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ABSTRACT 

The purpose is to investigate the response of the surrounding rock mass’s seepage field, 
displacement field, and stress field during dynamic tunneling in soft soil. Relied on a large-diameter 
river-crossing shield tunnel project, considering driving force, shield tail grouting pressure, and the 
friction resistance between the shield shell and the soil, a three-dimensional fine tunnel model taking 
into account the liquid-solid coupling effect (LSCE) in the soil during dynamic tunneling was 
established by employing the finite difference method. The response characteristics of pore water 
pressure(PWP), displacement and stress in the surrounding rock mass were obtained. The results 
show that due to the liquid-solid coupling(LSC) in the surrounding rock mass, the PWP in the range 
of 0.5 times the hole diameter around the tunnel reduces and increases, respectively, during shield 
tunneling and shield tail grouting. The PWP of the soil close to the vault falls as the shield tunneling 
recedes, whereas the PWP close to the tunnel arch bottom rises. The impact range of shield tail 
grouting on the vertical settlement of the overlying soil is about 0.5 times the hole diameter. The 
shield tail grouting can significantly lessen the vertical settlement of the overlying soil and moderate 
the vertical uplift of the bottom soil. During shield tunneling the vertical stress distribution of the soil 
above the vault of the working position and around the excavation surface is funnel-shaped, and the 
vertical stress around the excavated tunnel decreases. 

KEYWORDS   
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INTRODUCTION 

With the advancement of urbanization, the problem of traffic congestion on the ground is 
becoming more and more prominent. Therefore, the development of underground traffic has become 
an important way to alleviate traffic congestion in large and medium-sized cities [1,2]. A great many 
river-crossing shield tunnels have been constructed or under construction along the river and coastal 
areas around the world, such as Seikan Tunnel (Japan), The Channel Tunnel (Britain and France), 
Jiaozhou Bay Undersea Tunnel (China), Cross Harbour Tunnel (Hong Kong), and Oujiang North 
Tunnel (China). Many challenges face the construction of a river-crossing shield tunnel under 
complex environmental conditions such as saturated soft soil, high water pressure and safety 
problems [3-5]. The shield tunneling will inevitably disturb the surrounding rock mass, and then the 
LSCE becomes obvious between soil particles and pore water. The PWP, displacement and stress 
of saturated soil are dynamically changed. Time-varying water-soil pressure severely affects the 
sealing of segments and the grouting quality behind the segments. In severe cases, it will threaten 
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the safe construction of shield tunnel, and the impact is particularly serious for large-diameter shield 
tunnel. Therefore, it is of great significance to explore the liquid-solid coupling response of saturated 
soft clay during dynamic tunneling of large-diameter river-crossing shield tunnels. 

For the liquid-solid coupling response in the soil around the tunnel during the shield tunneling, 
researchers have conducted a lot of researches by employing theoretical analysis, numerical 
analysis and test methods, and fruitful results have been achieved. In terms of theoretical research, 
Zareifard and Fahimifar [6] analyzed the stability of underwater tunnel while taking the seepage force 
into account, and established the analytical solution of stress field and displacement field of 
surrounding rock mass of underwater tunnel. Wang et al. [7] considered the spatial variability of 
geotechnical parameters and applied random field theory to the reliability index analysis of ground 
settlement induced by the shield tunneling. According to the elastic-plastic theory, Pinto et al. [8] 
deduced the analytical solution of ground subsidence caused by shallow tunnel excavation in soft 
soil strata. Using the complex variable function theory, the distribution laws of the displacement, 
stress and PWP were obtained under the special conditions around the tunnel [9-12]. Taking the 
tunnel project in karst area of Dalian Metro Line 5 as the background, Zhang et al. [13] derived the 
linear relationship between Smax,0/Smax,z and (1-Hz/h) and its influence parameters based on the 
principle of similar soil loss. Using the multiple linear regression method, the prediction formula of 
the maximum ground subsidence caused by shield excavation under the condition of karst cave was 
established. Using extreme gradient boosting, artificial neural network, support vector machine, and 
multivariate adaptive regression spline, Zhang et al. [5] proposed a ground subsidence prediction 
model for EPB tunnel in Singapore. Ocak and Seker [14] employed artificial neural network, support 
vector machine and Gaussian processes to predict the ground settlement of Istanbul Metro tunnel 
excavated by earth pressure balance shield. However, in most theoretical methods the strata were 
regarded as homogeneous when studying the displacement field and PWP field during shield 
tunneling, and the influence of the actual multiple strata was not considered. Most methods are only 
applicable to specific conditions, and could not be widely used in the practical project due to the 
complexities of the ground conditions. In addition, numerical analysis is a favorite method for 
studying ground deformation caused by shield tunneling. Liu et al. [15] established a three-
dimensional finite difference numerical model employing FLAC 3D, considering the factors such as 
trapezoidal support force, shield cone, trapezoidal grouting pressure, grouting body solidification, 
timely placement of lining, the soil settlement caused by shield tunnel excavation in silty sand stratum 
was studied. Using the discrete element method, Hu et al. [16] studied the surface and underground 
deformation characteristics of sandy soil under various burial depths and screw conveyor speeds. 
Based on the shield tunnel project in water-rich soft stratum, Li et al. [17] established a three-
dimensional refined model considering fluid-solid coupling during shield tunneling, the effects of 
excavation face support pressure, friction between shield and soil, and synchronous grouting amount 
on ground settlement and structural deformation were mainly studied. To analyze the distribution of 
the stress field, displacement field, and PWP field in the soil during shield tunneling, numerical 
models with liquid-solid coupling were developed in the relevant literature [18-20]. Cheng et al. 
explored fluid-solid interaction response of subsea tunnel taking high water pressure [21] and under 
earthquake [22] into account. Yao et al. [23] studied the ground collapses in sand cobble strata 
caused by shield tunnel construction of Lanzhou Metro Line 1, divided the ground collapses into 
three types, A, B and C, and put forward corresponding control measures. Yuan et al. [24] used field 
monitoring to investigate the disturbance mechanism and the influence law on the surrounding rock 
soil in each stage of shield tunneling of a super-large diameter slurry shield tunnel. Using model test 
and finite element simulation, Shahin et al. [25] investigated the impact of ground overload and 
construction sequence on ground subsidence brought on by tunnel construction. Relied on Luoyang 
urban rail transit engineering, Wang et al. [26] conducted field tests in sandy cobble stratum, and 
studied the excavation disturbance and influence range of soil in each stage of earth pressure 
balance shield tunneling. Using numerical simulation, the disturbance characteristics of deformation, 
seepage and stress state of sandy cobble stratum during shield tunneling were obtained. Xie et al. 
[27] used the finite difference method to optimize the construction parameters of an EPB shield 
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tunnel, and validated the applicability of the numerical model of a large-diameter tunnel through field 
monitoring. However, in most numerical methods, the influence of liquid-solid coupling on seepage 
field and displacement field during dynamic shield tunneling was not considered, and most studies 
mainly focused on sandy soil strata, there were relatively few studies concentrating on dynamic 
tunneling in the silty soft soil strata with overlying water. 

Relied on the large-diameter river-crossing shield tunnel project of S2 line of Wenzhou city 
railway, considering relevant parameters of shield tunneling, a fine numerical model considering the 
LSCE in the soil around the tunnel during dynamic excavating of a large-diameter river-crossing 
shield tunnel was established by employing finite difference method. The response characteristics 
of PWP, displacement and stress in the soil were obtained, and the influence of shield tail grouting 
on settlement characteristics and mechanical properties of strata during shield excavation was also 
analyzed. The findings of this research have significant theoretical implications for the construction 
of large-diameter river-crossing shield tunnels. 

BASIC PRINCIPLE OF LIQUID-SOLID COUPLING 

Seepage field equation of saturated soft soil 

It is supposed that the flow of pore water in soil obeys Darcy's law. The compression of 
porous media follows the principle of Terzaghi effective stress. The seepage in soil is saturated flow. 
According to the porous media seepage theory, only considering the vertical compression, the three-
dimensional seepage continuity equation of porous media single-phase fluid is as follows [28]. 
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Where  is the fluid density, K is the permeability of porous media (m2), μ is fluid viscosity 
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In the actual seepage, the source term w is considered to be added at the left of the above 

equation to obtain the basic seepage differential equation of single-phase fluid in compressible 
media. 
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The seepage field equation can be solved according to the constant pressure boundary 
condition or the constant flow boundary condition. 

