the internal temperature is much higher than the external temperature, and improper 
treatment after pouring will produce cracks in the later curing and affect the performance [1-3]. The 
commonly used measure to reduce the temperature difference between inside and outside the 
project is to arrange cooling water pipes. Academician Zhu Bofang [4] studied the simplified 
calculation of polyethylene water pipes in dam cooling. Ding Baoying [5] studied the relationship 
between concrete and water pipe temperature difference by combining finite element and break 
mechanics theory. Liu Yaodong [6] studied the influence of different cooling water temperature, flow 
rate and water pipe spacing on the cooling and crack prevention of the cap, taking the concrete 
construction of the Yellow River highway and railway bridge in Zhengzhou as the background. Guo 
Sanyuan [7] determined the appropriate parameters such as the distance, flow rate and cooling 
water pipes for the bridge through finite element analysis of hydration heat of concrete in the cap of 
a continuous rigid frame bridge. Taking Chongqing Zhaiziping Bridge as the engineering 
background, Tang Yang [8] studied the influence of cooling water pipe arrangement, water inlet and 
temperature on the hydration heat of the cap. 

Because of the large volume and serious hydration heat of dam, raft foundation, bridge pier, 
cap and other parts, more scholars have studied these structures. Liu Guangyan [9] put forward the 
late heat release model of fly ash with double E curve, which provides guidance for the late pouring 
of the dam, through monitoring the Shimao Project (under construction). Chen Zhijun [10] used 
ANSYS software to simulate the temperature effect of hydration heat in the construction of 178m tall 
blocks and gained the hydration heat effect different from the ordinary mass concrete, which 
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provided reference for designers and builders. Zhang Yongjian [11] used the finite element software 
MIDAS/CIVIL to simulate the temperature and stress of three auxiliary hole caps of Dongting Lake 
Bridge with different cement types. The measured results were in well agreement with the calculated 
results, and the temperature appreciation and average temperature rise rate during the hydration of 
low-heat cement were significantly reduced. Wang Jianqun [12] settled a rigid frame beam part 
model by using finite element software, studied the law of temperature field and stress field of 
hydration heat of concrete in beam part, and determined the reasonable demolish time of concrete.  

Therefore, this paper takes the concrete pouring construction recording of a Yangtze River 
highway bridge as the background and uses the finite element software MIDAS/FEA to settle a three-
dimensional simulation model to analyze the temperature field variation of concrete hydration heat. 
Through studying the influence of changing the cooling water pipe and the related parameters of 
cooling water on the hydration heat, the most suitable diameter and distance of cooling water pipe 
during concrete pouring and the factors that have great influence on the hydration heat are gained. 
The correctness of the model is verified by comparing with the measured data, which provides a 
reference for the ideal layout of cooling water pipes in the control of hydration heat of the same 
concrete. 

 

BASIC PRINCIPLE 

(1) Transient heat conduction equation 

The essence of calculation of temperature field inside concrete is the solution of heat 
conduction equation under specific boundary conditions and initial conditions. The three-dimensional 
transient heat conduction equation is shown in formula (1) and formula (2) [13-14]: 

2 2 2

2 2 2

T T T T

tx y t






     
    

    
                                             （1） 

        
c





                                                               （2） 

Where,α is the thermal conductivity (m2 /h), λ is the thermal conductivity (W/(m·K)), c is the 
specific heat capacity of the material (J/(kg·°C)), ρ is the material density (kg·m3), θ is the adiabatic 
temperature rise of concrete (°C), T is the time (h). 

(2) Initial conditions and boundary conditions 

The heat conduction equation shows the relationship between temperature of an object and 
time, space, but there are many kinds of situations satisfying the solution of the equation. To 
determine the unique temperature field, the initial conditions and boundary conditions must be 
determined. 

The initial conditions can be divided into two categories: first, the temperature field is a known 
function of coordinates; second, the initial temperature distribution is constant. The research content 
of this paper belongs to the second initial conditions, as shown in formula 3: 

   0
, , ,0 , ,T x y z T x y z const                                            （3） 

The boundary conditions can be divided into three categories: first, the boundary temperature 
of the object is a known temperature; second, the surface heat rate is a known of time; third, when 
the surface of an object is in contact with air, the rate of heat on the surface of the object is 
proportional to the temperature. The content of this paper belongs to the third boundary conditions, 
as shown in formula 4: 

 a

T
T T

n
 


  


                                                     （4） 



 
 

  Article no. 39 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0039 527 

Where,  is the surface heat release coefficient (kJ/(m2·h·°C)), and a
T  is the ambient 

temperature (°C). 

(3) Heat source function 

Heat source function is to simulate the process of adiabatic temperature rise in the process 
of concrete hydration, and its common expressions include exponent, hyperbolic, and so on. The 
exponential formula is used in this paper, as shown in formula 5: 

   0
1

mt
t e                                                     （5） 

Where, 0
  is the maximum value of concrete adiabatic temperature rise (°C), m is a constant 

which is related to cement varieties, casting temperature, and so on. 

 

BACKGROUND 

The main bridge of a Yangtze River Highway Bridge adopts the form of mixed beam, the 
span composition is (70+75+84+818+233.5+124.5) m. The layout of the bridge facade is shown in 
Figure1. In this paper, the concrete in the joint section of the mixed beam is taken as the research 
object. The width of the box girder at this position is 38.90m, the height of the girder at the center is 
3.60m, and the height of the side and side girders is (1.981+1.25) m. The height of the access hole 
is 1.60m, the radius of the chamfered arc is R=0.40m, the diameter of the set in steel pipe is 0.80m, 
and it is 1.25m away from the top surface of the box girder and 0.75m away from the bottom of the 
box girder. 

 

Fig. 1 – Bridge Layout (unit: m) 

The concrete box girder adopts horizontal layering method combined with indirect advancing 
method, and the layering thickness is about 40 ~ 50cm. The order of casting is bottom plate, web 
and roof. The concrete fit of the project is shown in Table 1. The physical and thermal parameters of 
the concrete are shown in Table 2. To reduce the influence of hydration heat, the cooling water pipe 
is arranged to cool the temperature. The cooling water pipe is arranged in three layers from bottom 
to top. The distance between the first layer and the second layer is 100cm, and the distance between 
the second layer and the bottom layer is 120cm. The water inlet is arranged on the riverside, and 
the water outlet is arranged on the bankside. The temperature test points of box girder and the layout 
of cooling water pipes are shown in Figure2. The measuring range of JMT-36C type resistance 
sensor is -20°C to 120°C, and the sensitivity is 0.1°C. It has the advantages of high precision, strong 
stability, and insulation, and can cope with long-term temperature recording and automatic recording 
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on various occasions. The measured data is the resistance value, and the transformation between 
temperature and resistance is shown in formula 6: 

2.273)ln0000048255.0ln003155718.0003132398.0(

1
2




tt RR
T

                     
（6）

 
Where T(unit: ºC) is the temperature value and RT (unit:Ω) is the measured resistance value. 

 

（a）Elevation                                   （b）Plan        

 

（c）Schematic diagram of cooling water pipe layout 

Fig. 2 – Schematic diagram of arranging cooling water pipes and temperature test points in 1/2 
beam section 

Tab. 1 – Concrete batching table (unit: kg/m³) 

Cement 
Gravel (4.75-

9.5mm) 
Gravel (9.5-

19mm) 
Sand Fly ash 

Water 
reducing 

agent 
Water 

372 337 792 724 125 5.97 150 

 

Tab. 2 – Thermal parameters of concrete 

Strength 

（MPa） 

Poisson's 
ratio 

Coefficient of 
linear 

expansion 
(1/°C) 

Bulk density 
(kN/m³) 

Specific heat 
capacity 
kJ/(kN·T) 

Thermal 
conductivity 

kJ/(m·h·T) 

55 0.2 1.00E-05 25 62.9 10 
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FINITE ELEMENT MODEL 

Finite element analysis software MIDAS/FEA is used to settle the three-dimensional model 
and calculation, because the box girder section and boundary conditions are symmetric, so half of 
the model is settled. The model has 12,650 nodes and 30,363 elements. The concrete is simulated 
by hexahedral and wedge elements. The finite element model is shown in Figure 3. 

 

Fig. 3 – Finite element model diagram of box girder 

To verify the accuracy of finite element software MIDAS/FEA in the simulation of hydration 
heat, the calculated values of the model at test point 1 at the top of the roof, test point 3 at the top of 
the roof and test point 8 at the center of the air nozzle are compared with the measured data, and 
the results are shown in Figure 4. Figure5 shows the temperature cloud map of finite element 
calculation at 35h. 
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（a）Test point 1                                 （b）Test point 3 

Fig. 4 – Comparison between FEM and test values of temperature 
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（c）Test point 8     

Fig. 4 – Comparison between FEM and test values of temperature 

 

Fig. 5 – Temperature stress nephogram of box girder at 35h 

It can be seen from Figure 4 that the measured temperature at the top of the roof at the 
central axis is significantly different from the calculated temperature at the temperature rise stage. 
In the concrete pouring, the superstructure of the set in steel pipe is poured in the later period, there 
is a time interval, and the hydration heat is late. Because of the large size of the test point on the 
upper part of the set in steel pipe, the measured temperature rise rate of hydration heat is faster than 
the calculated value, and the peak value of hydration heat is greater than the calculated value. The 
test point at the upper part of the central axis reaches the peak time later than the calculated value, 
because the lower part is first poured and then the upper part is poured, so there is a certain delay 
in time. The outbursts in the measured curves are caused by environmental factors and are 
measured at a time of day when the temperature is high. The cooling rate of the late is slower than 
the calculated value, which is determined by the position of the test points. 

According to the comparison between Figure 4 (a) and Figure 4 (b), the duration of high 
temperature in the center of the roof at the axis is longer than in other parts of the roof. The measured 
data and calculated values at the center of the roof test point 3 fit well in the temperature rise stage. 
Figure 4 (c) shows the measured value curve of test point 8 at the center of the air nozzle fits well 
with the calculated value curve. In the temperature rising stage, the maximum error between 
measured and calculated values is about 3°C. There are several abrupt changes of temperature in 
the time history curve of measured temperature value, which are obviously different from the 
calculated value. This is caused by the influence of external factors such as sunshine, air humidity 
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and wind speed, which are not considered in the calculation. Considering comprehensively, the 
difference between the measured value and the calculated value is within the allowable range, and 
the model can be used for the next stage of parameter analysis. 

 

PARAMETER STUDY 

During the construction, the change of diameter, spacing and flow rate of cooling water pipes 
will lead to the change of temperature field in concrete. To reduce the hydration heat at the maximum 
efficiency and the capital cost at the same time, the relevant parameters of cooling water pipes are 
analyzed. 

(1)  Diameter of cooling water pipe 

The diameter of cooling water pipe decides the area of contact between cold water and 
concrete. To study the diameter of the cooling water pipe when the cooling effect is ideal under the 
condition of changing the diameter of the cooling water pipe, this paper calculates the temperature 
value of the test point when the diameter is 9mm, 15mm, 21mm, 27mm, 33mm, 39mm and 45mm 
respectively. Figure 6 (a) shows the temperature change of test point 1 with different cooling water 
pipe diameters. 

As seen in Figure 6 (a), the temperature variation trend is the same under different cooling 
water pipe diameters. Concrete reaches its peak temperature about 35 hours after casting, and then 
the concrete temperature decreases rapidly at first and then slowly. When the diameter of cooling 
water pipe is 9mm, the maximum instantaneous temperature rise rate of test point is 1.662°C/h, and 
the maximum instantaneous temperature drop rate is 0.293°C/h. When the diameter of cooling water 
pipe is 21mm, the maximum instantaneous temperature rise rate of the test point is 1.616°C/h, and 
the maximum instantaneous temperature drop rate is 0.296°C/h. When the diameter of cooling water 
pipe is 33mm, the maximum instantaneous temperature rise rate of test point is 1.572°C/h, and the 
maximum instantaneous temperature drop rate is 0.294°C/h. When the diameter of cooling water 
pipe is 45mm, the maximum instantaneous temperature rise rate of the test point is 1.530°C/h, and 
the maximum instantaneous temperature drop rate is 0.290°C/h. According to the function fitted by 
the maximum instantaneous temperature drop rate, as shown in formula (7), the diameter of the 
water pipe is 25mm when the maximum instantaneous temperature drop rate is achieved. 

5 25.867 10 0.00281 1.248x x
y e

   


                                              （7） 

(2)  Spacing of cooling water pipes 

The distance between cooling water pipes decides the influence of different water pipes on 
the same concrete. In this paper, the temperature values of test points are calculated when the 
horizontal spacing of water pipes is 0.5m, 1.0m and 1.5m respectively. Figure6 (b) shows the 
temperature change of test point 1 under different horizontal spacing of cooling water pipes. 

According to Figure 6 (b), when the horizontal spacing of cooling water pipes is 0.5m, the 
maximum instantaneous temperature rise rate is 1.571°C/h, and the maximum instantaneous 
temperature drop rate is 0.294°C/h. When the horizontal distance between water pipes is 1.0m, the 
maximum instantaneous temperature rise rate is 1.620°C/h, and the maximum instantaneous 
temperature drop rate is 0.296°C/h. When the horizontal spacing of water pipes is 1.5m, the 
maximum instantaneous temperature rise rate is 1.637°C/h, and the maximum instantaneous 
temperature drop rate is 0.295°C/h. According to the fitting function of the maximum instantaneous 
temperature drop rate, as shown in formula (8), it can be known when the maximum instantaneous 
temperature drop rate is achieved, the horizontal spacing of water pipes is 1.0m. 

0.625
0.29467 0.0015sin

0.75

x
y 

 
   

 
                                         （8） 
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(3) Temperature of inlet water 

Temperature of inlet water is a factor that has a great influence on the cooling effect. This 
paper calculates the temperature values of test points when the water inlet temperature is 5°C, 10°C, 
15°C, 20°C and there is no cooling water pipe. Figure 6 (c) shows the temperature change of test 
point 1 at different water inlet temperatures. 

As seen in Figure 6 (c), when there is no cooling water pipe, concrete reaches its peak 
temperature about 40 hours after casting. When cold water is injected, concrete reaches its peak 
temperature about 5 hours earlier, and the peak temperature decreases by more than 3°C. When 
the water inlet temperature is 5°C, the maximum instantaneous temperature rise rate is 1.538°C/h, 
and the maximum instantaneous temperature drop rate is 0.305°C/h. When the water inlet 
temperature is 15°C, the maximum instantaneous temperature rise rate is 1.590°C/h, and the 
maximum instantaneous temperature drop rate is 0.299°C/h. When there is no cooling water pipe, 
the maximum instantaneous temperature rise rate is 1.698°C/h, and the maximum instantaneous 
temperature drop rate is 0.288°C/h. It can be seen from Fig.6 (c) the change of water inlet 
temperature has a significant influence on the temperature produced by hydration heat. 

(4) Flow rate of water 

In this paper, the temperature values of test points are calculated when the flow rate is 
0.4m³/h, 1.2m³/h, 1.6m³/h, 2.0m³/h, 2.4m³/h, 2.8m³/h, 3.2m³/h. Figure 6 (d) shows the temperature 
change of test point 1 at different water flow rates. 

According to Figure 6 (d), when the flow rate is 0.4m³/h, the maximum instantaneous 
temperature rise rate is 1.614°C/h, and the maximum instantaneous temperature drop rate is 
0.296°C/h. When the flow rate is 1.6m³/h, the maximum instantaneous temperature rise rate is 
1.614°C/h, and the maximum instantaneous temperature drop rate is 0.296°C/h. When the flow rate 
is 2.4m³/h, the maximum instantaneous temperature rise rate is 1.614°C/h, and the maximum 
instantaneous temperature drop rate is 0.296°C/h. When the flow rate is 3.2m³/h, the maximum 
instantaneous temperature rise rate is 1.614°C/h, and the maximum instantaneous temperature drop 
rate is 0.296°C/h. According to Figure 6 (d), the change of water flow rate has little influence on the 
temperature produced by hydration heat. 
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（a）Different diameters of cooling water pipes  （b）Different spacing of cooling water pipes 

Fig. 6 – Temperature changes of test point 1 under different parameters 

 



 
 

  Article no. 39 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0039 533 

0 50 100 150 200
20

25

30

35

40

45

50

55

T
e
m

p
e
ra

tu
re

 (
℃

)

Time (h)

 5

 10

 15

 20

 NO PIPE

 

0 50 100 150 200

25

30

35

40

45

50

55

T
e

m
p

e
ra

tu
re

 (
℃

)

Time (h)

 0.4

 1.2

 1.6

 2.0

 2.4

 2.8

 3.2

 NO PIPE

 

（c）Different temperatures of inlet water            （d）Different flow rates of water 

Fig. 6 – Temperature changes of test point 1 under different parameters 

The influence of different parameters changes on the temperature of measurement point 1 
are compared, as shown in Figure 7. As can be seen from the figure, the change of diameter of the 
water pipe and temperature of inlet water have a great influence on the Temperature, while water 
inlet rate has a small influence. 
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Fig. 7 –Different parameters influence comparison  

CONCLUSION 
In this paper, the cooling water pipe layout and field measurement of the mass concrete in 

the joint section of box girder of a cable-stayed bridge are carried out, and the finite element software 
is used for simulation calculation. The influence of the change of relevant parameters of cooling 
water pipe on the temperature field of concrete is systematically analyzed. The research conclusions 
are as follows: 
(1) Between 30~45h after concrete pouring, the temperature reaches the highest value, and the 
concrete temperature rises sharply first and drops slowly. 
(2) The calculated value of finite element is in well agreement with the field measured data. 
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(3) Among the parameters related to the cooling water pipe, the change of water inlet 
temperature and water pipe diameter has a greater impact on the concrete temperature, while the 
change of water inlet rate has a smaller impact on the temperature. 
(4) When only the diameter of the water pipe is changed, the fitting function can be gained by 
considering the instantaneous temperature drop rate. Based on this, the ideal effect can be gained 
when the diameter of the water pipe is 25mm. 
(5) When only the horizontal spacing of water pipes is changed, the fitting function can be gained 
by considering the instantaneous temperature drop rate. Based on this, the horizontal spacing of 
water pipes is 1.0m. 
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ABSTRACT 

The construction industry includes multiple projects. The management in the construction 
process is an important factor in ensuring construction quality. This paper briefly introduced the 
relevant content of building information modeling (BIM) and the application of BIM combined with 
the genetic algorithm (GA) in optimizing the processing scheme in the cutting process of steel 
structure buildings. A grid-shaped steel shed in Zhengzhou, Henan, was taken as an example to 
compare the traditional scheme, particle swarm optimization (PSO) combined BIM optimization 
scheme, and GA combined BIM optimization scheme. The results showed that the GA combined 
BIM optimization scheme made the best use of raw materials with different specifications and had 
the highest economic benefits because of the highest utilization rate, the least number of processors, 
and the shortest working hours. 

KEYWORDS 

 Building information modeling, Construction management, Genetic algorithm, Layout 
optimization 

INTRODUCTION 

People’s life is inseparable from clothing, food, housing, and transportation. The construction 
industry has always been very important. With the progress of various technologies, the production 
technology of the construction industry has also been improved [1]. However, in any case, the 
construction is a big project. The construction process involves a lot of related industries and 
departments. For example, before construction, it is necessary to do planning for the construction, 
coordinate the cost of building materials, and reduce the cost as much as possible under the premise 
of ensuring the quality; in the construction process, it is necessary to pay attention to the work 
allocation among various departments and the safety management of the construction site; after 
construction, it is necessary to monitor and maintain the building structure [2]. The works mentioned 
above are usually completed by workforce in the traditional method, but the diverse work items affect 
efficiency and consume a lot of workforce. The construction industry is different from the 
conventional industry. There is room for repeated modification of the design scheme in the 
architectural design process, but it will be difficult to modify the design scheme after the construction 
project starts, and the management costs involved will become additional costs [3]. Nowadays, the 
emergence of technologies such as the Internet of things, big data, and artificial intelligence makes 
construction management more intelligent and efficient. Building information modeling (BIM) 
technology is an auxiliary tool for construction management. BIM can establish a three-dimensional 
construction model and quickly count the building information to provide effective information for 
construction personnel. BIM cannot only use the model design scheme but also combine with 
artificial intelligence technology to optimize the project scheme at different stages in the construction 
process [4]. Liu et al. [5] proposed a genetic algorithm (GA) for resource constrained project 
scheduling problems and verified that the algorithm was effective through the simulation experiment. 



 
 

  Article no. 40 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0040 536 

Azadeh et al. [6] introduced a flexible GA-fuzzy regression method to predict future asphalt 
consumption. The experimental results showed that the algorithm was better than the traditional 
method as it had flexibility in the amount and uncertainty of input data and could be easily applied to 
the prediction of other materials and different construction projects. When faced with the resource 
balance problem (RLP) in construction management, Benjaoran et al. [7] proposed a new concept 
of RLP with relationship options and used the GA to optimize the solution. The simulation results 
showed that the model could calculate and arrange project schedules for all selected alternative 
relationship types, reducing resource demand fluctuation and the maximum resource demand level. 
Song et al. [8] studied a BIM-based structural framework optimization and simulation system for 
construction planning and schedule management. With this system, the construction process could 
be dynamically visualized. In addition, when inputting more than one construction schemes into the 
system, its simulation function could compare the advantages and disadvantages of construction 
schemes. In order to analyze the carbon performance of the building life cycle, Eleftheriadis et al. [9] 
established an embedded BIM method by using specific carbon indicators and the results of heuristic 
structural optimization. The experimental results verified that the structural optimization design could 
affect the life cycle of buildings. In this study, BIM and GA were combined to optimize the cutting 
processing scheme of steel structure buildings. Although GA alone can also optimize the cutting 
scheme, detailed building information needs to be collected, and the information cannot directly 
present the structure of the building. Therefore, in the BIM combined GA scheme used in this study, 
the importance of BIM is that BIM can intuitively present the structural information of the building, 
and it can also collect the structural information of the building more quickly and accurately, reducing 
the labour cost. Finally, an instance analysis was carried out by taking a grid-shaped steel shed in 
Zhengzhou city of Henan Province as an example to compare the traditional and BIM optimized 
schemes. The comparison results showed that the BIM and GA optimized scheme was more 
economical. 

 

INTRODUCTION OF BIM 

BIM is an information management platform that integrates different design types by 
specifying the same data specification based on 3D modeling technology. In the actual construction 
process, since BIM contains all the basic information of the construction project, the main units 
participating in the construction can communicate with the basic content of BIM through the Internet 
[10]. 

 
Fig. 1 – The basic framework of BIM 

As a building information management platform, BIM has been widely used in the 
construction field, such as building effect display, construction process simulation, construction 
scheme optimization [11], etc. The basic framework of BIM is shown in Figure 1, divided into the 
data layer, function layer, and application layer [12]. The data layer is the bottom layer of the whole 
BIM framework, and its main function is to provide data support for the data analysis and processing 
of the function layer. The main data type in the framework is the BIM file, which contains related data, 
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such as the geometry, material properties, and Timeliner. BIM is constructed according to BIM files 
and basic information. The content of basic information is determined by the content that BIM needs 
to process. For example, if the safety of building structures is monitored by BIM, then the basic input 
information includes building monitoring information. If the building scheme is planned or optimized 
by BIM, then the input basic information includes various constraints, budget, material allowance, 
etc. 

The function layer is the middle layer of the system, and it is also the key structure layer of 
BIM to realize various construction project management optimization functions. The data analysis 
and processing module is the main component to realize the above functions. It calls the BIM model 
and basic information data in the data layer and then processes the data called. The algorithm used 
in the analysis and processing will change according to the application project of BIM. 

The application layer is the top layer of the system, through which users can interact with the 
system. The application layer is divided into the result display module and model browsing module. 
The result display module displays the target result of BIM by calling the data of the data analysis 
and processing module in the function layer. The model browsing module uses NavisWorks and API 
encapsulation functions to visualize the BIM model, calls the data of the result display module, and 
marks the relevant processing information in the visualized BIM model. In this module, users can 
access the images of different positions in the BIM model and corresponding information [13]. 

 

APPLICATION OF ARTIFICIAL INTELLIGENCE IN BIM 

The construction industry is an industry with many divisions of labour. There are many 
departments or projects in the construction industry. In project implementation, although the division 
of labour and cooperation can improve efficiency, it is easy to form an "information island" between 
various implementation projects, which will reduce the construction efficiency and the quality of 
construction. The emergence of BIM makes labour division have a referable standard building model 
information [14]. There are many kinds of construction projects, and different projects adopt different 
strategies when using BIM for management. Limited by the length of the paper, it is impossible to 
cover all aspects. Therefore, this paper mainly focuses on "artificial intelligence + BIM" for 
construction material cutting in construction management. 

In recent years, the application of steel structure building is more and more extensive. 
Compared with the traditional concrete building, the steel structure building is relatively simple in the 
main structure construction. It does not need the operation of concrete mixing, steel bar erection, 
and bricklaying but only needs to connect and build the steel after processing. In the construction 
management of steel structure buildings, the optimization of the processing scheme for building 
materials (mainly steel) is also a kind of construction management. The traditional building materials 
processing scheme is to process as many raw materials as needed and to cut bars at will, which will 
produce a lot of surplus materials and waste. After using BIM, facing the cutting scheme of steel bars 
in steel structure building, firstly, according to the building scheme (including steel structure building 
information, such as the number and type of steel structure bar frame, welding ball joint connection, 
and bar welding), a three-dimensional model consistent with that after the completion of construction 
is rapidly generated [15], and then the material information of bars and parts required for the 
construction of steel structure buildings are input through BIM. The material information with the 
specified format can facilitate the staff in the workshop and construction site to find and process the 
bar and be used to quickly optimize the scheme of processing raw material to obtain bars [16]. 

When the processing scheme of raw materials in construction management is optimized by 
BIM, the data processing and analysis module in the functional layer will be applied. The optimization 
of processing schemes by BIM is usually carried out by artificial intelligence, and the GA and particle 
swarm optimization (PSO) algorithm are commonly used. In this paper, the scheme is optimized by 
a GA. GA is an imitation of the rule of survival of the fittest in nature. The optimization principle of 
GA for the problem to be optimized is as follows. The factors that can affect the solution of the 
problem to be optimized are regarded as gene fragments of chromosomes, and a chromosome is 
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the factor set of a solution. Different chromosomes are generated in a random way. Through 
crossover and mutation, the chromosomes are iterated. Chromosomes are screened using the 
adaptive function that can reflect the excellent degree of chromosomes, making the population 
composed of chromosomes evolve in a better direction. Finally, the optimal chromosome is selected 
from the optimal population as the final scheme of the problem to be solved. 

 
Fig. 2 – The optimization flow of the processing of steel structure building materials based on BIM 

combined with GA 

Conventionally, steel structure bars are usually randomly taken from the raw materials before 
processing. For example, there are several five-meter long steel bars, and five four-meter long steel 
bars are needed in the construction project. In the traditional scheme, five steel bars are often taken 
for cutting for convenience, and the five one-meter long steel bars left will be wasted. However, if it 
is adjusted to the weldable form, only four five-meter long steel bars are needed, and there is no 
waste. Figure 2 shows the optimization flow of BIM combined with a GA to process steel structure 
building materials. 

①  Firstly, the BIM model of the steel structure building is established rapidly according to the 
design scheme. The design information includes project name, workpiece number, workpiece 
internal force, workpiece specification, node number, node coordinates, etc., which will be imported 
into BIM software in the form of “*. log”. BIM software establishes the spatial coordinates of steel 
structure nodes by reading the “*. log” file and determines the relative position of bars in space 
according to the connection information of bars and nodes and the geometric parameters of bars. 
Due to a large number of bars and nodes in steel structure buildings and the complex modeling, the 
collision of bars cannot be predicted directly by simple space parameters. If bars are installed directly 
according to the design parameters, once the bars overlap, the construction process will be seriously 
affected. Therefore, after the preliminary construction of a BIM model, it is necessary to adjust using 
the Boolean operation, and the bar list will be generated and exported after the adjustment. 

②  According to the given material information, individuals in the population in the genetic 

algorithm are coded. Chromosome coding was used in the steel bar processing scheme using JI ×  

character encoding [17]. I  refers to the serial number of steel component to be processed, and J  
refers to the serial number of steel used for manufacturing components. For example, 

JI BBBBAAAA  ,,,,,,, 321321  refers to processing IAA ~1  components on IBB ~1  materials in order. 
Genetic loci such as IA  and JB  contain the basic information of component and raw material, 

respectively. The genetic loci of components include the project name, serial number, specification, 
material, length, node name, and internal force of components. The genetic loci of raw materials 
include the project name, serial number, specification, material, length, processing sequence 
number, and whether there is surplus material. The genetic locus information of the above 
components and raw materials comes from the building material information obtained after 
establishing BIM. 

③  Population chromosomes are initialized. The function of population initialization in this paper 
is to provide various steel bar material processing schemes. The initialization method is as follows. 
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Firstly, according to the information of steel bars and raw materials given by BIM, they are sorted 
according to the length, from large to small, and given the initial codes. Then, two genetic loci are 
randomly selected in the component coding area to exchange. The raw material coding area is in 
the same way. The population initialization finishes after multiple times of random exchanges [18]. 