Displacement field equation of saturated soft soil 

For small deformation, the fluid particle balance equation without considering the temperature 
effect is 


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 

 
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Where qi, j represents flow velocity of fluid, qv represents fluid source intensity (1/s), M is biot 

modulus (N/m2), a is biot coefficient, and  is volume strain. 
The variation of fluid pore pressure is caused by changes in the volume strain of the rock-soil 

mass. Meanwhile, changes in fluid pore pressure results in the variation of volume strain. The 
incremental form of the porous media constitutive equation can be expressed as 

ˆ+ =ij ij ij ij ijp H      （ , ） （4） 
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Where i j
  represents stress increment; Hij represents a given function; i j

  represents 

the total strain. 
The compatibility equation can be used to characterize the relationship between strain rate 

and velocity gradient. 
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Where 
.

u  represents velocity at some point in the medium. 

The displacement field can be solved by knowing the surface displacement of rock and soil 

skeleton = （ , y, z）
i j i j

u u x . 

ENGINEERING CASE 

Calculation parameters 

Taking the river-crossing shield tunnel project of S2 line of Wenzhou city railway as the 
background, the project adopted the pressure balance shield machine with a diameter of 14900mm, 
which started from the Jiangnan working well and then advanced to the north, crossed the waters of 
Oujiang North Estuary, and reached the Jiangbei receiving well. The working diagram of mud 
balanced shield is shown in Figure 1. The tunnel lining ring has an outer diameter of 14500mm, an 
inner diameter of 13300mm, a ring width of 2000mm, and a segment thickness of 600mm.. The 
schematic diagram of shield tunneling across river is shown in Figure 2. 

  

Fig. 1 –The working diagram of mud balanced 
shield. 

Fig. 2 – Schematic diagram of shield tunneling 
across river 

Table 1 displays the stratigraphic distribution and the parameters of a typical stratigraphic 
section. Affected by sea tide, the depth of the overlying water on the riverbed of Oujiang River is 8-
16 m. 

Tab. 1 - Lithologic parameters 

Stratum 
Moisture ratio under 

natural status /% 
ρ/（kN/m3） Es/MPa φ/° c/kPa μ 

Silt(1) 61.84 16.5 1.97 2.93 6.05 0.3 

Silt(2) 56.34 16.8 2.09 3.11 6.38 0.3 

Silt clay 50.05 17.3 2.5 3.89 6.24 0.32 

Clay 40.46 18.4 3.6 4.12 6.76 0.35 
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The physical characteristics of the shield shell, lining, and grouting body are presented in 
Table 2. The lining structure's rigidity has been reduced to 85% of its original stiffness due to the 
impact of the staggered arrangement of segments and the segment joints. 

 
Tab. 2 - Physical and mechanical parameters 

 ρ/（kg/m3） μ E/MPa 

Shield machine shell 7850 0.3 200000 

Lining 2500 0.2 30600 

Grouting body 2200 0.25 400 

Computational model and boundary conditions 

Employing the finite difference software FLAC3D, the calculation model of shield dynamic 
tunneling across river in multi-layer is established taking the liquid-solid coupling effect into account. 
Because of the structure's symmetry, half of the model is established for analysis. The model size is 
65.45m×100m×78.2m based on the actual project size and taking the influence of the boundary 
effect into account, as shown in Figure 3. The water level above the riverbed is 12 m. The length of 
the shield machine is selected as 6 m. According to the technical data of the project, the weight of 
the shield machine is 1655 t. The lining segment has a width of 2 m, a thickness of 0.6 m, and the 
thickness of the grouting layer behind the lining ring is 0.2m. The surrounding rock mass and grouting 
layer adopt an 8-node solid element, and the lining and shield shell adopt shell element. The 
following are the boundary conditions: The upper surface of the model is subjected to 120 MPa pore 
water pressure and 120 MPa vertical force. The horizontal displacements on the model's four sides 
are constrained, as is the vertical displacement at the bottom. The model's four sides and the bottom 
have impermeable boundaries. 

  

(a)  Integral model of shield tunnel (b)  Boundary constraints of shield tunnel 

Fig. 3 – Schematic diagram of river-crossing tunnel model 

Numerical procedure 

For the soil, the Mohr-Coulomb (M-C) criterion is chosen, and the elastic model is applied to 
the lining segment and the shield shell. The total overburden pressure is chosen in the calculation. 
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To mimic the consolidation settlement of underwater strata prior to tunnel excavation, the ground 
stress balancing is performed, and at this point, the PWP in the soil is treated as hydrostatic pressure. 

In the numerical simulation of shield tunneling across river, the shield machine advances 2 
meters for each excavation ring. According to the monitoring data of the practical project, the 
tunneling speed of the river-crossing shield tunnel is low, which is 6-8m/d. In addition, the supporting 
pressure on the excavation face is constant, which is simulated as the surface load distributed along 
the depth trapezoid, so the tunneling speed is considered to be constant. Therefore, the influence of 
tunneling speed on the surrounding rock soil is not considered in this paper. The supporting pressure 
acting at the tunnel surface center is obtained by Equation (6), and the gradient pressure is acted 
on the tunnel surface. The tail grouting pressure is set as 0.5273MPa according to the water-soil 
pressure around the hole. Considering the condensation and hardening of shield tail grouting is 
completed within 8~11 hours, and the excavation of one ring is completed within about 6 hours, it is 
assumed that the shield machine excavates two rings during this period. To simplify the calculation, 
the grouting pressure of the former ring on the surrounding rock soil and lining segment is considered 
as 0.2637MPa when the shield tail grouting of back ring is carried out [29]. The friction resistance 
between the shield shell and the soil is calculated by Equation (7), which is 159132N/m2. By using a 
method in which fluid calculations and solid mechanics calculations are performed simultaneously, 
the liquid-solid coupling effect is obtained during shield tunneling across river. 

0 0= =[ +( ( 1) 1) ]x y d wk k n gh    
 

（6） 

Where, k0 is the lateral pressure coefficient, and n is the porosity. Based on the results of 
engineering geological investigation, k0 is 0.674, and n is 0.51. 
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where, p0 is the soil's vertical force at the top of the shield machine, p01 is the soil's vertical 
force at the bottom of the shield machine, p1 is the lateral force at the top of the tunnel, p2 is the 
lateral force at the bottom of the tunnel, D is the shield machine’s outer diameter, L is its length, u is 
the friction coefficient between the soil and the steel body, and u is 0.3. 

To avoid the effect of boundary conditions on the seepage, displacement and stress in the 
soil around underwater tunnel, the 29m section of the 15th ring in the middle of the tunnel was taken 
as the analysis section, and the measuring points were arranged on this section. It is assumed that 
the shield machine has completed the excavation of the first three rings at the beginning, and the 
soil is in a stable state.  

LIQUID-SOLID COUPLING RESPONSE OF SURROUNDING ROCK SOIL  

Pore water pressure analysis 

Figures 4 and 5 show the variation laws of PWP at measuring points with shield tunneling 
from the fourth ring to the 24th ring. Measuring points are arranged at different radius (7.45m, 8.45m, 
9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m, 15.45m) along 45° direction between arch waist 
and vault of the tunnel in 29m section of the 15th ring in Figure 4. In Figure 5, measuring points are 
arranged at different heights (7.45m, 8.45m, 9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m, 
15.45m) above the tunnel vault in 29m section of the 15th ring. It can be seen from the figures that 
during the shield tunneling from the 14th to the 17th ring, owing to the continuous disturbance to the 
soil of the analysis section, the stress of the surrounding soil releases, the PWP of the measuring 
points around the tunnel in a certain range of the analysis section is reduced because of the decrease 
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of porosity and permeability. And the PWP of the measuring points in this range dropped most during 
the excavation of the 17th ring. As the shield machine excavates to the 18th ring, at this time the 
shield tail grouting of the 15th ring is carried out. Due to the reinforcement effect of grouting pressure 
and grouting amount on the soil, the PWP at the measuring points of the analysis section rises 
sharply. During the excavation of the 19th ring, the grouting in the 15th ring has not been completely 
solidified and hardened, and there is still a certain grouting pressure on the soil. The PWP at the 
measuring points in the surrounding rock soil decreases to a certain extent, but it is generally higher 
than that of the 17th ring tunneling. After that, the PWP of the measuring points gradually become 
stable. From Figures 4 and 5, it can be concluded that the impact range of the PWP in surrounding 
rock soil around the tunnel during the underwater shield tunneling is about 0.5R (R is the outer 
diameter of the shield tunnel). 
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Fig. 4 – Pore water pressure of measuring 
points along 45°direction 

Fig. 5 – Pore water pressure of vertical 
measuring points above tunnel vault 

Figures 6(a) and 6(b) show the PWP distribution of the longitudinal section containing the 
tunnel axis and the monitoring cross section when the shield machine excavates to the 16th and the 
18th ring, respectively. It can be obtained from Figure 6(a) that when the shield tunneling reaches 
the 16th ring, because of the disturbance to the soil in a certain range around the tunnel, the effective 
stress of the soil in this range is released. And there is a significant liquid-solid coupling in the soil, 
which lowers the PWP in this range. It can be obtained from Figure 6(b) that when the shield 
tunneling reaches the 18th ring, the shield tail grouting of the 15th ring is carried out. The effective 
stress of soil particles increases in a certain range around the tunnel, the soil particles undergo 
compression deformation, and the liquid-solid coupling raises the PWP. 