④  The fitness of chromosomes (processing scheme) in the population is calculated, but 
chromosomes in the population cannot be directly used for the fitness calculation. Before fitness 
calculation, it is necessary to decode the chromosome according to the set layout strategy [19] (i.e., 
the cutting rules to be followed when raw materials are used to manufacture steel bars). The fitness 
is calculated according to the decoded scheme. The calculation formula is: 





m

h

hh

n

i

ii LCLCf
11

   (1) 

where f  is the bar production cost under the individual chromosome scheme, iC  is the value of 

residual waste after raw material cutting, which depends on the specification and type of raw 
materials, hC  is the welding cost of a single welding line of steel bars, which depends on the 

specification and type of bar to be welded, and iL  and hL  are the residual length of the i-th raw 

material and the length of the h-th welding line respectively. The fitness calculation formula is the 
objective function of the layout optimization problem, and the ultimate goal is to minimize it. The 
layout strategy is the limiting condition, including: (1) only one welding seam is allowed for bars; (2) 
the number of bars with welding seams cannot exceed 20% of the total number of bars; (3) the bars 
connected by nodes cannot all be bars with welding seams; (4) the length of bars to be welded 
should be at least 300 mm. The above restricted conditions are converted to mathematical version, 
as follows. 

Condition ①: whether it is a draw bar is determined according to the numerical value of the 
internal force of bar iA  in the generated chromosome coding. If the numerical value of the internal 

force is positive, then it is a draw bar, and welding seams are not allowed; if it is  negative, then it is 
a compression bar or bending bar, and only one welding seam is allowed. If meet seams then jump 

to the next raw material 1iB . 
Condition ②: when Is 2.0>  ( s  is the total number of bars with welding seams, and I  is the 

total number of bars), according to the number of welding seams on the bar at the node of the steel 
structure building, the bars are sorted in order. If meet bars with welding seams at the node then 
jump to the next bar during layout. 

Condition ③: the number of bars with welding seams at the node where bar 
iA  is located is 

recorded. If the number exceeds 20% of the total number of bars at the node, then jump to the next 
raw material during layout. 

Condition ④: when mmLL
ij AB 300 , the layout of 1iA  needs to be conducted on 1jB . 

⑤  Genetic operations, including selection, crossover and mutation, are carried out on 
chromosomes in the population. The single-point crossover is used in both the component coding 
region and the raw material coding region of chromosomes. As shown in Figure 3, two chromosomes 
are randomly selected, and a crossover position is randomly selected (the intersection position of 
two chromosomes is the same). The coding sequence before the position keeps the same. After 
being added to the region to be exchanged, it is also regarded as the region to be exchanged, and 
then the genetic codes of the regions to be exchanged of the two chromosomes are exchanged. 
Finally, the same genetic codes in the exchange region and the non-exchange region are removed. 

Mutation operation adopted the single-point position exchange. One chromosome is 
randomly selected, and then two positions are randomly selected in the component coding region to 
exchange genetic code. The treatment for the material coding region is the same. To enhance the 
convergence of the algorithm, the “excellent chromosome reservation” strategy is implemented for 
both operations. Before crossover and mutation, the best and worst chromosomes are selected from 
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the parent chromosome. Suppose the optimal chromosome is selected for crossover or mutation. In 
that case, the excellence of the filial generation is compared with that of the parental generation, and 
the more excellent one is reserved. The worst chromosome must be crossed or mutated and 
replaced by the filial generation, and the other chromosomes were crossed or mutated according to 
conventional crossover and mutation operations. 

 
Fig. 3 – The flow of single-point crossover operation 

⑥  Whether the algorithm terminates is determined. The termination conditions include the 
maximum number of iterations and population fitness convergence. If the termination condition is 
satisfied, the optimal solution is output and decoded according to the layout strategy. If the 
termination condition is not reached, it returns to step ④. 

 

CASE ANALYSIS 

Case overview 

The construction management subject for case analysis in this study is a grid-shaped steel 
shed in Zhengzhou City, Henan, China, and its structure diagram is shown in Figure 4. The whole 
steel shed is composed of steel. The grid structure is adopted to ensure the strength of the roof. The 
grid structure which can be assembled and welded can reduce the construction difficulty. The 
distance between the supporting columns is 10 m, the height and diameter of the columns is 5 m, 
and the height of the roof is 1.5 m. To ensure the stability of the roof, the double-layer structure is 
adopted, and the staggered steel pipe structure is used between the upper and lower layers, and 
stable triangles are formed between the steel pipes. The diameter of the staggered steel pipe is 0.11 
m. The diameter of vertical steel pipes used for supporting the roof on the roof beams and beams is 
0.09 m. After modelling the steel shed with BIM, it was found that 535 steel joints and 3845 steel 
bars were needed in the construction process. The BIM software used in this study was Navisworks, 
and the GA needed by the layout scheme optimization was written in the VB language. 
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Fig. 4 – The structural diagram of the grid-shaped steel shed 

Experimental setup 

During the construction of the grid-shaped steel shed, it is an important construction 
management project to count the specification and number of steel bars and raw materials required 
for construction. In this construction management project, the scheme optimization of processing 
raw materials into steel bars was also included. Table 1 shows the basic parameters of steel 
members and raw materials required in the construction process of grid-shaped steel shed. It was 
seen from Table 1 that there were four specifications of steel bars, and the quantity required for each 
specification is described in Table 1. The basic specifications of raw materials used for making steel 
bars were also consistent with those of steel bars. Q235 steel was used as the material of steel bars 
[20]. The length of the bar was smaller than that of the raw material in Table 1. 

Tab. 1 - Basic parameters of steel bars and raw materials needed in the construction of the grid-
shaped steel shed 

  Specification/mm Number Material Length/mm 

Steel bar 

6180
 986 

Q235 

1200~4300 

4130
 887 100~4500 

4110
 1011 1100~4800 

390
 961 1000~4300 

Raw material 

6180
 15 8000~12000 

4130
 10 7000~10000 

4110
 12 6000~11000 

390
 10 5000~9000 

In this study, the processing scheme of raw materials was optimized by the genetic algorithm. 
The parameters of the genetic algorithm are set as follows: population size: 70; maximum times of 
iteration: 500; crossover probability: 0.8; mutation probability: 0.2. When the genetic algorithm was 
used for optimization, the layout strategy adopted followed the following principles: 1) if welding was 
required for steel bars during manufacturing, only one weld was allowed; 2) steel bars without 
welding joints shall not be less than 80% of the total quantity; 3) at least one bar connected to any 
node had no weld; 4) the length of the bar to be welded shall not be less than 300 mm. 

In addition to the GA, this study also used the PSO algorithm for comparison. In the PSO 
algorithm, the size of the population was 70, the maximum number of iterations was set as 500, two 
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learning factors were both set as 1.5, and the inertia weight was set as 0.8. The coding and decoding 
modes of the population particles in the PSO algorithm were the same as the GA. 

Experimental results 

In the construction process of the grid-shaped steel shed, when using raw materials to make 
steel bars, it was necessary to select the corresponding specifications of raw materials according to 
the specifications of the bars. Therefore, in the design of the optimal scheme, the overall optimal 
result could be obtained as long as the optimal schemes under different specimens were considered. 
The utilization rate of raw materials in the traditional scheme and the scheme of BIM combined with 
the genetic algorithm is shown in Table 2 and Figure 5. It was seen from Table 2 that the utilization 
rate of the traditional scheme, the PSO combined BIM optimization scheme, and the GA combined 
BIM optimization scheme was 92.3%, 94.5%, and 99.7% under the specification of 6180 , 93.1% , 

95.1%, and  99.6% under the specification of 4130 , 92.1%, 94.6%, and 99.5% under the 

specification of 4110 , and 91.4%, 94.8%, and 99.4% under the specification of 390 . The overall 

utilization rate of the traditional scheme, the PSO combined BIM optimization scheme, and the GA 
combined BIM optimization scheme was 92.2%, 94.7%, and 99.6%, respectively. Figure 5 clearly 
shows that no matter what the specification was, the GA combined BIM optimization scheme had 
the highest utilization rate. 

Tab. 2 - Utilization rates of raw materials in the traditional scheme and BIM optimized schemes 

Material 
specification/mm 

Traditional scheme PSO combined BIM 
optimization scheme 

GA combined BIM 
optimization scheme 

6180
 92.3% 94.5% 99.7% 

4130
 93.1% 95.1% 99.6% 

4110
 92.1% 94.6% 95.5% 

390
 91.4% 94.8% 99.4% 

 
Fig. 5 – The utilization rate of raw materials with different specifications under the traditional 

scheme and the BIM optimization scheme 

The economic comparison between the BIM optimized processing schemes and the 
traditional scheme is shown in Table 2, which indicates the total amount, unit price, and utilization 
rate of processing materials, construction drawing design, numerical control programming, and 
processing labour costs. The total amount of materials and unit price came from the pre-designed 
construction scheme. The salary of staff referred to the average salary of relevant works. The 
number of project participators in the traditional scheme referred to the number of participators 
originally involved in the construction project. The number of participators in the optimization 
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schemes referred to the case study of the project. As the GA combined BIM optimization scheme 
had a higher utilization rate for materials, the waste was less; the reduced part was the saved cost, 
49950 yuan. In the traditional scheme, more people were needed to design the plane drawing, and 
communication between people was also needed to avoid the description error of the same 
component in different drawings. In the BIM optimization schemes, the standard model could be 
obtained by inputting relevant data, and the description on the same component was more consistent, 
which saved the communication time; thus, the workforce and time consumption was less, and 
27300 yuan was saved for the design of the construction drawing. In the traditional scheme, the 
numerical control programmers needed to write the control program of the processing instrument 
according to the drawing, while the BIM optimization schemes only needed to transform relevant 
data into the unified format that the numerical control instrument could recognize, which greatly 
reduced the workforce and time consumption and saved a numerical control programming cost of 
3640 yuan. In the traditional scheme, the cutting and welding of materials were fresh, which did not 
take the waste and the reduction of welding work amount into account, while the BIM optimization 
schemes reduced the number of materials that needed to be cut and welded, which reduced the 
processing time and the number of workers and saved a cost of 15000 yuan. The GA combined BIM 
optimization scheme saved 95890 yuan and 30 days compared to the traditional scheme. The 
comparison between the PSO combined BIM optimization scheme and the traditional scheme is also 
shown in Table 3. The utilization rate of raw materials of the PSO combined BIM optimization scheme 
was 94.8%, and it saved 17500 yuan compared to the traditional scheme. The labour cost of the 
PSO combined BIM optimization scheme was consistent with that of the GA combined BIM 
optimization scheme. Although there was a difference in time between the two schemes because of 
the complex design of the steel structure, the difference was insignificant compared to the whole 
construction period. The labour cost of the above two schemes was lower than that of the traditional 
layout scheme, which was because BIM was used as an auxiliary. Finally, it was seen from Table 3 
that the final cost saving of the GA combined BIM optimization scheme was more excellent than the 
PSO combined BIM optimization scheme.  
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Tab. 3:- Comparison of economic benefits between schemes 

 Traditi
onal 

schem
e 

PSO + 
BIM 

optimi
zation 
schem

e 

GA + 
BIM 

optimiz
ation 

schem
e 

The 
saved 
cost of 

the 
PSO + 

BIM 
optimiz
ation 

schem
e/yuan 

The 
saved 
cost of 
the GA 
+ BIM 
optimiz
ation 

schem
e/yuan 

The 
total 

saved 
cost of 

the 
PSO + 

BIM 
optimiz
ation 

schem
e/yuan 

The 
total 

saved 
cost of 
the GA 
+ BIM 

optimiza
tion 

scheme/
yuan 

The total 
saved 

constructi
on time of 
the PSO + 

BIM 
optimizati

on 
scheme/d

ay 

The total 
saved 

constructi
on time of 
the GA + 

BIM 
optimizati

on 
scheme/d

ay 

The utilization 
rate of 

materials/% 

92.2% 94.8% 99.6% 17500 49950 63440 95890 30 30 

The total 
amount of 
materials/t 

150 

Material unit 
price (yuan/t) 

4500 

Number of 
people 

designing the 
construction 
drawing/n 

10 3 3 27300 27300 

Design time of 
construction 
drawing/time  

15 2 2 

Salary of 
construction 

drawing 
designer 

(yuan/day) 

300 

Time of 
numerical 

control 
programming/

day 

8 1 1 3640 3640 

Number of 
numerical 

control 
programmers/

n 

4 2 2 

Salary of 
numerical 

control 
programmer 
(yuan/day) 

260 

Processing 
time/day 

10 10 10 15000 15000 

Number of 
processors/n 

12 6 6 

Salary of 
processor 
(yuan/day) 

250 
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CONCLUSION 

This paper briefly introduced the relevant content of BIM and the application of BIM combined 
with the genetic algorithm in optimizing the processing scheme in the cutting process of steel 
structure buildings. Finally, taking a grid-shaped steel shed in Zhengzhou, Henan, China, as an 
example, the study compared the traditional scheme, the PSO combined BIM optimization scheme, 
and the GA combined BIM optimization scheme. The results are as follows: (1) the construction of 
the grid-shaped steel shed needed four specifications of steel bars, including 6180 , 4130 , 

4110 , and 390 , and no matter which specification was, the GA combined BIM optimization 

scheme had the highest utilization rate of raw materials; (2) in terms of economic benefits, the GA 
combined BIM optimization scheme saved 9589 yuan and 30 days compared with the traditional 
scheme, which was more excellent than the PSO combined BIM optimization scheme. One of the 
limitations of this paper is that it only studied one artificial intelligence algorithm, i.e., the GA. Although 
the GA was compared with the PSO algorithm, research on the combination of BIM and intelligent 
algorithms was seldom. The other limitation is that the application of BIM combined with artificial 
intelligence in construction management was only applied to steel structure buildings. The future 
research direction is to combine more intelligent algorithms with BIM and expand its application in 
construction management to more kinds of buildings. 
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ABSTRACT 

This research investigated the capability of machine learning approaches using computer 
programming to evaluate the fundamental time period (FTP) of precast concrete structures. A data 
set consisting of 288 models with configuration including shear wall and beam-column frame were 
used in the present study. The 288 models were analysed using Etabs software and Rstudio.  
Input parameters for the present study consisted of the height of the building, number of bays, 
length and breadth of the building, cracked or uncracked section, number of storeys and frame 
type on the FTP of precast concrete structures. Out of the 288 models, 108 arbitrary selected 
models were used for testing and the remaining 180 models were used for training. Linear (LRF), 
polynomial (PLF) and radial basis (RBF) kernel functions were used for machine learning approach 
i.e support vector machines (SVM) and gaussian process (GPR). A correlation coefficient of 
0.9832 was achieved by linear function-based support vector machines (SVM-LRF) as compared 
to 0.9284  by gaussian process regression, indicating that SVM-LRF has improved efficiency in 
predicting the FTP. The accuracy of the machine learning approaches was verified through 
comparison with the available equations to evaluate the FTP in literature.   

KEYWORDS 

Fundamental time period, Precast concrete, Machine learning, Support vector machines, 

Gaussian process  

INTRODUCTION 

A pre-cast concrete structure is a complex assembly of the shear wall, beams, column, 
slab, vertical and horizontal connections. The FTP is a crucial variable for the analysis of precast 
concrete structures. The majority of proposal available in the literature are based on codal 
equations which do not take into consideration the cracking of members, storey height variation 
and material property. This leads to a change in the FTP of a building. 