The distribution of PWP on the longitudinal section containing the tunnel axis is roughly 
similar when the shield reaches the 16th and the 18th ring. In the completed construction section (1-
12 rings in Figure 6(a), 1-14 rings in Figure 6(b)), the PWP in the soil near the vault decreases and 
increases near the tunnel arch bottom. The reason is that with the solidification and hardening of the 
grouting body, the soil above the vault sinks under the vertical water-soil pressure, and the effective 
stress of soil particles increases. The soil under the tunnel arch bottom uplifts, and the effective 
stress decreases. Under the assumption that the total stress of the soil remains constant, the PWP 
in the soil above the vault decreases, while the PWP in the soil near the tunnel arch bottom increases. 
So, tunnel anti-floating measures such as secondary grouting should be taken during construction. 
Furthermore, the PWP distribution around the excavation surface is funnel-shaped. To summarize, 
it is suggested that the PWP in the surrounding rock mass be regarded as dynamic water pressure 
caused by the liquid-solid coupling in the underwater shield tunnel construction. 
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(a) PWP when shield crossing 

  
(b) PWP when shield tail grouting 

Fig. 6 – PWP of monitoring section 

Displacement field analysis 

Vertical displacement during shield tunneling 

Figure 7 presents the variation laws of vertical displacement at measuring points with shield 
tunneling from the fourth ring to the 24th ring. Measuring points are arranged at different heights 
(7.45m, 8.45m, 9.45m, 10.45m, 11.45m, 12.45m, 13.45m, 14.45m, 15.45m) above the tunnel vault 
in 29m section of the 15th ring. The vertical subsidence of the monitoring point decreases as the 
distance between the monitoring point and the tunnel axis increases above the tunnel vault. When 
the shield machine excavates to the 8th ring, the small vertical settlement of the monitoring point 
above the vault of the 15th ring analysis section begins to produce. After that, with the shield machine 
excavating forward the disturbance to the monitoring section increases, and the vertical settlement 
of the monitoring point continues to increase. It shows that the influence range of the underwater 
shield tunneling on the vertical displacement of the front surrounding rock soil is about 1R. From the 
14th ring to the 17th ring, with the continuous shield tunneling, the vertical displacement of the 
monitoring points continues to increase due to the release of soil stress caused by the disturbance 
to the soil of the analysis section. When the shield tunnel is excavated to the 18th ring and the 19th 
ring the vertical displacement growth of the monitoring points tends to be gentle due to the 
reinforcement effect of the grouting pressure and grouting amount behind the 15th ring segment. 
The maximum vertical settlement of the vault measuring point (0,29,7.45) is 14.88mm. According to 
the excavation of the 20th and subsequent rings, the influence range of the synchronous grouting of 
the shield tail on the vertical settlement of the surrounding rock soil above the vault is approximately 
0.5R 
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Fig. 7 – Vertical displacement of measuring points above tunnel vault 

Figure 8 presents the vertical displacement distribution of the longitudinal section containing 
the tunnel axis and the monitoring cross section when the shield machine excavates to the 18th ring. 
It can be concluded that the LSCE in the soil is obvious during the underwater tunnel excavation, 
and the distribution of vertical displacement in surrounding rock mass is complex, especially around 
the tunnel. With the shield machine moving forward, the arch bottom of the tunnel uplifts and the 
vault sinks. Due to the grouting amount and grouting pressure behind the 15th ring lining segment, 
the vertical displacement of the soil above the 15th ring segment is significantly reduced. The local 
surrounding rock soil at the tunnel's bottom in front of the excavation face has a slight upward uplift, 
indicating that the slurry pressure on the excavation surface should be controlled to avoid excavation 
surface instability during the shield tunnel construction. 

 
 

Fig. 8 – Vertical displacement when shield tail grouting 

Strata settlement 

Figure 9 presents the vertical settlement of different strata above the vault of the tunnel in the 
29 m monitoring section of the 15th ring when tunneling in the 19th ring. It can be obtained that the 
maximum ground subsidence occurs at the upper part of the shield tunnel axis, and with the increase 
of stratum depth, the vertical settlement above the axis of the tunnel is larger. The shape of the 
settlement curve of each stratum is similar, and all conform to the Gaussian normal distribution of 
Peck curve. The deeper the depth of the stratum, the narrower the settlement trough width, indicating 
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that the disturbance range of the soil is smaller. This is consistent with the conclusions of existing 
studies, and also proves the correctness and reliability of the numerical analysis method in this 
paper. 
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Fig. 9 – Vertical settlement of different strata 

Vertical settlement of tunnel vault and arch bottom 
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Fig. 10 – Vertical displacement of measuring 
points at tunnel vault 

Fig. 11 – Vertical displacement of measuring 
points at arch bottom of tunnel 

Figures 10 and 11 show the relation curves between the vertical displacements of the 
measuring points and the number of tunneling ring along the tunnel excavation direction. The 
measuring points are located at the top and bottom of the tunnel at 13m, 19m, 25m, 29m, 33m, 35m, 
38m, and 42m, respectively. It can be obtained from the figure that the support of each lining segment 
and the grouting significantly reduce the vertical settlement rate of the vault and the vertical uplift 
rate of the arch bottom, which indicates that the shield tail synchronous grouting can effectively 
reinforce the surrounding rock soil. The displacement of the tunnel vault and arch bottom is typically 
stable while the shield machine advances. The final settlement of the tunnel vault is about 11.35 
mm, and the uplift of the arch bottom’s uplift is about 28.97 mm. 
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Vertical stress analysis 

Figure 12 shows the distribution of vertical stress on the longitudinal section along the tunnel 
axis and the monitoring cross section at the 29m section of the 15th ring in different stages of 
underwater shield tunneling. In different rings tunneling, the vertical stress distribution of the 
longitudinal section is basically similar. Due to the disturbance and stress release of the surrounding 
rock mass, the shield machine's continued forward motion significantly reduces the vertical stress of 
the soil surrounding the excavated tunnel. With the continuous advance of shield tunneling, the 
vertical stress around the tunnel tends to be stable, which is generally smaller than the initial stratum 
stress. It is advantageous for the safe operation of the shield tunnel in the later period. The vertical 
stress of the soil above the vault at the working position of the shield machine and at the excavation 
face presents a funnel-shaped distribution. For the vertical stress distribution of the monitoring cross 
section in different tunneling stages, in Figure 12(a), the shield tunneling has not reached the 
monitoring section, due to the disturbance to the front soil, the vertical stress of the front soil is 
released and reduces. In Figure 12(b), the shield machine crosses the monitoring section as the 
shield tunneling reaches the 16th ring. The soil around the monitoring section is disturbed, and the 
vertical force of the soil around the tunnel further reduces compared with the 13th ring. In Figure 
12(c), the shield tunneling reaches the 18th ring, and the tail grouting is carried out behind the 15th 
ring segment. The vertical stress of the soil on the upper part of the arch waist around the tunnel of 
the monitoring section continues to decrease, and the stress reduction range is greater than that of 
the 16th ring. The vertical stress of the soil at the lower part of the arch waist increases compared 
with that of the 16th ring, which indicates that the shield tail grouting can effectively resist floating. 
When the shield machine excavates to the 21st ring, far from the monitoring section, as shown in 
Figure 12(d), the vertical stress of the monitoring section gradually becomes stable. 