Apart from the height, the two-elements on which the FTP of precast concrete structures rely 
on are the distribution of mass and stiffness. Thus, any component with rigidity/mass or perhaps 
both has an impact on the FTP of a pre-cast concrete structure. Mostly due to earthquake amplitude 
and location of dynamic forces there is a considerable variability with respect to time that causing 
significant inertia effects on buildings. Under the dynamic characteristics of a building, a building 
behaves under the influence of dynamic forces which is controlled by its mass and stiffness 
properties. Furthermore, the sturdiness along with deformability of constituent members are the 
factors affecting the performance of a building. 



 
 

  Article no. 41 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

  DOI 10.14311/CEJ.2021.02.0041     548 

With ever-evolving technology and with high-speed precision computers, the FTP of the 
structure can be analysed either by an exact eigenvalue analysis or by a logical approach. 
However, during an earthquake, the codal guidelines offer imperial equation based on the 
inspection of the FTP of original structures. However, the codal equation is used to determine the 
dissimilarities in the FTP of structures. Codes and research work provide various formulae and 
results. In many cases, the analytical approaches and formulae depend on one parameter, i.e 
height of the building. Probably the most typical expression for the computation of the FTP is [2]: 

𝑇 = 𝐶𝑡. ℎ3/4               (1) 

where, h is the height and Ct is the coefficient, which is determined by the typology of a structure. 
Equation 1 was first adopted in 1978 by the ATC [2] for RC frames. The Ct coefficient was 
determined based on the measurement of the fundamental time period during the San Fernando 
earthquake (1971). A regression analysis of the data gives a Ct value of 0.075. IS 1893[20], 
Eurocode 8[14] and UBC [28] adopt a similar expression assigning the different value of Ct. 

The UBC proposed formulation has been updated in FEMA-450 [17] based on the research 
carried out by Goel and Chopra [18]. On the basis of the data presented by Goel and Chopra [18], 
FEMA proposed an expression: 

𝑇 =  𝐶𝑟 𝐻𝑛
𝑥               (2) 

where Hn is the height, Cr is 0.0466 and x is 0.9. 
Numerous investigators have suggested expression for FTP of RC frame structures based 

on the height of the structure (Table 1). Crowley and Pinho [11] proposed an equation for the 
fundamental time period based on displacement design. Various old buildings were analysed in 
accordance with previous codes. Crowley and Pinho [12] in 2006 studied the elastic period of 
various RC frame building and proposed a simplified expression for the fundamental time period 
using eigenvalue analysis. The analytical results depicted that the presence of shear walls and 
partition walls reduces the fundamental time period of a building. Guler et al. [19] proposed an 
equation for the fundamental period of vibration derived from elastic numerical analysis.  Asteris et 
al. [3]  in 2015 studied the parameters affecting the fundamental period of frame structures that 
include the numbers of span, infill wall panels, location of soft storey and soil structure interaction. 
Asteris et al. [5] in 2016 proposed a equation using  statistical regression for fundamental period. 
Again in 2016, Asteris et al. [4]  predicted the fundamental time period using artificial neural 
networks using two hidden layer back propogation neural network (BPNN). The results showed 
that the BPNN model was accurate and reliable. In 2019, Asteris et al.[7] predicted the 
fundamental period using metaheuristic algorithm based neural network. They used artificial bee 
colony algorithm for the optimization of neural network. The results show that the ABC algorithm 
was a powerful tool for optimization. 

The lack of dependable and robust  computer programming modelling for predicting the 
fundamental time period of precast concrete systems can be attributed to an ‘n’ numbers of input 
parameters affecting the behaviour of the structure. The available literature depict variation 
[5,6,9,11] in predicting the fundamental time period. As the deterministic techniques did not provide 
reliable estimates of output parameters as visible from the literature from last two decades, 
machine learning techniques such as SVM, ANN have significantly gained populairity and helped 
in the estimation of various output parameters. Pal and Deswal [20] used SVR on deep beams to 
predict the shear strength. Omran et al. [1] used SVM and GP to predict the compressive strength 
of concrete. Asteris et al.[7] used artificial bee colony algorithm for the optimization of neural 
network for predicting the fundamental period. In the present study, computer programming based 
on Rstudio [25] was developed for SVM and GP regression modelling to predict the FTP of precast 
building.  
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Support Vector Machines 

Support Vector machines (SVM) is out of the box classifier used for non linear class 
boundaries. SVM is an extension of support vector classifier which uses kernels to create non 
linear boundaries.  Support vector classifier is a soft margin classifier. 

 
Tab. 1 - Fundamental time period equation for various codes and research 

Fundamental time period Expression  Code/Author 

T = 0.09 h / D0.5 IS 1893:2016 

T = 0.075 h0.75 EC 8 

T = 0.01 N NBCC 2005 

T = 0.075 h0.75 UBC 97 

T = 0.053 h0.9 Goel and Chopra [17] 

T = 0.1 h Crowley and Pinho [10] 

T = 0.055 h Crowley and Pinho [11] 

T = 0.026 h0.9 Guler et al. [18] 

 

Vapnik in 1995 proposed 𝜀 SVR by applying a 𝜀 - insensitive loss function [29] which allows 
the problem to be solved using the concept of margin. For training data with k number of models 
defined as {xi, yi}, i = 1, ……, k, where xi is input vector and yi is the target value, a linear decision 
function can be given by: 

𝑓(𝑥) = (𝑤, 𝑥) + 𝑏                 (3) 
where vector w regulates the direction of a perceptive plane, while scalar b regulates the offset of 
the perceptive plane from the origin. A miniature value of w designates the flatness of Eq (3), which 

can be attained by reducing the Euclidean norm defined by ‖𝑤‖2. Consequently, a problem of 
regression was written for optimisation. 

Minimise    
1

2
‖𝑤‖2                 (4) 

Subject to {
𝑦𝑖 − (𝑤, 𝑥𝑖) − 𝑏 ≤ 𝜀
(𝑤, 𝑥𝑖) + 𝑏 − 𝑦𝑖  ≤  𝜀

 

The problem in Eq. (3) can be expressed in the form of: 

𝑓 (𝑥) =  ∑ (𝜆′
𝑖 − 𝜆𝑖)(𝑥𝑖. 𝑥) + 𝑏𝑘

𝑖=1                (5) 

The approach analysed above can be expanded to allow for non-linear support regression by 
introducing the concept of the kernel function [30]. 

Support vector machines function in Eq. (5) are now written as: 

𝑓 (𝑥) =  ∑ (𝜆′
𝑖 − 𝜆𝑖)𝑲(𝒙𝒊. 𝒙𝒋) + 𝑏𝑘

𝑖=1                (6) 

Where: 

𝑲(𝒙𝒊. 𝒙) ≡  𝚽 (𝒙𝒊). 𝚽 (𝒙𝒋)                (7) 

This relation is known as kernel function since 𝚽 (𝒙) cannot be mapped in the featured space. 
Support vector machines function in Eq. (5) are now optimised as: 

𝑓 (𝑥) =  ∑ (𝜆′
𝑖 − 𝜆𝑖)𝑲(𝒙𝒊. 𝒙) + 𝑏𝑘

𝑖=1                (8) 

In the optimization problem, the functions used are for the computational price of working 
with a higher-dimensional space alternative. A reference “ Nature of statistical learning theory” [30] 
is made for an extensive analysis of SVM and gaussian process regression has been described in 
detail in a journal article “gaussian process regression” [8].              
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METHODOLOGY AND DATABASE 

Descriptions of analytical models 

In the present research, the 288 models of the pre-cast building were analysed with 

different Ground floor height, material property, the number of bays and section cracking were 

considered (table 2). The preferred input parameters were fed in the machine learning model that 

include the building height, building length, building width, number of bays, number of storeys, type 

of sections and type of frames. 

 

Fig. 1 - Typical Plan & 3D view of a computer model of 6 storey building 

  To assess the impact of input parameters on the FTP of structures, 288 number of computer 

models were prepared. The storey height was assumed as 3 m for all storeys and for some models 

4 m storey height was considered for the ground floor. The dimensions of slabs were 4 m x 3 m x 

0.15 m, 4 m x 4 m x 0.15 m and cross-section of shear walls were 3 m x 0.15 m, 4 m x 0.15 m and 

4 m x 0.20 m.  The dimensions of the longitudinal and transverse beams were 450 mm deep and 

300 mm wide. The size of the columns adopted was 300 mm wide and 600 mm deep.  A live load 

of 3 kN/m2 and SDL of 1 kN/m2 was considered for analysis. M30/M40 grade concrete and also Fe 

500 grade steel was utilised for design. The structure was modelled and analysed in ETABS 2015 

[13] software. The ETABS software was used to analyse the burj khalifa [32]. Hence, the ETABS 

software is a reliable tool  to be used for structural analysis and design. Seismic analysis is 

performed using the equivalent static and dynamic method given in IS 1893:2016. The plan and 3D 

modelling of the typical 6 storey structure are shown in Figure 1. To explore the outcome of each 

input parameters on the FTP of structure, a sensitivity analysis was also carried out. 

PERFORMANCE AND ANALYSIS OF SVM AND GPR 

Out of a total of 288 models, 67 per cent of the arbitrarily split data have been utilized in 

training data set using Rstudio [25]. In the current research, 180 randomly split data were used as 

training data set and 108 random samples were utilized as testing data. Input variable was the 
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building height, building length, building width, number of bays, number of storeys, type of sections 

and type of frames for both SVM and GPR. The summary of training and testing data is provided in 

table 3 with different analytical approaches. 

In SVM and GPR, various kernel functions are used for regression. Linear kernel, RBF 

kernel and polynomial kernel function have positive performance as suggested by numerous 

studies. In the present study, three kernel functions were considered - LRF (𝐾(𝑥, 𝑥′ ) = (𝑥. 𝑥′), 

PLF (𝐾(𝑥, 𝑥′) = ((𝑥. 𝑥′) + 1)
𝑑
) and RBF (𝐾(𝑥, 𝑥′) =  𝑒−𝛾|𝑥−𝑥′|2

), where d and 𝛾 are the hyper tuning 

parameters of PLF and RBF respectively. Size of error-insensitive zone 𝜀 and regularisation 

parameter C (Cost) optimum value and setting up of kernel function where required. Noise 

parameter is required in GPR and a trial-and-error was carried out to find the optimum value. 

To select optimum values of hyper tuning parameters of SVM and GPR, a number of trails 

were conducted and grid search was performed. The hyper tuning parameter for SVM and GPR is 

given in Table 4 for which the data is working well. LRF, PLF and RBF with same hyper tuning 

parameters were used in the regression. The performance of regression approaches and their 

function was verified by correlation coefficient (CC) and root mean square error (RMSE). 

Tab. 2 - Building input parameters 

Model Parameters Parameters Values 

Base Model 

No of storeys (Ns) 3 m,6 m,9 m,12 m,15 m,18 m 

No of bays (Nb) 2 bay,3 bay,4 bay,5 bay 

Frame Type (Ft) Shear wall with and without opening 

Building Length (L) 8 m,12 m,16 m,20 m 

Building Breadth (B) 8 m,12 m,16 m,20 m,3 m,6 m,         9 
m,12 m 

Building Height (H) 9 m, 18 m, 27 m, 36 m, 45 m, 54 m,  

Section Cracking (Sc) Uncracked and Cracked 

Column Size  300 mm x 600 mm 

Beam Size 300 mm x 450 mm 

Shear Wall thickness  200 mm and 150 mm 

Concrete Grade M 40 

Base Model with 
ground floor height 
changed 

Building Height changed 10 m, 19 m, 28 m, 37 m, 46m, 55 m 

Base Model with 
concrete grade 
changed 

Concrete Grade M 30 

Tab. 3 - Summary of the training and testing data 

Input 
parameters 

Training Data  Testing Data  

Min. Max. Mean Median SDV Min. Max. Mean Median SDV 

No of 
storeys  

3 18 10.8 12 5.12 3 18 10 9 5.12 

No of bays 2 5 3.26 3 1.12 2 5 3.89 4 0.99 

Frame Type 0 1 0.5 0.5 0.50 0 1 0.5 0.5 0.50 

Building 
Length 

8 20 13.07 12 4.51 8 20 15.56 16 3.99 

Building 
Breadth 

6 20 11.43 12 4.31 6 20 13.61 13.5 4.03 

Building 
Height 

9 55 32.73 36 15.39 9 55 30.33 28 15.37 

Section 
Cracking 

0 1 0.5 0.5 0.50 0 1 0.5 0.5 0.50 
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Tab. 4 - Hyper tuning parameters used in SVM and GP 

Machine 
learning 
Function 

LRF RBF PLF 

SVM Cost =20 Cost =20, Sigma = 0.1 Cost = 20, Degree = 1 

GPR Initial Noise = 1 Initial Noise = 1, Sigma = 0.1 Initial Noise = 1, 
Degree= 1 

RESULTS AND DISCUSSION 

Figure 2 and Figure 3 provide the plot between the actual and predicted fundamental time 

period by LRF, PLF as well as RBF according to GPR and SVM utilizing test data set. Outcomes 

from both SVM and GPR are within line with analysis. The optimum value of cost =20 for SVM and 

intitail noise=1 for GPR, a hyper-parameter was obtained by trial-and-error method. Table 5 

suggests that the SVM linear kernel function perform much better compared to any kernel function 

in both SVM and GPR. SVM linear kernel function has a correlation coefficient of 0.9832 and 

RMSE of 0.0530 seconds in comparison to GPR linear kernel function which has a correlation 

coefficient of 0.9284 and RMSE of 0.1084 seconds.  A graph between fundamental time period 

obtained from analysis and predicted fundamental time period by SVM and GPR versus the 

number of test data on the x-axis was plotted; from this plotted graph, the SVM linear kernel 

function predicted value is in close immediacy of fundamental time period obtained from the 

analysis. As linear kernel function works well with both modelling techniques, another line chart 

between 108 test samples and fundamental time period is plotted (Figure 4) to check whether the 

SVM linear kernel function works well in predicting the time period. 

Tab. 5 - Evaluation of SVM and GP performance on training and testing data 

Machine 
Learning 
Technique 

Training Data Testing Data 

CC RMSE (Second) CC RMSE (Second) 

SVM - LRF 0.9804 0.0619 0.9832 0.0530 

SVM - PLF 0.9577 0.0905 0.9632 0.0778 

SVM - RBF  0.9300 0.1148 0.9452 0.1008 

GPR - LRF 0.8862 0.1296 0.9284 0.1084 

GPR - PLF 0.8862 0.1295 0.9284 0.1084 

GPR - RBF 0.8708 0.1407 0.9090 0.1241 
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Fig. 2 - Actual time period vs predicted time period on testing data for SVM 

 

Fig. 3 - Actual time period vs predicted time period on testing data for GPR 

SENSITIVITY ANALYSIS 

Sensitivity analysis was performed to identify the significance of all the input variables in 

predicting the fundamental time period. The best kernel function is used with the training data for 

the analysis. SVM-LRF is used on a different set of training data by removing  each input 

parameter: 

 In first iteration all input parameters were used;  

 In second iteration, frame type (Ft) was removed,  

 In third iteration, building height (H) and frame type (Ft)  is removed,  

 In fourth iteration, number of storeys (Ns) and frame type (Ft)  is removed, 

 In fifth iteration, number of bays (Nb) and frame type (Ft)  is removed,  

 In sixth iteration, building length (L) and frame type (Ft)  is removed,  

 In seventh iteration, building breadth (B) and frame type (Ft)  is removed,  

 In eighth iteration, section cracking (Sc) and frame type (Ft)  is removed and  
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 In the ninth iteration number of bays (Nb), building length (L) and frame type (Ft) is 

removed and results were obtained and analysed in form of CC and RMSE with the test 

data set for all the nine iterations as shown in Table 6.    