  
(a) The 13th ring 

  
(c) The 16th ring 

Fig. 12 – Vertical stress of monitoring section 
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(d) The 18th ring 

  
(e) The 21st ring 

Fig. 12 – Vertical stress of monitoring section 

CONCLUSIONS 

(1)    During the underwater shield tunneling and the shield tail grouting, the PWP in the range of 
0.5R around the tunnel reduces and increases respectively due to the liquid-solid coupling. When 
the shield moves away, the PWP of the soil near the tunnel vault decreases, and grows near the 
arch bottom of the tunnel, the tunnel anti-floating measures such as secondary grouting should be 
taken. The PWP in the surrounding rock soil should be regarded as hydrodynamic pressure in the 
construction of an underwater large-diameter shield tunnel. 
(2)    The influence range of underwater shield excavating on the vertical displacement of the front 
soil is about 1R. Due to stress release, the vertical settlement of the surrounding soil above the vault 
increases as the shield approaches the monitoring section. The reinforcement effect of shield tail 
grouting behind the lining segment can effectively reduce vault soil vertical subsidence and slow 
down arch bottom soil uplift. The influence range of shield tail grouting on the vertical subsidence of 
the soil above the vault is about 0.5R. 
(3)    The deeper the burial depth of the stratum, the narrower the ground subsidence trough and 
the smaller the ground disturbance range. The local soil at the bottom of the tunnel in front of the 
excavation surface uplifts, indicating that the slurry pressure on the excavation surface should be 
controlled to avoid the instability of the excavation surface during the tunneling. 
(4)    The vertical stress of the soil surrounding the tunnel reduces during the excavation of the 
shield, and the vertical stress of the soil above the vault of the working position of the shield machine 
and around the excavation face is funnel-shaped distribution due to the influence of liquid-solid 
coupling. After the vertical stress around the excavated tunnel tends to be stable, the vertical stress 
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is generally lower than the initial formation stress, which is advantageous for the safe operation of 
the shield tunnel in the later stage.  
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ABSTRACT  

A curved channel with intersecting streams can be easily scoured by incoming flow, and the 
concave bank is badly damaged. The twin-groyne is a unit of the spur dike group, which can 
effectively adjust the flow structure and achieve the purpose of bank protection. This study simulates 
the intersection of river channels through experiments, and compares the influence of twin-groyne 
on the flow structure and protection of the curve. This research showed that the twin-groyne could 
effectively adjust and optimize the flow velocity distribution, change the shape of the free water 
surface of the bend, prevent erosion, and promote silting on the concave bank, and it could provide 
a scouring and silting effect on the convex bank. When the spacing of twin-groyne was increased to 
more than four times the body length of the single-groyne (spur dike), the protective effect on the 
concave bank was weakened, and the scouring and silting effect of the convex bank was reduced. 
Excessive spacing of the twin-groyne could cause local erosion damage to the concave bank. When 
the distance exceeded the theoretical optimum, it was equivalent to the effect of single-groyne. With 
the increase in the submergence degree of groynes, the velocity of the concave bank decreased 
first and then increased, while the velocity of convex bank decreased continuously. The protective 
effect of a non-submerged twin-groyne with a dam spacing of four times the body length of the single-
groyne was better than that of other conditions, and it is recommended to be used in practice.  

KEYWORDS 

Erosion prevention, Hydraulics, Scour, Spur dike, Twin-groyne 

INTRODUCTION 

For a curved channel that intersects with branches, the flow patterns and hydraulic conditions 
are more complex than those of a straight channel or a channel with a single bend. Under the same 
flow rate, concave bank erosion and damage are severe. Convex bank siltation and the narrowness 
of the channel further aggravate the damage of the concave bank. 

Riverbed evolution is the result of the interaction between water flow and riverbed. A certain 
riverbed morphology and composition determines the flow condition suitable for it, and a certain flow 
condition makes the riverbed morphology and riverbed composition produce a certain riverbed 
evolution suitable for it. The river conditions in nature are complex and diverse, and the complexity 
of flow patterns and hydraulic conditions of different types of rivers is often quite different. For 
example, curved rivers are more complex than straight rivers, and curved rivers with confluence of 
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tributaries are more complex than single bends. Generally, under the same conditions, the erosion 
damage of concave banks in curved river channels will be more serious, and the siltation of the 
convex bank narrows the river channel, which will further aggravate the damage of the concave 
bank, resulting in the acceleration of the evolution rate of the river channel in the unfavorable 
direction. As a common hydraulic structure of waterway regulation, spur dikes are widely used in 
river control engineering [1]. In a revetment project, the main function of spur dikes is to change the 
form of the original riverbed cross-section and adjust the surrounding flow structure to protect the 
riverbank from being scoured directly by incoming flow, resulting in brush damage [2]. For different 
types of rivers, different spur dikes arrangements are needed to achieve good protection effects. 
Generally speaking, the joint action of simultaneous spur dikes is usually used in engineering 
practice. The number and spacing of spur dikes will directly affect the engineering effect and cost, 
so it is of great significance to study the flow of spur dikes. 

A twin-groyne is a combination of two independent spur dikes. The reasonable arrangement 
of a twin-groyne directly influences the effect of a waterway regulation project [3][4]. The spacing 
between two spur dikes and the submergence degree of groyne are two important parameters to 
describe the function of the twin-groyne. The spur dikes cannot cooperate with each other when the 
spacing is too large, and the purpose of river regulation cannot be achieved. Meanwhile, if the 
spacing is too small and the number of spur dikes increases, the quantity and cost of materials used 
in engineering will increase accordingly. The submergence degree of groyne is the ratio of the water 
depth to the height of the spur dikes. With the change of the submergence degree of groyne, the 
overflow of the dam top and the lifting action of the dam head will also change; so, the protective 
effect on the riverbank will also change accordingly [5]. Pandey et al. focused on experimentally 
assessing the temporal variation of the scour depth around a vertical wall spur dike and identifying 
the parameters that most influenced the spur dike performance for a channel bed surface composed 
of sand-gravel mixtures [6]. 

At present, there are many research results on the shape and pick angle of spur dikes. 
Vaghefi et al. studied the water flow near the T-type spur dike by numerical simulation, and analyzed 
the supporting structures upstream of several T-type spur dikes with different wing lengths [7]. 
Vaghefi et al. showed the flow patterns of 90° oblique t-shaped vertical breakwaters in repulsive, 
attractive and vertical positions. The numerical results show that with the increase of the angle of 
the straight dike, the size of the vortex downstream of the straight dike decreases [8]. Bahrami-
Yarahmadi et al. studied the scour patterns formed around triangular spur dikes under different 
hydraulic conditions, and compared these patterns with the scour patterns of ordinary types of spur 
dikes (rectangular spur dikes) [9]. Haider et al. studied the turbulence and flow characteristics around 
the straight dike in the open channel. The results show that the permeable straight dike with pore 
angle is an ideal choice to protect the tip of the straight dike, the river bank and the aquatic habitat 
in extreme floods. It also reduces reattachment length and roughness coefficient [10]. 

Gu et al. quantitatively studied the influence of the spacing threshold of non-submerged 
double spur dikes on the spacing threshold of non-submerged double spur dikes arranged 
orthogonally on the same side in a straight rectangular river by combining numerical research and 
experimental measurement [11]. Jiao et al. studied the influence of different spur dike lengths and 
riverbank elevation differences on hydraulic power through physical model experiments [12]. They 
found that the difference of riverbank elevation is the decisive factor of lateral water and sediment 
transport. 

Shampa et al. found that the high-permeability spur dike group could reduce the longitudinal 
velocity and turbulence intensity along the channel and increase the transverse flow [13]. A 
staggered arrangement of the pile grid in the spur dike group could reduce the shear stress of the 
riverbed while improving the flow pattern in the turbulent area. Sharma et al. performed a study on 
the flow characteristics behind the spur dike of a curved river [14]. Kiani et al. evaluated the effect of 
the relative distance between two spur dikes in the bend on the scour using a laboratory Plexiglas 
flume with a rectangular section and a 180° bend [15]. They found that there was a direct relationship 
between the maximum relative depth of the scour and the relative length of the spur dikes, the 
relative distance between the spur dikes, and the Froude number. By increasing the relative 
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distance, relative length, and Froude number, the maximum relative depth of the scour at the noses 
of the spur dikes increased. 

Duan used a microacoustic Doppler velocimeter to study the three-dimensional turbulent flow 
field around a spur dike in a planar fixed-bed open channel in the laboratory and found that the 
maximum bed shear stresses estimated using Reynolds stresses were about three times as large 
as the mean bed-shear stress of the incoming flow[ 16]. The studies discussed above mainly 
examined the influence of the flow field, velocity, and flow behind dams with different spur dike 
structures in straight and curved river courses. However, there are few related studies on the use of 
twin-groyne in a curved channel with intersecting streams. 

The protective effect of a groyne group can be correlated with a reduction in the magnitude 
of depth-averaged velocity along the channel bank. Through physical model tests and theoretical 
analysis, this research examined impermeable solid twin-groynes (double spur dikes). By changing 
the spacing and submergence degree of the spur dikes, the velocities, water surface line 
distributions, and water flow patterns near the bend were compared, and the effect of the twin-groyne 
layout on the protection of a curved channel connected to branches under the same flow rate was 
explored. The research results have a certain reference value for the selection, optimal arrangement, 
and rational use of the twin-groynes in waterway regulation and revetment engineering. 

METHODS 

Experimental model 

The main structure of the model was a 45° curved flume attached to a straight section of 
branches. The water cross-sections of the main trough and branch trough were rectangular, and the 
trough depth h was taken as the reference length. The width of the main trough d was 1.5h, the width 
of the branch trough was 0.75h, and the radius of the outer curve R was 10h. To ensure the stability 
of the flow conditions and the authenticity of the experimental simulations, the inlet and outlet of the 
bend were provided with a straight grooved transition section, and the head and tail of the flume 
were respectively provided with a steady flow grid and a water retaining weir to adjust the water 
level. The length of the spur dike was D = 0.25d, and the spur dikes were arranged on the concave 
bank of the bend perpendicular to the bank. The experiment used clean water, which was supplied 
by a pump. The water head was stabilized by a concrete reservoir, and the flow was regulated by a 
water-retaining gate. The flow depth H was defined as the reference depth in the middle of the inlet 
of the flume. The U was the mean longitudinal velocity in the inflow straight channel reach without 
spur dikes. Among them, one side of the experimental model had a branch, and the branch switch 
controled whether the water flow in the branch can enter the main channel. The “with branch” 
indicates that the branch switch is in an open state, and the water flow in the branch can flow into 
the main channel; the “no branch” means that the branch switch is in a closed state, and the water 
flow in the branch cannot flow into the main channel, as shown in Figure1 (a). 

Experimental design 

Details of the experimental model are shown in Figure 1 (a)-(e). Under all the working 
conditions shown in Table 1, the position of spur dike 1 remained unchanged at 1/4 of the river bend. 
Spur dikes 2’, 2’’, and 2’’’ had spacings of 4D, 6D, and 8D, respectively, between two spur dikes, as 
shown in Figure 1 (d). The locations of the spur dikes, the locations where the velocity and water 
level were measured, and the grid of measuring points distributed on the bend section are shown in 
Figure 1 (a)-(e). Flow measuring sections were set along the outer arc, which contained 
measurement points with spacings of 0.2d. Similar sections were established around the groyne 
dam. A total of 26 measurement sections were established. Each flow measuring section had eight 
measurement points, which were labelled as lines 1-8, with distances from the concave bank of 0.1d, 
0.2d, 0.3d, 0.4d, 0.5d, 0.6d, 0.8d, and 0.9d, respectively.  
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(a) planview of experimental model

 

  

                         (b) overall layout                         (c) detailed view to the model section with groynes 

 

(d) experimental measurement line distribution diagram 
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(e) diagrammatic cross-section 

Fig. 1 - Experimental model 

Experimental conditions 

The empirically determined spacing of impervious non-submerged twin-groynes is usually 
2–4 times the dam length, and the optimal theoretical value of the dam spacing is 9D[17]. Based 
on the empirical values and the optimal theoretical value of the dam spacing, the dam spacing and 
degree of submergence were varied for comparison experiments. These experiments involved a 
total of six working conditions, and the characteristics of each experimental condition are shown in 
Table 1.  

The submergence degree of groynes (σ) as follows: 

σ = H / Height 

It should be noted that in formula and Table 1, the Height represented the height of the spur 
dikes, as shown in Figure 1 (e). Among them, submergence degree of groynes (σ) greater than 
100% indicated that the flow depth exceeded the height of the spur dikes. 

Tab. 1 - Working conditions 

Condition Height Submergence degree of 
groynes(σ) 

Spacing between two spur 
dikes 

1 - - - 

2 0.5h 100% 4D 

3 0.4h 125% 4D 

4 0.8h 62.5% 4D 

5 0.8h 62.5% 6D 

6 0.8h 62.5% 8D 

 

RESULTS AND DISCUSSION 

Analysis of influence of arrangement of twin-groyne on river surface line 

Figure 2 shows the distribution of the longitudinal water surface lines in the curved channel 
with the twin-groyne and connected branches under the same flow. The velocity measurement 
method here adopts the three-point method in hydraulics: the velocity measurement points were set 
at 0.2, 0.6, 0.8 relative water depths below the water surface, and the average or weighted average 
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of the velocity of the three measuring points is the vertical average velocity. The channel flow was 
affected by the twin-groyne, and the water surface line changed significantly. The water level near 
the central axis was relatively high, and the highest water level appeared between the spur dikes. 
The top-thrusting action of the branches caused the water surface line to be inclined to the central 
axis and the concave bank side. The concave bank of section 0# had the highest water level of the 
whole measured bend, while the convex bank had the lowest water level, which was mainly caused 
by the arrangement of the twin-groyne on the concave bank, and the twin-groyne blocked and 
deflected the water flow. From the characteristics of the water flow itself, the first spur dike blocked 
the water, causing the upstream water level to rise. The water level along the dam head was higher 
than the back water level, and the water level near the central axis of the bend and along the convex 
bank increased significantly. The water level near the head of the spur dike was again elevated due 
to the high flow velocity in the narrow area of the downstream beam. The water level near the central 
axis of the bend and along the convex bank increased again. A certain distance after the second 
dam, the water level slowly decreased and gradually became stable. 

  

(a) condition 1 — with branch                                           (b) condition 2 

  

(c) condition 3                                                         (d) condition 4 

  

(e) condition 5                                                         (f) condition 6 
Fig. 2 – Longitudinal water surface line distribution diagram under each working condition 
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Analysis of influence of arrangement of twin-groyne on velocity of river concave bank 
and convex bank 

The velocity measurement method here adopts the three-point method in hydraulics: the 
velocity measurement points are set at 0.2, 0.6, 0.8 relative water depths below the water surface, 
and the average or weighted average of the velocity of the three measuring points is the vertical 
average velocity. Figure 3 shows the longitudinal velocity distribution of the concave bank (line 2) 
and convex bank (line 7) under each working condition. It can be observed that the velocity along 
the concave bank was greater than that along the convex bank after adding a branch for the same 
flow. Under condition 1, the maximum scouring velocity of the concave bank was 0.2 m/s. After the 
twin-groyne was installed, the velocity of the concave bank decreased significantly, while the velocity 
of the opposite bank increased significantly, with a maximum value of 0.28 m/s. The maximum 
velocity of the concave bank and the minimum velocity of the convex bank were located upstream 
of the twin-groyne, and the minimum velocity of the concave bank and the maximum velocity of the 
convex bank occurred between the two spur dikes. Due to the obstruction of the spur dikes, a 
relatively still area formed behind them. The flow velocity of the dam head increased due to the 
bunching action of the spur dike. After bypassing the spur dike, the flow deflected to the side without 
the spur dike and formed a shear flow with a relatively still area between the two spur dikes, resulting 
in a vortex between the spur dikes.  

 

  

(a) concave bank 

  

(b) convex bank 

Fig. 3 – Comparisons of flow velocities in cross-sections of bending channels 

Based on contrastive analysis of Figure 2 and Figure 3, the water level difference in the bend 
caused the exchange of flow potential energy and kinetic energy, and the water level and flow 
velocity changed differently along the channel under different twin-groyne arrangements. However, 
the variation characteristics were generally similar. The twin-groyne obstructed the flow and caused 
the water level behind the spur dike to decrease. The flow around the dam consumed the kinetic 



 
  Article no. 34 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

----------------------------------------------------------------------------------------------------- 

  DOI 10.14311/CEJ.2023.04.0034 464 

energy of the flow and the velocity behind the spur dike decreased significantly. The narrow flow of 
the spur dike caused the water level of the central axis and convex bank of the bend to rise, and the 
water flow area suddenly decreased, thus increasing the flow velocity. A certain distance after spur 
dike 2, the flow velocity gradually became stable. 