Table 6 implies that  number of bays (Nb), building length (L) and frame type (Ft) has least 

impact in predicting the FTP, while building height (H), number of storeys (Ns), building breadth (B) 

and section cracking (Sc) have a major role in predicting the FTP. 

Tab. 6 - Sensitivity analysis 

Input Parameter CC RMSE (Seconds) 

Ns, Nb, Ft, L, B, H, Sc 0.9832 0.0530 

Ns, Nb, L, B, H, Sc 0.9831 0.0532 

Ns, Nb, L, B, Sc 0.9110 0.1247 

Nb, L, B, H, Sc 0.9219 0.1157 

Ns, L, B, H, Sc 0.9830 0.0532 

Ns, Nb, B, H, Sc 0.9830 0.0532 

Ns, Nb, L, H, Sc 0.9807 0.0568 

Ns, Nb, L, B, H 0.9588 0.0823 

Ns, B, H, Sc 0.9814 0.0557 

 

 

Fig. 4 - Variation in predicted values of Time period using SVM-linear and GPR-linear to the actual 

time period. 

MODEL VALIDATION 

The correlation coefficient (CC) and root mean square error (RMSE) were calculated for the 
machine learning technique SVM-LRF as well as for the formulae available in the literature as 
shown in Table 7. The lower value of RMSE indicates the more accurate predicting result and 
higher value of correlation coefficient indicating a heightened match in between analytical and 
machine learning approach values. 

The advantage of SVM-LRF compared to codal equations and other literature formulae for 
288 model data are given in Table 7. The highest CC value obtained is 0.9829 using SVM-LRF, 
whereas the lowest value obtained is 0.8609 for IS 1893. It is certainly apparent from the Table 7 
that the SVM-LRF has a high correlation coefficient and low RMSE in comparison to the predicted  
FTP  and the actual FTP (periods obtained from analysis).The CC and RMSE value of SVM-LRF 
model has the best fit of values than the formulae given in the literature. 
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In Figure 5, the result of actual FTP (time period calculated from analysis) has been compared with 
the predicted result from SVM linear kernel function. In Figure 6, 7, 8 and 9 the result of the actual 
fundamental time period has been compared with the empirical formula of IS 1893:2016, NBCC 
2005, EC 8 and Goel and Chopra.  These outcomes demonstrate that the value of the FTP 
predicted from SVM linear kernel function offers a better fit than the values of FTP from empirical 
formulae. 

Tab. 7 - Statistical results of SVM-Linear Kernel and literature formulae for all data 

Method Mean Std Dev CC RMSE 
(seconds) 

SVM-LRF 0.7344 0.2876 0.9829 0.0561 

IS 1893:2016 0.7992 0.4162 0.8609 0.2272 

NBCC 2005 0.105 0.0512 0.8957 0.6847 

EC8 0.9804 0.3743 0.9031 0.2914 

Goel and Chopra 1.179 0.5237 0.9053 0.5223 

 

 

Fig. 5 - Actual Time period vs predicted time period on all data for SVM-LRF 
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Fig. 6 - Actual Time period vs predicted time period on all data for IS 1893:2016 

 

 

 

 

 

 

 

 

 

 

Fig. 7 - Actual Time period vs predicted time period on all data for NBCC 2005  
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Fig. 8 - Actual Time period vs predicted time period on all data for EC 8 

 

 

 

 

 

 

 

 

 

 

Fig 9 - Actual Time period vs predicted time period on all data for Geol & Chopra 

PRACTICAL APPLICABILITY OF THE PROPOSED METHOD 

In this study, the FTP of precast concrete structures is predicted using computer 

programming. In research, practical application of proposed method is vital and important. 

To check the efficiency and limitation of proposed method, two models of 9 storey (total 

height = 27 m) with slab size of 4 m x 3 m x 0.15 m, beam size of 450 mm deep and 300 mm 

wide and column size of 300 mm wide and 600 mm deep were used.  A LL of 3 kN/m2 and SDL of 

1 kN/m2 was considered for analysis. M40 grade concrete and also Fe 500 grade steel was utilised 

for design. The FTP is calculated based on proposed method and IS 1893: 2016 is shown in Table 

8.  
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Tab. 8 - Fundamental time period of proposed method and IS code method 

Fundamental Time Period 
Proposed Method IS 1893:2016 

0.511 second 0.888 second 

          Column forces and beam forces for various load combinations were calculated and 

compared for both the models. Column forces (Axial, shear and moment) for the proposed method 

was around 20% lesser than the IS code and 15 % lesser in case of beam forces. The reduction in 

forces suggest that while designing the members using proposed method will be economical, but it 

has a limitation – the proposed method can be used only for buildings up to 60 metres in height.  

CONCLUSION 

In this study, computer programming based on Rstudio was developed for support vector 

machines and gaussian processes regression to predict the FTP of precast concrete structures. The 

obtained result shows that SVM works good in comparison to GPR for the data set, specifically the 

SVM linear kernel function provides the very best outcomes in term of CC and RMSE (CC = 

0.9832 and RMSE = 0.0530 seconds) for predicting the FTP of precast concrete structures. 

Moreover, the SVM linear kernel function appeared to fit the data better than the codal equations 

and other literature formulae on all data set by providing high CC and minimal RMSE. The present 

study also concludes that the number of bays do not have significant effect on the FTP. There is a 

linear relationship between the length/ breadth with the FTP. Cracked section is having about 13.4 

% more  FTP as compared to uncracked section. The height of the building has significant influence 

of the FTP. It can also be concluded from this study that SVM is a robust and accurate modelling 

approach and need to be used further in structural and civil engineering problems. Present study 

explored the use of cost as a hyper tuning parameter to create the model, but metaheuristic 

algorithm can also be used for optimization of hyper tuning parameter SVM. 
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ABSTRACT 

In order to study the properties of polyurethane cement composite (PUC) material, this paper 
has carried out the tests of compressive resistance, flexural resistance, axial tension, bonding and 
acid and alkali corrosion resistance of the material. The average compressive strength of the material 
is 59.3 MPa, the average flexural strength is 41.5 MPa, and the average axial tensile strength is 31.0 
MPa. The bonding strength between the material and concrete in axial tension is 3.56 MPa, and that 
between the material and concrete in bending is 3.16 MPa. The failure interface of the two bond 
tests is not on the bond surface, indicating that the polyurethane cement composite (PUC) material 
has good bonding property. The chemical corrosion resistance test of polyurethane cement material 
showed no visible change on the surface of the material, indicating good chemical corrosion 
resistance. 

KEYWORDS 
 Polyurethane cement, Mechanical property, Acid and alkali resistance, Adhesive property 

INTRODUCTION 

Bridge is an important part of highway transportation and plays an important role in highway 
transportation. With the continuous development of social economy and increasingly busy 
transportation, bridge as the throat of highway traffic plays an irreplaceable role [1-3]. With the 
development of social economy, the transportation industry is unprecedentedly prosperous. As the 
carrier of transportation, the vehicle has undergone great changes compared to the past, with the 
increase of vehicle load and flow being the most obvious. Due to the rapid increase of vehicle load, 
coupled with the influence of acid rain, air and temperature and other natural conditions, the bridge 
structure has produced a series of diseases such as stress crack, concrete deterioration, steel 
corrosion and so on [4-6]. These man-made and natural factors affect the bridge to varying degrees, 
mainly reflected in the safety, applicability and durability of the structure, and finally reduce the 
bearing capacity of the bridge, endangering the long-term operation of the bridge [7-11]. 

Bridge superstructure reinforcement methods include section enlargement method, bonding 
high-strength composite fiber material, bonding steel plate method, reinforcement method of external 
unbonded prestressed steel strand [12-15]. The section enlargement method is a traditional 
reinforcement method, which has the advantages of simple construction and strong adaptability, but 
the wet work workload is large, the construction maintenance period is long, the dead weight 
increases greatly, and the traffic is greatly affected. The reinforcement method of sticking steel plate 
can give full play to the tensile performance of steel and the compressive performance of masonry 
materials. The construction is simple, the construction period is short, and the influence on traffic is 



 
 

  Article no. 42 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0042 561 

small. However, the steel plate is difficult to adapt to the uneven concrete surface, and it is easy to 
rust in the natural environment. The bonded fiber material method is simple in construction and has 
little influence on the original structure as a whole. In the microscopic aspect, the physical and 
chemical properties of the carbon fiber composite are stable and can resist the harsh environment. 
However, the carbon fiber cloth/board is relatively thin, which does not significantly improve the 
structural stiffness and the material cost is high. Prestressed steel strand reinforcement method can 
make the bearing capacity and stiffness increase more obviously, but it has the disadvantage of 
being greatly affected by the site and component conditions, and the construction is very 
troublesome.  

Polyurethane cement composite (PUC) material has the characteristics of early strength and 
convenient construction, which is used for structural reinforcement by scholars. Yang Yongqing [16] 
studied the bridge performance after the reinforcement of pouring polyurethane concrete, and the 
results showed that the transverse load distribution influence line of the reinforced hollow slab bridge 
was gentler than that before the reinforcement, and the overall transverse mechanical performance 
of the bridge was significantly improved. Guiwei et al. [17] obtained polyurethane concrete composite 
material through material preparation, and reinforced Zhejiang Baixi Bridge with PUC material. The 
results show that polyurethane concrete material can better improve the bearing capacity of the 
structure and can carry out construction operations without the traffic being stopped. Zhang 
Hongxiang et al. [18] took Zhongxing Bridge as an example to carry out an experimental study on 
the bearing capacity of bridges reinforced with polyurethane concrete, showing that the bearing 
capacity and stiffness of bridges reinforced with polyurethane concrete have been greatly improved. 
Gao Feng [19] carried out bending reinforcement test of PUC material for 13 m hollow slab beams, 
and no slip between PUC material and concrete section appeared in the whole test process. 
Formulas for calculating the strain and flexural capacity of hollow slab beams reinforced by PUC are 
established. Gu Dandan et al. [20, 21] carried out load tests on the reinforced hollow slab girder 
bridge, and the test results showed that the strength and stiffness of the reinforced structure were 
significantly improved. Haleem K et al. [22-24] used polyurethane cement (PUC) composites to carry 
out flexural reinforcement tests on 7 T-section beams with different damage degrees, and the results 
showed that the ultimate bearing capacity of the beams strengthened with PUC could be significantly 
improved and the cracks of the beams could be significantly reduced.  

At present, the research on PUC mainly focuses on the reinforcement of bridge structures, 
the study of polyurethane cement composite is not comprehensive enough. In order to make PUC 
get better application, the mechanical properties and acid and alkali corrosion resistance of 
polyurethane cement material were systematically studied in this paper. 

 

METHODS PUC RAW MATERIALS AND RATIO 

Polyurethane (PU)  

Polyurethane cement is a kind of polymer concrete material, its main component is 
polyurethane. Polyurethane is a polymer with excellent performance, mainly from the polymerization 
of isocyanates and polyols, the main raw material components are shown in Table 1. 

The hardness range of polyurethane materials is 10-100 (IRHD), where 0 (IRHD) represents 
a modulus of elasticity of 0, and 100 (IRHD) represents an infinite modulus of elasticity. Polyurethane 
material has good wear resistance, chemical corrosion resistance, fluidity, bonding and molding 
properties. A series of polyurethane cement materials were developed by measuring the density of 
the new material.  
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Tab. 1 - Main chemical composition of polyurethane 

Chemical Constitution Percentage（%） 

polyhydric alcohols 

Polyether 49 

 
Silicone oil 

1 

water 0-1 

isocyanate  50-51 

Polyurethane cement composite (PUC) 

Polyurethane cement composite (PUC) raw materials in accordance with the quality ratio of 
mixing and polymerization reaction, polyol: isocyanate: cement =1:1:2 (mass ratio). High density 
polyurethane cement material was prepared, as shown in Table 2. Polyol, isocyanate and cement 
were the main raw materials in the mixture ratio. The polyurethane cement material was cured in dry 
environment for 7 d. The production process of PUC is shown in Figure 1 and Figure 2. 

Tab. 2 -  Composition of PUC 
PUC Percentage（%） 

Polyether polyol 25 

Isocyanate 25 

Cement 50 

   
Fig.1- PUC material mixing diagram      Fig. 2- Pouring drawing of PUC 

 

MATERIAL CHARACTERISTIC TEST  

Test content 

In this paper, starting from the properties of PUC material, the corresponding stress-strain 
curve is obtained through compressive test, flexural test and axial tensile test. The bonding strength 
and failure mode under different stress forms are obtained through axial tensile bonding test and 
bending bonding test. Finally, the PUC material was placed in different concentrations of acid and 
alkali solutions, and the acid and alkali corrosion resistance of the material was analyzed by testing 
the mass loss and apparent appearance of the specimen 

Compression and bending test 

Compression and flexural strength  

In order to study the mechanical properties of PUC, 1550 kg/m3 PUC material with high 
compressive strength and flexural strength was selected as the research object in this paper. The 
polyurethane cement material with a density of 1550 kg/m3 is expressed as PUC-1550, with the 
matching as shown in Table 3. The compressive strength test adopts the cube test with the size of 
70mm×70mm×70mm, and the bending strength adopts the rectangular test with the size of 
450mm×100mm×100mm. Resistance strain gauges are pasted on the surface of the cube block 
along the horizontal and vertical sides respectively to measure the horizontal and vertical strain 
changes of the cube block in the process of compression. In the middle position of the cuboid, 
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resistance strain gauges are arranged on the top surface, the bottom surface and the middle position 
respectively along the horizontal direction to test the strain changes at the top edge and bottom edge 
of the specimen during the bending resistance process. 

Firstly, the polyurethane raw material and cement are poured into the container according to 
the mass proportion, and the material is mixed evenly with an electric stirring rod for 3 min. Then the 
material is poured into the steel test mold and cured for 7 d under dry conditions. Compressive 
strength and flexural strength tests of PUC were carried out according to specification JTG E30-
2005. Figure 3 and Figure 4 are the test drawings of the compressive strength and flexural strength 
of cubes. The resistance strain gauge is attached to the surface of the cube block and the prism 
block to measure the strain value during the loading process. The compressive strength and flexural 
strength tests of PUC-1550 material are shown below. 