Analysis of influence of inundation degree on velocity distribution 

Figure 4 shows the velocity distribution of the river channel under different submergence 
degrees. The distribution of the main flow area of the curve changed from the side near the concave 
bank to the side near the convex bank after the twin-groyne was added on the concave bank. The 
velocity of the concave bank decreased, some basins had negative velocities, and the maximum 
velocity appeared on the opposite side between the two spur dikes. With the increase in the 
submergence degree of groyne, the flow velocity in the main flow area that was greater than the 
scour velocity v was significantly reduced, and the scour and silting effect was weakened. The area 
of the negative velocity zone between the two spur dikes and downstream decreased, and the 
submergence degree of groyne was 125%. The negative velocity zone behind spur dike 2 basically 
disappeared, which was not conducive to the siltation of the dam field. For working conditions 2 and 
3, the flow velocity distribution in the concave bank between the two spur dikes was unstable. The 
flow velocity of condition 2 on the convex bank side was larger and relatively uniform, and thus, this 
condition was more conducive to river protection than condition 3. Under condition 4, the maximum 
negative flow velocity of concave bank was 0.05 m/s, and the flow velocity in the vortex areas 
between and behind the two spur dikes was small and relatively uniform, which was conducive to 
the erosion and silting prevention of the concave bank. However, the convex bank side had a large 
flow rate and a better scouring and silting effect, which was more conducive to the overall river 
protection than the submerged condition. 

  

      (a) condition 1 — with branch                                          (b) condition 4 

  

           (c) condition 2                                                  (d) condition 3 
Fig. 4 – Velocity distribution of the river channel under different submergence degrees 
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From the perspective of the flow characteristics of the submerged twin-groyne, the water 
flowing past the dam body was divided into two parts: surface flow and bottom flow, and there was 
a water separation phenomenon at the top of the dam [2]. Under the same incoming flow, the 
discharge of the surface water through the dam crest increased with the increase in ∆H (∆H = Height 

- H), leading to a decrease in the range of the return area between and behind the two spur dikes. 

Part of the bottom flow rose over the top of the dam and flowed downstream, and it tended to spread 
toward the head of the dam, while the other part went around the head and released. The interaction 
conditions between the surface flow and bottom flow led to the presence of two horizontal and vertical 
return zones with different rotation directions between and behind the spur dikes, and their 
interactions consumed a large amount of kinetic energy [6]. When ∆H was small, the bottom flow 
had significant action around the dam, and the water level changes and velocity distribution were 
similar to those of the non-submerged twin-groyne. As ∆H increased gradually, the water blocking 
ability of the double groyne dam bundle weakened, the surface water discharge increased, the 
convex bank velocity decreased continuously, and the local shore–base erosion and silting effect 
weakened. The flow velocity of the concave bank changed significantly, the effect of the bottom flow 
was gradually weakened, the surface flow gradually became dominant, and the flow velocity 
increased after it decreased to a certain extent, which was not conducive to the protection of the 
bank. 

Analysis of influence of distance between two spur dikes on velocity 

Figure 5 shows the velocity distributions for different dam spacings. Based on the comparison 
of Figure 4 and Figure 5, with the increase in the dam spacing, the velocity distribution in the main 
flow zone and the vortex zone changed significantly. Under condition 5, the distance between the 
two spur dikes was 6D, and the variation of the longitudinal velocity between the two spur dikes was 
larger than that under condition 4. The maximum negative velocity in the vortex zone reached 0.1 
m/s, which was not conducive to the deposition of sediments in the concave bank. Under condition 
6, when the spacing between the two spur dikes reached the theoretical optimal value of 9D, the 
vortex zone between the two spur dikes was disconnected. Currently, the two spur dikes were 
outside the mutual cover range, and the disconnection position in the return area could easily cause 
partial scouring damage, which was unfavourable for the protection of the river. For the convex bank, 
the increase in the dam spacing increased the range of scouring and silting, but the scouring and 
silting effect was lower in local areas. The flow velocity at the tail area of the convex bank under 
condition 6 was uneven in the transverse distribution, and the overall scouring and silting effect was 
weaker than that under condition 4. 

  

          (a) condition 5                                                (b) condition 6 

Fig. 5 – Velocity distribution diagram with different dam spacings 
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From the perspective of the flow characteristics of the non-submerged twin-groyne, the first 
spur dike (spur dike 1) had a strong flow deflection ability, a large flow inertia effect, slow flow velocity 
recovery across spur dike 1 to the downstream area, and a large scouring range of the flow. The 
placement of the second spur dike (spur dike 2) weakened the inertial action of the water flowing 
over it, and the water flow could be diverted to the main channel, which not only reduced the scouring 
effect on the concave bank but also promoted the scouring and silting effect on the convex bank. If 
the dam spacing were too large or too small, it would not be conducive to riverbank protection. If the 
dam spacing were too large, it would be equivalent to the two spur dikes playing separate roles. If 
the dam spacing were too small, the full effect of spur dike 2 would not be realized. Under each 
experimental condition, when the spacing of the two spur dikes was 4D, it had an ideal effect on the 
river protection. 

CONCLUSIONS 

Twin-groynes with different dam spacings and submergence degrees were established on 
the concave bank of a curved river channel with intersecting branches. Through comparative 
analysis of the effect of the twin-groynes on the water level, velocity change, and flow characteristics, 
the protective effects of different arrangements on the curved river bank were determined. 

(1)  The water blocking of the twin-groyne led to water free surface and velocity changes in the 
curved channel. A twin-groyne arranged in the curved channel could prevent erosion, promote silting 
on the concave bank, and provide a scouring and silting effect on the convex bank. The differences 
of the water level in the bend led to the exchange of potential energy and kinetic energy of the flow. 
When the twin-groyne layout was changed under the same inlet flow, the water level and velocity 
changed differently along the channel, but the overall variation characteristics were similar. 

(2)  The non-submerged twin-groyne had a more significant effect on the flow structure and 
velocity distribution of the bend. When the spacing of twin-groyne was greater than 4D, the velocity 
distribution of the concave bank was unstable, and the scouring and silting effect of the convex bank 
was reduced. When the distance was greater than the theoretical optimum, it was equivalent to two 
spur dikes playing separate roles, the concave bank of the local damage was severe, and the 
configuration was not conducive to river protection.      

(3)  The water level variations of the bend were smaller than those of the channel with a non-
submerged twin-groyne. With the increase in the submergence degree of groyne, the overflow effect 
of the dam crest was strengthened, the water blocking and water flow deflection effects of the dam 
head were weakened, the velocity of the concave bank decreased first and then increased, the 
velocity of the convex bank decreased continuously, the velocity of the convex bank gradually 
approached the condition with no dam, and the overall protective effect of the river was weakened. 

(4)  The non-submerged twin-groyne with a spacing of 4D allowed the full effect of the twin-
groyne on controlling water potential and deflecting water flow, and the surface flow pattern of the 
bend was stable, which had a better protective effect on the riverbank compared to other spacings. 
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ABSTRACT 

 Increased requirements for the energy efficiency of buildings often lead to an increase in the 
tightness of the building envelope. Tightness of the external cladding has a significant effect on the 
intensity of air exchange. A lower level of ventilation subsequently worsens the quality of the indoor 
air and also causes an increase in the indoor radon concentration. This problem can be solved by 
using ventilation devices with heat recovery. The paper deals with the influence of local ventilation 
equipment with heat recovery on indoor radon concentration. The case study compares different 
settings of ventilation equipment from the point of view of pressure ratios between interior and 
exterior. During the measurements, external weather conditions are also monitored, which may 
affect the results. The aim of the paper is to evaluate the rate of reduction of indoor radon 
concentration by using this method of ventilation and determine the correct way to set up the 
ventilation equipment. 

KEYWORDS 

 Mechanical ventilation, Radon concentration, Energy saving 

INTRODUCTION 

 In times of energy crisis and high energy prices, people are forced to take measures to reduce 
energy consumption in buildings. Funds to ensure these measures can currently be obtained from 
the Recovery and Resilience Plan approved by the European Commission. Part of these funds is 
intended precisely for improving the energy efficiency of family homes and the restoration of public 
historic and heritage-protected buildings. Investments are also intended for the renewal of the 
building envelope, the replacement of windows or the provision of a more efficient heat source [1]. 
With these solutions, it is also important to think about the need for sufficient ventilation as energy-
saving measures which usually reduce heat loss through the building envelope and subsequently 
reduce the rate of air exchange [2], [3]. The purpose of ventilation is to remove contaminants, to 
create good indoor air quality and to reduce the risk of health problems by introducing and circulating 
fresh air throughout the building.   
 Among the health-threatening substances accumulating in the internal environment of 
buildings is radon. Radon mixes with atmospheric air in exterior. However, in closed indoor spaces 
it accumulates and increases in harmful concentrations [4]. Among the most important sources of 
radon in the interior are subsoil, groundwater and building materials. With its products, radon enters 
the respiratory tract by inhalation, which can subsequently cause cancer. According to the World 
Health Organization, it is the second most common cause of lung cancer after smoking [5]. 
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 The necessity to deal with indoor air quality while increasing the energy efficiency of buildings 
was confirmed in a French study [6]. It demonstrated the significant impact of renovation and 
modernization of buildings on the increase in indoor radon concentrations. The study from the United 
Kingdom [7] investigated the consequences of reducing the ventilation of buildings by increasing the 
air tightness of the envelope, demonstrating the possibility of increasing radon concentration by more 
than 56 %. 
 It is possible to achieve the required air exchange and reduction of energy losses through 
ventilation with heat recovery at the same time. The results of a simulation study from Ireland [8] 
highlight that radon concentrations in buildings could potentially change depending on the ventilation 
strategies designed during renovations. Currently, there are many central and decentralized 
recuperation units on the market that can be used for this purpose. The contribution is devoted to 
measuring the indoor radon concentration in a room that uses a local heat recovery unit for 
ventilation.  

CASE STUDY 

 The measured room is located on the ground floor of the three - floor administrative building 
in Banská Bystrica. Based on the radon risk map, there are several places with increased radon risk 
in the city. What is more, based on the information from recent measurements in the building, an 
increased indoor radon concentration was measured. The building was built in the 70´s of the last 
century, but a few years ago, the building underwent a complete renovation of the outer shell. As a 
part of renovation, the window structures were completely replaced. The contact insulation system 
was applied to the façade of the building and flat roofs were in insulated.   

 

    
Fig. 1 – Axonometry of the monitored room with the location of the ventilation equipment and 

measuring devices: 1- Radon monitor AlphaGuard, 2- Testo 400, 3- TFA – Thermo-Hydro Sensor, 
4- Prana 150 

 A local recovery unit Prana 150 is used to ventilate the measured room. It is a two-way 
recuperation with independent adjustment of the volume of incoming and outgoing air. This unit is 
intended for the ventilation of smaller spaces up to 60 m² of floor area, while it can provide air 
exchange with a volume of approximately 100 m³/h. The warm exhaust air removed from the interior 
transfers heat in the copper exchanger to the supplied air from the exterior, while there is no mixing 
of the removed and supplied air. The manufacturer indicates the efficiency of the device in terms of 
energy savings of up to 95 % [9]. The principle of installation of the recovery unit is shown in Figure 
2. 
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Fig. 2 – Installation of the ventilation device in the prepared place. 

 

MEASUREMENT METHODS 

 An AlphaGuard radon monitor was used to measure the radon concentration, which enables 
continuous radon measurement and measurement of selected climatic parameters such as 
temperature, pressure and air humidity at the same time. This device works on the principle of an 
ionization chamber [10]. The working space with the collecting central anode is filled with the working 
charge - air. The examined air passes into the ionization chamber through a filter that allows only 
radon 222Rn molecules, i.e. without the products of its transformation. The filter also prevents 
contamination by dust particles. During the transformation of radon, alpha particles are released, 
which ionize the gas. The resulting positive and negative ions are captured on the electrodes of the 
chamber. The size of the generated electric charge is proportional to the volumetric activity of radon 
[11]. 
 The WeatherHub SmartHome System device for wireless observation of climatic conditions 
was used to record outdoor weather conditions. To verify the temperature and humidity parameters, 
a TFA – Thermo- Hydro Sensor recorder was used. It was placed on the outside of the window frame 
of the examined room. The Testo 400 universal instrument for measuring climatic variables was also 
placed in the examined space. The instrument includes a probe that allows parallel measurement of 
humidity and temperature in the room in addition to CO2. The measuring devices used during the 
experiment are shown in Figure 3. 

 

     
Fig. 3 – Measuring devices used during the experiment: 

1- Radon monitor AlphaGuard, 2- Testo 400, 3- TFA – Thermo-Hygro Sensor 

RESULTS 

 The entire research consisted of several measurements throughout different seasons of the 
year. Two long – term measurements took place in the winter period and were subsequently 
supplemented by shorter measurements in April and May.    

The first measurement took place between 07. 12. 2021 and 20. 01. 2022 (45 days). Between 22. 
12. 2022 – 10. 01. 2022 (20 days) the ventilation device with heat recovery was out of operation. 

1 2 3 
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The other days, it worked in overpressure ventilation mode. The development of the radon 
concentration in the measured room is captured in Figure 4. Based on the measured values, it can 
be deduced that the radon concentration values in the interior increased significantly when the 
ventilation device was turned off. 

 
 

 
Fig. 4 – The course of the measured values of the internal radon concentration during the first part 

of the measurement. 
 

 In this interval, a value of 300 Bq/m³ was exceeded for six days, while the highest measured 
value was 463 Bq/m³. During the operation of the ventilation equipment, the highest measured value 
of the indoor radon concentration was 158 Bq/m³. This represents an almost threefold increase in 
concentration when the ventilation device is turned off.  
 A similar increase was also recorded for the other parameters listed in Table 1. However, the 
increase was not only recorded for the maximum values, but also for the others. The comparison of 
measured values is graphically displayed in Figure 5. Median measured concentration values 
increased by 178 % after ventilation was turned off. An average increase of 190 % was measured, 
and the third quartile of measured values increased by up to 202 %. The median was slightly lower 
than the mean, indicating the presence of some extreme values. When evaluating these values, 
radon concentration values were not taken into account on days when the ventilation operation was 
changed (turning off/on the ventilation system), as these values could distort the values during 
normal days. 

Tab. 1 - Measured values of radon concentration. 

Parameter 
Radon concentration 

(Bq/m³) 
Ventilation device in use 

Radon concentration  
(Bq/m³) 

Ventilation device out of order 

1. quartile (25 %) 34 91 

Median 45 125 

Mean 49 142 

3. quartile (75 %) 60 181 

Maximum 158 463 



 
  Article no. 35 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

 

 

  DOI 10.14311/CEJ.2023.04.0035         472 

 

 
 

Fig. 5 – Graph of the measured values of the internal radon concentration during the first part of 
the measurement. 

 The course of the indoor radon concentration during the day when the ventilation equipment 
was turned off can be seen in Figure 6. During operation, the concentration value was in the range 
of 60-80 Bq/m³, then after the ventilation equipment was turned off, the radon concentration began 
to increase. Within 6 hours, it reached a value of 100 Bq/m³ and within 16 hours it reached a value 
of 150 Bq/m³. In Figure 7, you can see the opposite case of the course of the radon concentration 
when the ventilation device is switched on again. The reduction of the radon concentration to a value 
of 50 Bq/m³, which represents the average measured values, occurred after 14 hours of operation 
of the ventilation equipment. 

 
Fig. 6 – Course of radon concentration after switching off the ventilation device. 
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Fig. 7 – Course of radon concentration after switching on the ventilation device. 

 

 The second part of the measurements started already during the autumn period. During this 
time the ventilation device was set in the overpressure ventilation mode. The measurement lasted 
from 14. 09. 2022 – 13. 11. 2022 and then continued after a short break from 21. 12. 2022 – 12. 01. 
2023. During the period from 21. 12. 2022 – 09. 01. 2023 the setting of the ventilation device was 
changed to equal pressure. The course of radon concentration during the entire measurement is 
shown in Figure 8. 

 

 
Fig. 8 – Course of the measured values of the internal radon concentration during the second part 

of the measurement 
 

 From the course of the radon concentration shown in Figure 8, the change of ventilation mode 
resulted in a significant increase in the indoor concentration. The measured values are shown in 
table no. 2 and their graphic comparison in Figure 9. The positive pressure ventilation was in 
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operation for 20 days, while the radon concentration exceeded the reference level only during 11 
days. The highest measured value was 435 Bq/m3. However, the reference value was exceeded 
one day even with positive pressure ventilation. The median of measured concentration values 
increased by 151% after ventilation was turned off, while the other parameters also showed a similar 
increase. 

Tab. 2 - Measured values of radon concentration during the second part of measurements. 

Parameter 
Radon concentration 

(Bq/m³) 
Positive pressure ventilation 

Radon concentration  
(Bq/m³) 

Equal pressure ventilation 

1. quartile (25 %) 55 136 

Median 70 176 

Mean 76 184 

3. quartile (75 %) 91 222 

Maximum 339 435 

 

 
Fig. 9 – Graph of the measured values of the internal radon concentration during the second part 

of the measurement. 