  
Fig. 3 - Compression test diagram                 Fig. 4 - Flexural test diagram 

The compressive strength and flexural strength of PUC-1550 are shown in Table 4 and Table 
5. As can be seen from Table 3, the compressive strength of PUC with a density of 1507 kg/m3~1588 
kg/m3 is 57.8 MPa ~ 60.6 MPa, with an average density of 1552 kg/m3 and an average compressive 
strength of 59.3 MPa. According to Table 4, the flexural strength of PUC with a density of 1524 
kg/m3~1584 kg/m3 is 39.6 MPa ~ 43.3 MPa, with an average density of 1548 kg/m3 and an average 
flexural strength of 41.5 MPa. 

Tab. 3 - Compressive strength values of PUC-1550  

Number F01 F02 F03 F04 F05 F06 
Average 

Value 

Density (kg/m3) 1507 1524 1544 1568 1579 1588 1552 

Strength (MPa) 60.6 57.8 59.3 59.6 59.5 59.0 59.3 

Tab. 4 - Bending strength values of PUC-1550  

Number C01 C02 C03 C04 C05 C06 
Average 

Value 

Density (kg/m3) 1524 1533 1546 1560 1577 1584 1548 

Strength (MPa) 42.2 39.6 40.8 41.1 43.3 41.9 41.5 

 

Compressive stress-strain curve 

The test was loaded by the universal testing machine, and the number of compressive 
specimens was six. The dynamic strain acquisition instrument was used for the collection. According 
to the measurement results of each test block, the compressive average stress-strain curve is 
obtained, as shown in Figure 6. At the initial loading stage, the stress-strain curve shows a linear 
relationship, the average compressive strength is 59.3 MPa, and the strain is 27956 με. In the late 
loading stage, the stress-strain curve is nonlinear, and the strain at failure is 34612 με. 
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Fig. 5 - Compressive stress-strain curve   Fig. 6 - Compressive stress-strain curve (average) 

Blending stress-strain curve 

The flexural specimens were prismatic blocks, with a number of six, and were cured for 7 d 
under dry conditions. The dynamic strain acquisition instrument was used for data acquisition. The 
resistance strain gauges were pasted on the top surface, bottom surface and middle position of the 
test block, and the top surface was used to measure the compressive strain of the specimen in the 
bending process. The bottom surface measures the tensile strain of the specimen in the bending 
process, and the strain value is the average value of the measured values of the two resistance 
strain gauges in each test block. The bending stress-strain curve of each test block is shown in 
Figure 7. According to the tensile measurement results of each test block, the average stress-strain 
curve of tension is obtained, as shown in Figure 8. The average tensile strength is 41.5 MPa. 
According to the stress-strain curve, the elastic modulus of bending and tension was calculated to 
be 4300-5200 MPa. 

 

 
Fig. 7 - Flexural stress-strain curve 

 
Fig. 8 - Tensile stress-strain curve (average) 



 
 

  Article no. 42 
 

THE CIVIL ENGINEERING JOURNAL 2-2021 
 

 

DOI 10.14311/CEJ.2021.02.0042 565 

According to the stress and strain relationship points of the tensile side of the flexural 
specimen, the stress-strain relationship curve is fitted, as shown in Figure 9. The fitting formula is as 
follows: 

    
2

=-268870.3 +6954.1 -0.237     
2

0.999R                                 (1) 

 
     Fig. 9 - Stress-strain relationship fitting curve 

Poisson of polyurethane cement material is shown in Figure 10, the average value of 
Poisson's ratio is a constant value ν=0.27. 

 
Fig. 10 - Poisson's ratio diagram of PUC 

Direct tensile test of material 

Specimen making 

The specimen in this test is a dumbbell type sheet specimen with a thickness of 10mm, a 
middle width of 25mm and a width of 40mm on both sides, as shown in Figure 11. The mold test in 
the pouring process is self-designed, as shown in Figure 12. The tensile test was carried out 7 d 
after the PUC material was cast. The tensile test was carried out on the small-range tester, and the 
loading speed was 50 N/s. The resistance strain gauge was pasted in the middle of the specimen 
and pasted symmetrically on both sides along the stretching direction to measure the strain change 
in the stretching process. The dynamic strain acquisition instrument was used for data acquisition. 

 
 

Fig. 11- Dimensions of PUC axial tensile specimen (unit: mm)  
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Measurement results 

Tab. 5-  PUC material axial tensile strength 

Number ZL01 ZL02 ZL03 ZL04 ZL05 ZL06 
Average 

Value 

Strength（MPa

） 
30.5 31.8 31 32.1 31.6 28.9 31.0 

According to the data in Table 5, the average axial tensile strength of polyurethane cement 
material is 31.0 MPa, and the straight-tension elastic modulus is calculated to be 4200-5700 MPa 
according to the stress-strain curve. 

According to the tensile force and the corresponding strain data collected during the test, the 
stress-strain relationship curves of the six specimens in straight tension were drawn, as shown in 
Figure 12. According to the straight-tension measurement results of the test block, the average 
stress-strain curve of axial tension is obtained, as shown in Figure 13. 

    
Fig. 12 - Direct tensile stress-strain curve     Fig. 13 - Stress-strain curve (average) 

According to the stress and strain relationship points of axial tensile specimens, the stress-
strain relationship curve is fitted, as shown in Figure 14. The fitting formula is as follows: 

2
=0.496 6977.3 365682.2      

2
0.999R                                        (2) 

 
Fig. 14 - Fitting curve of axial tensile stress-strain relationship 
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Bonding test between material and concrete 

Direct tensile bonding test 

First of all, the concrete is cut into 100mm×100mm×100mm cube blocks with the concrete 
cutting machine to expose the aggregate of concrete and remove the floating ash on the surface of 
concrete. Then a 50mm×50mm×50mm template with an inner cavity is made and placed on the 
concrete block so that the template is perpendicular to the concrete surface to avoid excess stress. 
Then place the 80mm length bolt into the formwork so that the bolt center corresponds to the center 
of the concrete test block, as shown in Figure 16b. Finally, polyurethane cement material was poured 
into the formwork, and the wood formwork was removed after 7 d. The number of the same test 
blocks is three. The size diagram of the test blocks is shown in Figure 15. The concrete block of the 
specimen is inserted into the custom fixture, the fixture tie rod is upward, and the specimen screw is 
downward. The fixture with the specimen is placed on the tension test machine, the fixture tie rod is 
placed in the upper jaw, and the specimen screw is placed in the lower jaw, as shown in Figure16a. 
In the process of tensile test, the ultimate tensile force of the specimen was tested. 

 
Fig. 15 - Schematic diagram of tensile bonding specimen size (unit: mm) 

Calculate the axial tensile bond strength of polyurethane cement and concrete according to 
formula (2-3) : 

F

ab
                                                                        (3)  

F —Ultimate Tensile Force of the Specimen； 
a — length of the contact surface between PUC and concrete； 

b —Width of the contact surface between PUC and concrete. 

Tab. 6 - PUC material bonding strength table 

Number ZN01 ZN02 ZN03 Average value 

Strength (MPa) 3.35 3.58 3.75 3.56 

The direct tensile bonding test results of PUC materials are shown in Table 6. The bonding 
force between PUC material and concrete is larger than that of concrete material itself, and the 
average bonding stress is 3.56 MPa. In the tensile process, the concrete material itself will suffer 
bond failure, as shown in Figure 16c and Figure 16d. The failure interface does not occur on the 
bonding surface between concrete and PUC material, indicating that PUC material has good bonding 
property. 
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Fig. 16 - Test diagram of direct drawing bonding (Unit: mm) 

Bending bond test 

According to the method of bonding between polymer concrete and concrete tested by the 
Romanian National Institute of Building Research and Development [25], the bond test of PUC 
material was conducted. The casting of the bonding test blocks was completed in the 
70mm×70mm×70mm concrete triplet die. The cut 70mm×70mm×70mm concrete test blocks were 
placed in both ends of the triplet die, and the PUC material was poured in the spare position in the 
middle, and the casting height was 60 mm. The number of the same specimen is three, and the size 
of the specimen is shown in Figure 17 and Figure 18b. The universal testing machine was used for 
three-point loading, and the distance between the two fulcrum points was 160mm, so as to obtain 
the flexural strength of the specimen in the loading process, as shown in Figure 18a. 

 

Fig. 17 - Schematic diagram of bonding test block size (unit: mm) 

Calculate the axial tensile bond strength of polyurethane cement and concrete according to 
formula (4) : 

 3 -
2

F l a

bh
                                                     (4)  

F  — Bending destructive force of the specimen； 

l  — Distance between two fulcrum points during loading； 

a  — Longitudinal length of PUC in the specimen； 

b  — Transverse width of PUC in the specimen； 

h  — Height of PUC in the specimen. 

Tab. 7 - PUC material bonding strength table 

Number WN01 WN02 WN03 
Average 

value 

Strength (MPa) 3.15 3.08 3.25 3.16 

The bonding test results of polyurethane cement materials are shown in Table 7. The bonding 
force between polyurethane cement material and concrete is higher than the bonding force of 
concrete material itself, and the average bonding stress is 3.16 MPa. In the process of bending, the 
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bond failure of concrete material itself occurs, as shown in Figure 18c. The failure interface does not 
occur on the bonding surface between concrete and PUC material, indicating that PUC material has 
good bonding property. 

 

Fig. 18 - Bending bond test diagram 

 Acid and alkali resistance test 

Two 40mm×40mm×160mm test blocks were taken, both in the middle of the test blocks, for 
the chemical corrosion resistance determination of PUC-1550. Low-concentration and high-
concentration acid-base solutions are configured, as follows: 

3% hydrochloric acid solution (volume fraction), 30g/L potassium hydroxide solution, 18% 
hydrochloric acid solution (volume fraction) and 100g/L potassium hydroxide solution. 

The samples were put into an oven at 110℃±5℃ to dry. The difference value of weighing the 

test block for two consecutive times is no more than 0.1g, and then the test piece is cooled to the 
room temperature. The samples were then immersed in the test solution at a depth of 25 mm in each 
solution. The lid of the vessel is covered, and the soaked test samples are placed in the ambient 

temperature of 20℃± 2℃, as shown in Figure 19. After immersed in the solution for 12 d, the samples 

were taken out and washed with running water for 5 d. Then, the samples were completely immersed 
in boiling water and boiled for 30 min. After that, they were taken out and gently wiped with wring-

out but still wet suede, and then dried in a drying oven at 110℃±5℃. 

 
Fig. 19 - Chemical corrosion resistance determination 

Tab. 8 - Chemical corrosion resistance determination 

Number Solution 
Initial 
mass 

Pre-test 
quality 

Post-
test 

quality 

Quality  
loss 

Mass loss 

 rate（%） 

Corrosion 
resistance 

grade 

LS 3% HCl 94.76 94.59 94.47 0.12 0.127 ULA 

HS 18% HCl 82.85 82.71 82.54 0.17 0.206 UHA 

LJ 30g/L KOH 95.32 95.21 94.95 0.26 0.274 ULA 

HJ 100g/L KOH 77.18 77.05 76.73 0.32 0.417 UHA 

The test results of chemical corrosion resistance are shown in Table 8. There is no visible 
change on the surface after immersion in solution of different concentrations. 
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CONCLUSION 

In this paper, through the compression, bending, axial tensile, tensile bonding, bending 
bonding and chemical corrosion resistance tests of PUC material (PUC-1550) with a density of 1550 
kg/m3, the research results can provide material theory basis for bridge reinforcement and new 
structure bridge, the conclusions are as follows: 

The mean compressive strength of PUC-1550 is 59.3 MPa, the mean flexural strength is 41.5 
MPa, the mean axial tensile strength is 31 MPa, and the Poisson's ratio of the material is 0.27. The 
bending tension stress-strain curve and the axial tension stress-strain curve were obtained by fitting. 

The average bond strength between PUC-1550 material and concrete is 3.56 MPa through 
the axial tensile bond test, and 3.16 MPa through the bending bond test. The failure interface of the 
two bonding tests did not occur on the bonding surface between concrete and PUC material, 
indicating that polyurethane cement material has good bonding property.  

Chemical corrosion resistance test was carried out in different concentrations of acid and 
alkali solution. The results show that the PUC surface has no visible change and it has good chemical 
corrosion resistance. 
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ABSTRACT 

In this paper, a suspension bridge carrying oil pipelines is taken as the research object. A 
spatial finite element analysis model of the bridge is established for the bridge by using 
MIDAS/CIVIL finite element analysis software, and the structural analysis of static and dynamic 
characteristics is carried out. The analysis of dynamic characteristics shows that the wind cable 
can greatly improve the natural vibration characteristics of the suspension bridge. The analysis of 
static characteristics shows that the internal forces of the suspender are evenly distributed and the 
vertical displacement of the main girder of the steel truss is distributed in a parabola, besides, the 
strength of each main component can meet the safety needs. 

KEYWORDS 

Pipeline, Suspension bridge, Wind cable, Dynamic, Static 

INTRODUCTION 

In addition to being used by people and vehicles, the bridge also has an important function. 
It can also undertake the crossing obstacles such as oil and gas pipelines. Due to the requirement 
of crossing rivers and valleys, it is necessary to build some special bridges with large span during 
the transportation of oil and gas pipelines. Suspension bridges have advantages such as large 
span capacity, light deadweight, small damping and large flexibility, which make them more 
competitive in the selection of long-span bridge types. Suspension bridges have strong adaptability 
to complex terrain and climate. Many suspension span structures have been applied in the 
transportation process of oil and gas in China. These suspension bridges usually have long spans 
and are located in complex terrain and climate. 

On pipeline, pipe accessories and supporting components, according to the environment, 
erection forms and working conditions, considering the combination of gravity, variable loading and 
accidental loading, design and check calculations are carried out. If necessary, wind resistance 
and seismic dynamic performance analysis should be carried out according to the environment of 
the pipeline project. As early as 1979, static and dynamic load test research on a 720m span 
suspension bridge was carried out by Deyin Li over the Dnieper River [1]. In 2018, Chong Chen 
and others made researches on deformation and stress change of long-span suspension bridge 
under wind load the with the method of finite element analysis [2]. In 2020, Lei Wang and others 
made analyses of the stress and deformation of suspension bridge under various working 
conditions [3]. In 2021, Yongzhen Wang and others conducted an experimental study on the 
structural safety of suspension bridge through scaling test [4]. 

In this paper, the structure of a suspension bridge with wind cables is analyzed, the spatial 
finite element model of the suspension bridge is settled by using MIDAS/CIVIL software. The 
influence of wind cable setting on the dynamic characteristics of the bridge is studied, and the 
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static structure of the whole bridge is analyzed, which can provide a necessary reference for the 
design and construction of similar bridges. 

BACKGROUND 

The span layout of a suspension bridge for a crude oil pipeline is (29+270+29) m, and the 
elevation of the bridge is shown in Figure1 (a). The vector height of the middle span main cable is 
f=22.5m, the vector to span ratio is f/1=1/12, the suspender spacing is 5m, and no suspender is set 
for the side span main cable. The main girder is in the form of steel truss, and every 5m is a 
section. The diameter of crude oil pipeline is D610×12.7mm. The shape of the main cable is 
catenary, and the curve cable arrangement is adopted for the wind cable. Its layout is shown in 
Figure1(b). Parallel wire bundles of φ7mm are used for the main cables and the main cables of the 
wind cables; parallel wire bundles of φ5mm are used for the hanger rod of the main cables and the 
stay cable of the wind cables. The tower is made of A-shaped steel tower, and the main limbs and 
transverse belly bars are made of seamless steel tubes. The tower height H =29.1m, the 
transverse center spacing at the top of the tower B= 1.5m, and the transverse center spacing at 
the bottom B=4.5m. 

 

Fig. 1 – Bridge Layout (unit: m) (a) Elevation; (b) Wind cable plan 

FINITE ELEMENT MODEL 

MIDAS/CIVIL analysis software is adopted to analyse the suspension bridge with wind 
cables. Considering the stress characteristics of each component, two types of elements are 
applied in the finite element analysis of the model: tension-only truss element and beam element. 

Tensile only truss units: main cables, main cable derricks, wind cables, and wind cable 
stays are all used as tension-only truss elements, serving only to transmit the axial tension 
between the components. This element is a three-dimensional spatial element, and the two nodes 
of the element have 6 degrees of freedom. There are 408 tension only truss elements in the model. 

Beam element: beam element is similar to truss element, since MIDAS/CIVIL carries out 
spatial three-dimensional calculation, beam element is a spatial element. Each node of the element 
has 3 translational degrees of freedom and 3 rotational degrees of freedom. Beam element is 
adopted in the model of steel tower and steel truss beam. There are 2756 beam elements in the 
model. 
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The boundary conditions adopted by the model are as follows: hinge constraints at both 
ends of the steel truss girder and the bottom of the steel tower (ball hinge structure), fixed 
constraints at both ends of the main cable and wind cable. For the steel truss girder, which is the 
hinged connection mode to simulate its joints, the method of releasing beam end hinge constraints 
is adopted. The gravity of the main cable is taken into account, and the equivalent elastic modulus 
method proposed by German engineer Ernst in 1932 is adopted to modify the elastic modulus of 
the main cable. 

In order to study the influence of wind cables on the dynamic characteristics of the 
suspension bridge with wind cables, two different finite element models were established, as 
shown in Figure 2. 

 

Fig. 2 – Finite element model (a) Without wind cable; (b) With wind cable 

DYNAMIC CHARACTERISTICS ANALYSIS 

In this paper, the influence of wind cables on the dynamic characteristics of suspension 
bridge with wind cables is analyzed. 

(1) Dynamic characteristics without wind cables 

First, natural vibration characteristics are analyzed according to the general suspension 
cable structure without setting wind cable. The Lanczos method is used to calculate the natural 
vibration characteristics of the bridge, namely, all the loads are converted into mass firstly, and 
then the structure is discretized through the method of the finite element. The calculated natural 
frequencies of the first four orders are shown in Table1: 

Tab. 1 - Frequency and period of the first fourth order natural vibration (without wind cable) 

Mode 
number 

Frequency (cycle/sec) Period (sec) Allowable error 

1 0.067  14.912  0 

2 0.184  5.435  0 

3 0.184  5.426  0 

4 0.317  3.150  0 

Main modes are shown in Figure3: 

(b)

(a)
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Fig. 3 - Modal diagram of mode shapes without wind cable (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) 
Mode 4 

Table1 lists the first four order natural vibration frequencies and periods of the suspension 
bridge in the absence of wind cables. The first-order natural vibration period is 14.912s and the 
frequency is 0.067Hz, indicating that the first-order natural vibration period is relatively long, and 
the suspension bridge belongs to a long-period without wind cables. Figure 3 shows the first four 
modes of the suspension bridge in the absence of wind cables, the first-order natural vibration 
mode characterized by symmetrical transverse bending girder 1 order, second- order natural 
vibration modal expression is antisymmetric transverse bending girder 1 order, 3 order natural 
vibration modal of girder antisymmetric order vertical bending, 4 order natural vibration modal of 
antisymmetric vertical bending girder 2 order. It can be seen that without wind cables, the structural 
natural vibration is first manifested as transverse bending, indicating that the suspension bridge is 
more affected by transverse wind load or transverse seismic force, while the vertical bending 
appears later [5-7]. 

(2) Dynamic properties with wind cables 

Since the main girder with small size and greater flexibility is usually used in the suspension 
bridge, wind cables can be installed in this type of bridges. As shown in Figure 1 and Figure 2 (b), 
wind cables are also installed in the suspension bridge. The main cable of the wind cable is curved 
in space, and the plane where the wind cable stays is at an angle of 30 degrees from the horizontal 
plane. The natural vibration characteristics of the suspension bridge are calculated when wind 
cables are set, and the obtained first four natural vibration frequencies and periods are shown in 
Table 2: 

Tab. 2 - Frequency and period of the first fourth order natural vibration (with wind cable) 

Mode 
number 

Frequency (cycle/sec) Period (sec) Allowable error 

1 0.338  2.955  0.00E+00 

2 0.431  2.322  0.00E+00 

3 0.745  1.342  5.23E-83 

4 0.795  1.258  5.28E-76 

Main modes are shown in Figure 4: 

(a)

(b)

(c)

(d)
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Fig. 4 - Modal diagram of mode shapes with wind cable (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) 
Mode 4 

After considering the influence of wind cables, the first four order natural vibration 
frequencies and periods are given in Table 2. The first-order natural vibration period is 2.955s, and 
the frequency is 0.338Hz. Compared with the condition in the absence of wind cables, the natural 
vibration period is reduced greatly, while the natural vibration frequency is increased greatly. 
Figure4 shows the first four modes of the suspension bridge with wind cables installed, and their 
modal characteristics are different from those in the case of no wind cables. The main girder of the 
first-order natural mode still shows symmetrical transverse bending, but its vibration amplitude is 
limited by the wind cables, and the amplitude is obviously reduced. Similarly, the second-order 
natural vibration mode also shows similar characteristics, and the third and fourth- order vibration 
modes are mainly tower deformation. It can be seen that the installation of wind cables plays an 
obvious role in suppressing the vibration of the main girder, especially in the transverse direction, 
the vibration of the main girder is greatly suppressed. It can be predicted that if the angle between 
the plane where the wind cable is located and the horizontal plane is further reduced, the wind 
cable will play a greater role in improving the natural vibration characteristics of the main girder. 

STATIC CHARACTERISTICS ANALYSIS 

(1) Force analysis of main cable 

The suspension bridge has two main cables side by side, with a transverse spacing of 1.5m. 
After the bridge is completed and in operation, the main cable will act as the core bearing 
component under acting gravity and the live load of oil transmission. Under various load conditions, 
the internal forces of each unit of the main cables are shown in Figure 5: 

(b)

(c)

(d)

(a)
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Fig. 5 - Force of main cable 

According to Figure 5, during the operation of the bridge, the force of the main cables 
gradually decreases from the fulcrum to the middle of the span, and the force of Unit 54 and Unit 
109 near the fulcrum receive greater internal forces. Under the acting load combination, the 
internal forces of No. 54 side main cable and No. 109 side main cable are respectively 1293kN and 
1367kN, and the different internal forces of the two elements are caused by the different horizontal 
angles. Among them, the horizontal Angle of Unit 54 is 23.8 degrees, and that of Unit 109 is 29.6 
degrees, that is, the greater the degree of inclination, the greater the force. The maximum stress of 
the main cable is 294MPa, less than the allowable stress σ =1670/3=557MPa, which can meet the 
strength requirements. 

(2)  Force analysis of main cable derrick 

The suspension bridge has a total of 53 pairs of hanger rods, and the spacing between the 
hanger rods is 5m. After the completion of the bridge, the tension of the derrick under various load 
conditions is shown in Figure 6: 
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Fig. 6 - Force of derrick 

As can be seen from Figure 6, except for the internal forces of No. 1, No. 2, No. 52, and No. 
53 derricks on both sides, the internal forces of No. 3 to 51 derricks are relatively uniform. Under 
the action of load combination, the maximum internal force of the derrick is 27.08kN, and the stress 
of the derrick is 105MPa, which can meet the strength requirements. In the load combination, the 
contribution of the structure's dead weight to the internal force of the derrick is 60%, while the 
crude oil load during operation is only 40%. 
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(3)  Displacement analysis of main girder 

The displacing the main beam of the steel truss under the action of gravity, crude oil load 
and load combination is solved, and the vertical displacement of the lower edge node of the main 
beam of the steel truss is extracted, as shown in Figure 7: 
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Fig. 7 - Vertical displacement of main girder 

It can be seen from Figure 7 the vertical displacement of the main girder under the action of 
gravity and crude oil is in the form of a parabola. The maximum vertical displacement of the main 
girder in the middle span under the action of gravity is 0.79m, the maximum vertical displacement 
under the action of crude oil is 0.45m, and the maximum vertical displacement of the main girder  
is 1.24m under the load combination. The allowable displacement value of the suspension bridge 
is L/150=1.8m, and the deformation value of the suspension bridge can meet the requirements. 

(4)  Strength check of component 

The suspension bridge adopts the form of steel structure, which has the advantages of light 
weight, fast construction and convenient standardization construction. The strength of the main 
components of the bridge is checked, and the maximum stress of each component is shown in 
Table 3: 

Tab. - 3 Strength check of main components 

Component Stress(MPa) Allowable strength(MPa) Check result 

Main cable 294 557 Satisfy 

Main cable derrick 105 557 Satisfy 

Wind cable 212 557 Satisfy 

Pipe 20 120 Satisfy 

Main girder 149 175 Satisfy 

Tower -28 175 Satisfy 

Note: positive stress means tensile stress, negative stress means compressive stress. 

As can be seen from Table 3, the stress value of the main cable of the suspension bridge is 
the largest, which is 294MPa. The maximum stress generated by other major components can 
meet strength requirements, which can ensure its safe use [8-10]. 
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CONCLUSION 

In this paper, a suspension bridge with wind cables is analyzed, mainly including dynamic 
and static characteristics analysis, and the conclusions are as follows: 

(1)       Without wind cables, the first-order natural vibration period of the suspension bridge is 
14.912s, and the frequency is 0.067Hz. The natural vibration mode is first displayed as transverse 
vibration, indicating that it is more affected by transverse wind load; with wind cables, the first-order 
natural vibration period of the suspension bridge is 2.955s, and the frequency is 0.338Hz, and the 
transverse vibration is greatly improved. 

(2)       Under the influence each load, the force of the main cable element gradually decreases 
from the two fulcrum points to the middle of the span, and the force received by the main cable 
elements on both sides is the largest, and the internal force is related to the degree of horizontal 
tilt. For the derricks, except the units near the fulcrum, the internal force distribution of the 
remaining derricks is relatively uniform. 

(3)      Under acting each load, the vertical displacement of the main girder of the steel truss 
presents a parabolic distribution. Under acting load combination, the maximum mid-span 
displacement value is 1.24m, which meets the requirements of deformation permission. 

(4)         After checking the strength of the main components, the stress can meet the requirements 
of the allowed strength, which can ensure the safe of the structure. 
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ABSTRACT 

For severe cold areas, indoor heating in winter is very important, and it is also important to 

achieve energy saving and emission reduction in the heating process. This paper briefly introduced 

a kind of heating envelope structure, the geothermal energy-based phase change wall, and analyzed 

two rural self-built houses in Shangluo city, Shaanxi province. One self-built house was built without 

the phase change wall, and the other was built with the geothermal energy-based phase change 

wall by the municipal government. The results showed that the self-built house that adopted the 

phase change wall had a better heat preservation effect and relieved the indoor temperature 

fluctuation; after the heating equipment was turned on, the self-built house that adopted the 

geothermal energy-based phase change wall had a higher and more stable indoor temperature, and 

the power consumption during the experiment was less. 

KEYWORDS 

 Self-built house, Heating, Enclosure structure, Phase change wall 

INTRODUCTION 

The rapid development of the economy promotes the further development of cities and also 

drives the development of rural areas under the radiation of economic development, making rural 

areas develop in the direction of urbanization [1]. The acceleration of rural urbanization is not only 

reflected in the increase of the types of goods that can be purchased but also in the design of 

buildings. Different from the commercial housing series built by various real estate developers in big 

cities, rural houses are usually built on the homestead by the construction team, according to the 

experience. Although rural houses can meet the conventional living needs, the energy-saving need 

is usually not considered [2]. In the face of high temperatures in summer and low temperatures in 

winter, in order to make the living environment more comfortable, self-built housing residents will use 

equipment such as an air conditioner to adjust the indoor temperature environment. Air conditioning 

equipment will consume energy in the process of use, which is not conducive to sustainable 

development. Therefore, self-built houses not only need to meet the needs of conventional 

comfortable living but also meet the needs of energy-saving. Taking winter heating as an example, 

heating energy consumption accounts for a considerable proportion of building energy consumption. 

Part of the building heat comes from solar radiation, but the sunshine intensity in winter is relatively 

low, and the time is limited. Additional heat that comes from coal stoves, air conditioners, heating 
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radiators, etc. is needed to meet indoor comfort [3]. However, the above equipment will consume a 

lot of energy in the process of use, and the use of coal stoves is dangerous; moreover, reducing the 

use of heating equipment for the sake of energy consumption will reduce the indoor comfort. A good 

solution to the above situations is to improve the material and structure of the enclosure to enhance 

the heat insulation capacity, reduce the loss of indoor heat, and maintain the stability of comfort 

under low energy consumption. Petrichenko et al. [4] defined the influence of external temperature 

fluctuation on the temperature of the enclosure structure, gave a selection of the best energy-saving 

heating system, defined the thickness of the penetrating layer of the temperature wave, and solved 

and analyzed the Fourier differential equation of solid heat conduction process. Feng et al. [5] 

analyzed the influence of thermal characteristics of the enclosure structure on the indoor thermal 

environment and building thermal stability, evaluated the practicability of existing energy-saving 

methods of building envelope from the aspects of energy-saving effect, safety, reliability, 

practicability, and economy, and proposed the climatic-suitable thermal design and structure type of 

the envelope. Kong et al. [6] proposed a coupling strategy of hourly computational fluid dynamics 

simulation of indoor airflow and dynamic building energy simulation of heat transfer of the building 

envelope based on real-time information exchange and carried out a joint simulation of an office 

room with a ventilating and radiant floor cooling system. The results showed that the dynamic heat 

transfer characteristics of the outdoor wall and indoor air changed with the change of outdoor 

weather conditions. This paper briefly introduced a geothermal energy-based phase change wall 

heating envelope and analyzed two rural self-built houses in Shangluo city, Shaanxi province, China. 

One was built by villagers without the phase change wall, and the other was built with the geothermal 

energy-based phase change wall by the municipal government. 

THE GEOTHERMAL ENERGY-BASED PHASE CHANGE WALL HEATING ENVELOPE 

Compared with the commercial houses with unified specifications on different floors built by 

real estate developers in cities, most of the houses in rural areas are self-built. The building style of 

self-built houses is decided by the residents themselves, which is relatively free. However, in the 

process of construction, the construction workers generally will not get more scientific guidance, and 

the construction will be carried out according to the past construction experience. Self-built houses 

can meet conventional living needs, but there is no strict requirement for energy saving [7]. In the 

low-temperature environment in winter, the indoor residents need enough heating to maintain the 

indoor temperature and comfort. The most basic heating comes from sunlight, but the sunshine time 

is short in winter. Even if the building orientation is adjusted to receive the light as much as possible, 

it is difficult to maintain the whole-day heating. In order to maintain the indoor temperature, in addition 

to sunshine, additional heat sources are needed for heating. The relatively primitive way is to obtain 

heat by burning wood or fossil fuel, but this kind of heating method is dangerous in relatively closed 

rooms. With the popularization of electric power, relatively safer electric heating (electric furnace, air 

conditioner, etc.) has been gradually applied in winter, but the consumption of electric power will also 

increase the consumption of fossil energy, which is not conducive to sustainable development [8]. In 

order to achieve energy-saving and emission reduction in the process of building heating, we can 

start from supplying heat and preserving heat. In the aspect of supplying heat, we can upgrade the 

technology of heating equipment, including improving the efficiency of electric heating conversion 

and the intelligent level of operation. In short, the purpose is to provide enough heating with as little 

energy consumption as possible or use clean energy for heating. Preserving heat should focus on 

the structure and materials of the building, i.e., enhancing the heat insulation of the building envelope 

to reduce the indoor heat loss and ensure limited heat to maintain a comfortable temperature as long 

as possible. This paper mainly analyzed the design of the building envelope in heating energy 

saving. 
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Fig. 1 – The basic structure of the geothermal energy-based phase change wall system  

The envelope structure of a self-built house includes a roof, doors, windows, and walls. The 

wall has the largest contact area with the external environment; therefore, the overall thermal 

insulation of the building can be improved by strengthening the thermal insulation performance of 

the wall. In recent years, the improvement of building materials has improved the thermal insulation 

performance of walls. This study improved the thermal insulation performance of walls from the 

perspective of the structure. The traditional wall structure from the outside to the inside is cement 

mortar, brick, cement mortar, and lime [9]. In this study, phase change materials were used to 

improve the structure of the traditional wall. The improved phase change wall structure and the 

auxiliary heating system are shown in Figure 1. The basic structure of the phase change wall includes 

the cement mortar layer, the insulation material layer, the clay brick layer, the phase change layer 

[10], and the cement mortar layer. The main function of the cement mortar layer is to protect the 

internal materials of the wall. The function of the insulation material layer is to use the thermal 

insulation performance of the insulation material to reduce the heat loss in the phase change material 

and clay brick. Clay brick is the main structure of the wall. The phase change material of the phase 

change material layer is an important part of the phase change wall to improve the insulation 

performance. Compared with conventional materials, the phase change material has more excellent 

latent heat storage performance, i.e., it can store more heat. When the indoor temperature 

decreases, the heat stored by phase change materials will radiate to the room as much as possible 

under the barrier of insulation materials. 

In order to further improve the heating energy-saving effect of phase change walls, this study 

combined geothermal energy with phase change walls. Figure 1 shows the basic structure after the 

combination. Its basic principle is to realize the heat exchange between the phase change material 

and the ground through the water flowing in the pipeline buried in the phase change material layer 

[11]. Taking winter heating as an example, in the daytime, the heat in the room comes from solar 

radiation, and part of the heat will be absorbed by the phase change material in the phase change 

wall. In addition, the medium water heated by the ground heat exchanger will pass through the pipe 

buried in the phase change material layer by the water distributor. After the phase change material 

absorbs the heat, the temperature will rise. When it reaches the melting point, it will melt to absorb 

heat, thereby storing geothermal energy. After the heat is absorbed by the phase change material, 

the medium water flows back to the ground heat exchanger through the water collector for heating. 

Due to the absence of solar radiation at night, the ambient temperature decreases, and the phase 

change material in the phase change wall will release the stored heat. Due to the barrier of the 

insulation layer, most of the heat will be transferred indoors to maintain the indoor temperature 
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stability [12]. In addition, a temperature sensor can be set in the water outlet or phase change layer 

of the phase change wall. When the temperature of the phase change material is lower than the 

threshold, the ground heat exchanger will be turned on again, and the phase change wall will be 

heated by medium water. However, the phase change material can absorb more latent heat by virtue 

of the phase change properties, i.e., it can store more heat, which can reduce the continuous start-

up time of the ground heat exchanger and further reduce energy consumption. 

CASE ANALYSIS 

Case overview 

The rural self-built houses analyzed in this paper are located in Shangluo city, Shaanxi 

province, China. Shaanxi Province is located in the middle of China and the middle reaches of the 

Yellow River. The overall terrain is high in the south and north and low in the middle, with various 

types of landforms. In terms of climate, Shaanxi is divided into three climatic zones: subtropical 

climate, warm temperate climate, and middle temperate climate from south to north [13]. On the 

whole, it is dry and rainless in spring, hot and rainy in summer, cool and humid in autumn, and cold 

and dry in winter. Shangluo city is located in the southeast of Shaanxi province and at the southern 

foot of Qinling Mountains and the junction of Hubei and Henan provinces. Figure 2 shows the rural 

self-built house for example analysis in this paper. The right picture is the self-built house built by 

Shangluo villagers, without adding a special thermal insulation structure, and it is a conventional 

enclosure structure. The left picture is the self-built house designed and planned by Shangluo 

municipal government, whose enclosure structure adopted the geothermal energy-based phase 

change wall mentioned above. The floor area and configuration of the two self-built houses used for 

case analysis were nearly the same. The two self-built houses were located about 1 km apart; thus, 

they were regarded as in the same weather environment. 

 

Fig. 2 – The rural self-built houses in Shangluo city 

Related equipment parameters 

Water - water-source heat pump main unit: there were three units; the rated heat capacity 

was 54 kW, the heating input power was 7.6 kW, the rated cooling water flow rate was 7.5 m3/h, the 

rated refrigerant water flow rate was 12.3 m3/h, and the heat pump supply and return water 

temperature under heating condition was 45/40 ℃. 
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Ground heat exchanger: the ground pipe was a single U-shaped aluminum-plastic composite 

pipe [14], with a diameter of 25 mm and a length of 2.3 m; the water demand of the ground pipe was 

37.52 m3/h; the pipe was embedded in parallel [15], with a borehole depth of 65 m, a bore diameter 

of 100 mm, and a distance of 2.5 m between the boreholes; there were 35 boreholes. 

Circulating water pump: there were four circulating water pumps; the flow rate was 12 m3/h, 

the lift was 25 m, the rotational speed was 3000 r/min, and the power was 2.0 kW. 

The doors and windows of the self-built house (a) and the self-built house (b) faced south. In 

terms of enclosure structure, except for the east and west walls, the materials and structural 

parameters of the two buildings were the same. The difference in the east and west walls between 

the two self-built houses was that the east and west walls of the self-built house (a) designed and 

built by the government were geothermal energy-based phase change walls, but the east and west 

walls of the self-built house (b) built by villagers were conventional structures. From the outside to 

the inside, the east and west walls of the self-built house (b) were composed of a cement mortar 

layer (5 mm thick), an insulation layer (50 mm thick), a red clay brick layer (300 mm thick), and a 

cement mortar layer (5 mm thick). From the outside to the inside, the east and west walls of the self-

built house (a) were composed of a cement mortar layer (5 mm thick), an insulation layer (50 mm 

thick), a red clay brick layer (270 mm thick), a phase change layer (30 mm thick), and a cement 

mortar layer (5 mm thick); the phase change material was paraffin. The thermal conductivity of 

cement mortar, benzene board, red clay brick, paraffin in the solid state, and paraffin in the liquid 

state was 0.93 W/(m·K), 0.05 W/(m·K), 0.81 W/(m·K), 0.18 W/(m·K), and 0.14 W/(m·K), respectively. 

Experimental methods 

The two-self built houses had the same floor area, and the structural parameters of the 

internal rooms are nearly the same. The basic structure of the first floor of the two houses is shown 

in Figure 3, including a living room, a master bedroom, a secondary bedroom, a toilet, a dining room, 

and a kitchen. The first floor of the self-built house had a total length of 9.6 m, a width of 8.1 m, and 

a height of 3.0 m. The door of the living room faced south. The east and west walls of the self-built 

house designed by the Shangluo municipal government were the phase change walls designed in 

this study, and the other envelope structures were conventional. The envelope structures of the self-

built house built by villagers were also conventional. 

 

Fig. 3 – The basic structure of the first floor of two self-built houses 
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In this study, the energy-saving design of the self-built house with a phase change wall 

enclosure structure was analyzed. The indoor temperature stability and overall heating consumption 

in the self-built house with a phase change wall enclosure structure were compared with the 

traditional self-built house without phase change walls. The specific method is as follows. 

Temperature sensors were set every 0.6 m on the wall of the room and also set outside the room to 

collect the indoor and outdoor temperature changes. The resolution of the temperature sensor was 

0.01 ℃, and the range was - 35 ℃ ~ 80 ℃. The electricity consumption of the two self-built houses 

was detected by an electricity meter. 

Test item ①: when the self-built house with phase change walls did not turn on the water 

source heat pump host, the temperature sensors collected the indoor and outdoor temperature 

changes of the two self-built houses in two weeks, and the temperature changes of the self-built 

house in one day were reflected by the average temperature value at the same time of each day in 

two weeks. 

Test item ②: the water-source heat pump host of the self-built house with phase change walls 

was turned on, and the two self-built houses used the central air conditioner with the same 

specifications and parameters to assist heating. The temperature sensors collected the indoor and 

outdoor temperature changes of the two self-built houses in two weeks, and the average temperature 

at the same time of each day in two weeks was used to reflect the temperature changes of the self-

built houses in one day. In addition, the accumulated power consumption of the two self-built houses 

in two weeks was detected by an electricity meter. 

Experimental results 

In order to verify the thermal insulation performance of phase change walls, the two self-built 

houses did not use heating equipment such as geothermal and air conditioners in the two-week 

experiment but used natural light as the only heat source. The final results are shown in Figure 4. 

Within one day, the outdoor temperature showed a downward trend in the period of 0-8 o’clock, an 

upward trend in the period of 8-14 o’clock, and a downward trend again in the period of 14-24 o’clock. 

The minimum outdoor temperature was 6 ℃, and the maximum outdoor temperature was 12 ℃ within 

one day. The temperature change trends of the self-built houses designed by the villagers and the 

municipal government in one day were consistent with that of the outdoor. The reason for the above 

result was that the heating only depended on the light and was greatly affected by the external 

temperature. The temperature change in the self-built house built by villagers was closer to the 

outdoor temperature change, but the envelope had an insulation property; thus, the indoor 

temperature was slightly higher than the outdoor temperature. The difference between the 

temperature in the self-built house designed by the municipal government and the outdoor 

temperature was larger, and the temperature dropped more slowly in the period of temperature drop, 

which was because the latent heat absorbed and stored by the phase change material in the phase 

change wall was released at night when the indoor temperature decreased to slow down the 

decrease of temperature. 
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Fig. 4 – Temperature changes inside and outside two self-built houses without geothermal and air 

conditioner heating in one day 

In order to verify the heating performance of the geothermal energy-based phase change 

walls, two self-built houses turned on heating equipment such as geothermal and air conditioner in 

the two-week experiment, and the changes of indoor and outdoor temperatures in one day are shown 

in Figure 5. It was seen from Figure 5 that the outdoor temperature showed a downward trend in the 

period of 0-8 o’clock, an upward trend in the period of 8-14 o’clock, and a downward trend in the 

period of 14-24 o’clock. After using the heating equipment, the indoor temperature of the two self-

built houses was significantly higher than the outdoor temperature, and the indoor temperature 

change within one day was more stable than the outside temperature change. In addition, the 

comparison of the indoor temperature changes of the two self-built houses showed that the self-built 

house with geothermal energy-based phase change walls had a higher temperature and more stable 

temperature changes. The reason for the above result was that the phase change material in the 

phase change wall had good heat storage performance, which stored the excess heat and released 

it to reduce the indoor temperature fluctuation and the external heat loss; the self-built house without 

phase change walls lost more heat because of the limited thermal insulation capacity even if there 

was an air conditioner for heating, resulting in significant temperature fluctuations and lower overall 

temperature. 
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Fig. 5 – Temperature changes inside and outside two self-built houses with geothermal and air 

conditioner heating in one day 

In order to test the heating energy-saving effect of the geothermal energy-based phase 

change wall as an enclosure structure, the power consumption of two self-built houses using heating 

equipment in two weeks was compared, and the results are shown in Figure 6. The power 

consumption of self-built houses without phase change walls was 2556.4 kWh in the two weeks, and 

that of the house with phase change walls was 1544.2 kWh in the two weeks. It was seen from the 

comparison that the power consumption of the self-built house with phase change walls was 

significantly smaller than that of the self-built house without phase change walls. The reason for the 

above result is as follows. The phase change material of phase change walls provided better thermal 

insulation performance, thus reducing the frequency of indoor active heating. In addition, the phase 

change wall was combined with geothermal energy in this study; thus, the heat stored and released 

in the phase change material of the phase change wall was not only from daylight but also from 

geothermal energy. The power consumed in this process mainly came from the circulating pump 

and control equipment. The self-built house without phase change walls had poor thermal insulation 

performance; thus, it needed more heating to maintain the stability of indoor temperature, and the 

operation of the air conditioner consumed power. 
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Fig. 6 – Power consumption of two self-built houses with geothermal or air conditioner heating in 

two weeks 

CONCLUSION 

This paper briefly introduced a geothermal energy-based phase change wall heating 

envelope and analyzed two rural self-built houses in Shangluo city, Shaanxi province, China. One 

self-built house was built by villagers, without phase change walls, and the other was built by a 

municipal government, with geothermal energy-based phase change walls. The final test results are 

as follows. (1) Under the premise of not using the heating equipment, the temperature change trend 

of the two self-built houses in one day was similar to that of the outdoor, but the indoor temperatures 

in the two houses were higher than the outdoor temperature, among which the indoor temperature 

of the self-built houses built by the municipal government was higher and changed more slowly. (2) 

After the heating equipment was turned on, the temperature changes of the two self-built houses 

tended to be stable, and the temperature of the two buildings was significantly higher than the 

outdoor temperature; the temperature in the self-built house built by the municipal government was 

higher and changed more stably. (3) After a two-week operation of the heating equipment, the power 

consumption of the self-built house built by the municipal government was significantly lower than 

that of the house built by villagers. 
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