 On 01. 09. 2023, the setting of the ventilation device was changed from equal pressure 
ventilation mode to positive pressure again. Considering the previous measurement, it was 
assumed, that within a few hours, there will be a significant decrease in the indoor radon 
concentration. Figure 10 shows the plotted course during the following hours. The radon 
concentration remains at the same level as during equal pressure ventilation until the morning of the 
next day. In this case, the drop in the radon concentration occurs only after 24 hours, while the radon 
concentration subsequently remains at the the level of 40 – 80 Bq/m3. 

Due to the weather conditions during these days a delayed drop in concentration was noticed. 
Figure 11 shows the course of precipitation and outdoor air humidity. The rainy weather on the day 
of the change in the setting on the ventilation equipment caused that the radon in the soil air was not 
released to the surroundings but the flooded pores in the soil air caused a greater supply of radon 
from the subsoil into the building. After the end of the rain and the subsequent drop in exterior 
humidity, there is also a drop in the indoor radon concentration. 
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Fig. 10 – Course of radon concentration after turning on the ventilation device in overpressure 

mode. 

 
Fig. 11 – Comparison of the course of radon concentration, rain volume and exterior humidity after 

switching on the ventilation device in overpressure mode. 

 The last part of the measurements started on 17.04. 2023 and was finished on 15. 05. 2023. 
During these days, the setting of the ventilation device was changed at approximately weekly 
intervals. At the beginning, the ventilation was set as overpressure, while at the end the possibilities 
of setting the ventilation were investigated. During one week, the ventilation was turned off and later 
the measurement was made in the mode of under pressure (vacuum mode) and equal pressure 
ventilation. Figure 12 shows the course of concentration during these days. 
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Fig. 12 – The course of the measured values of the internal radon concentration during the third 

part of the measurement. 

 In contrast to the previous measurements, in this case the radon concentration was 
measured also during under pressure (vacuum) ventilation. However, this type of ventilation causes 
an increase in the supply of radon from the soil air what was also reflected in the course of radon 
concentration. During this week, the highest indoor concentration value for the entire length of the 
measurement was measured – 482 Bq/m3. Only one day during this week radon concentration did 
not exceed the reference level of 300 Bq/m3. The equal pressure ventilation, which in the winter 
caused an increase in radon concentration, proved effectiveness in decreasing the indoor 
concentration and kept the values at an average of 55 Bq/m3 in this case.  

Tab. 3 - Measured values of radon concentration during the third part of measurements 

Parameter 

Radon 
concentration 

(Bq/m³) 
Positive pressure 

ventilation 

Radon 
concentration  

(Bq/m³) 
Ventilation device 

out of order 

Radon 
concentration 

(Bq/m³) 
Under 

pressure 
ventilation 

Radon 
concentration 

(Bq/m³) 
Equal 

pressure 
ventilation 

1. quartile (25 %) 54 93 194 8 

Median 69 124 266 48 

Mean 74 134 259 55 

3. quartile (75 %) 89 161 325 66 

Maximum 220 384 482 208 
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Fig. 13 – Graph of the measured values of the internal radon concentration during the third part of 

the measurement. 

DISCUSSION 

 Mechanical ventilation with heat recovery helps significantly to reduce indoor radon 
concentrations and at the same time contributes to energy savings. However, the correct setting of 
the ventilation unit is important. The volume of incoming and outgoing air causes pressure 
differences between the interior and exterior and ultimately affects the indoor radon concentration 
[12], [13], [14]. If ventilation creates negative pressure in the room, indoor concentrations rise above 
the reference level. In the case of setting the equal pressure ventilation mode, low radon 
concentrations were measured in the summer. In winter, however, this type of ventilation has not 
proven to be effective in terms of reducing indoor radon concentration. Positive pressure ventilation 
is the only one that has proven itself in both summer and winter and was able to significantly reduce 
indoor concentrations. However, we must take into account the fact that the radon concentration 
values are very variable and often change significantly over the course of hours. 
 The way the building is used has also a significant influence on the radon concentration 
values. Reducing of frequency of use of the investigated space during weekends or holidays can 
also cause an increase in the indoor radon concentration. 
 Another factor that could affect the radon concentration values is the external weather 
conditions and the permeability of the subsoil. It follows from the measurements during rainy days 
that the radon concentration values increased significantly at this time. 

CONCLUSION 

 From the measurement results and considering the facts that could influence the resulting 
values of radon concentration in the interior, it can be concluded that ventilation with heat recovery 
has proven to be a suitable anti-radon measure while simultaneously saving energy and having a 
positive effect on carbon dioxide and humidity values in the interior. The measurements achieved 
similar results as in previous studies. It is important to note that with the wrong method of ventilation, 
its effect on reducing the radon concentration could be reduced or even the opposite.  Mechanical 
ventilation as an anti-radon measure is also suitable to be combined with other passive anti-radon 
measures (e.g. radon insulation or subsoil ventilation), since in the event of a malfunction of the 
ventilation equipment, the values can quickly rise above the limits set by the norm. The next 
experiment could follow up on the obtained results with a computer simulation of this monitored 
space. 
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ABSTRACT 

 Bridges generally exhibit complicated mechanical behaviors under external loads, such as 
flexural-shear coupling, compression-bending coupling, and flexural-shear-torsion coupling. In the 
context of deterministic design approaches such as design codes, these complicated coupled issues 
are generally simplified to the safety verification of bridge components under a single mechanical 
state (i.e. flexural, shear, torsion). Currently, it is available to collect external loads acted on bridges 
and understand bridge performance under these stochastic external loads. In this manner, the 
reliability-based full probabilistic approach could be applied to investigate the performance of bridges 
over their lifetime. However, the majority of existing bridge reliability assessments involving site-
specific traffic load measurements focuses on the analysis of bridge components under a single 
mechanical state. To address this shortcomings, a reliability-based probabilistic analytical framework 
is established to investigate the flexural-shear capacity of girder bridges subjected to random traffic 
loadings. The flexural-shear coupled failure path of bridge girders under random traffic loading is 
characterized for the first time, where the bivariate extreme value theory is incorporated to develop 
the extreme value distribution of combined flexural and shear load effects. The modified compression 
field theory recommended by AASHTO is employed to establish the coupled flexural-shear coupling 
resistances. Finally, the reliability of the flexural-shear performance of bridge girders is evaluated by 
solving the multivariate ultimate limit state equation. The proposed analytical framework is applied 
to a realistic bridge. The results show that the reliability index of the flexural-shear coupling 
evaluation is lower than that of the flexural or shear evaluation, which highlights the importance of 
the flexural-shear performance checking in the reliability assessment of bridges under random traffic 
loading. The proposed analytical framework could be further applied to the probabilistic assessment 
of bridge components subjected to combined loading mechanisms under random loadings.  

KEYWORDS 

 Girder bridge, Safety assessment, Flexural-shear failure, Random traffic load, Multi-variate 
extreme value modelling 

INTRODUCTION 

 The transport industry has achieved rapid growth over the past two decades. The bridge 
structure, as a lifeline node in the transport network, is of great importance. However, due to the high 
degree of temporal and spatial variability of traffic loads, the estimation of bridge load effects and 
resultant structural safety becomes a difficulty in focusing. As is well known, the actual traffic loads 
are not accurate to reflect the service loads which given by current design specifications [1-2]. It is, 
therefore, necessary to conduct traffic load modelling and bridge load effects analysis based on 
these measurements. This could provide more confidence in evaluating the bridge service life, and 
allocating limited maintenance resources.  
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 The current studies of traffic load modelling and bridge load effect analysis mainly focus on 
the evaluation of simple mechanisms, such as flexural or shear, of bridge components. These 
studies well expound the structural responses and reliability of bridges under site-specific traffic 
loads. However, bridge components are often subjected to combined forces. For example, the 
internal force for girder is bending moment and shear force, but axial force cannot be neglected for 
arch. Besides, due to the spatial randomness of degradation of structural materials, the concerned 
bridge position that only requires simple mechanism assessment before, may need a re-evaluation 
but based on a combined mechanism state [3]. Therefore, it is required to establish a probabilistic 
evaluation method for the combined loading mechanism of bridges under random traffic loading. 
 At present, a wide range of studies has been dedicated to investigating the structural 
performance, failure mode, and ultimate design principles of bridge components under combined 
forces. The flexural-shear coupling of steel members has been a key concern from the past to the 
present. As early as 1936, Way proposed the elastic critical force equation through the deflection-
shear coupling experiment for steel structure. The flexural-shear coupling equation was first 
proposed by Basler in 1961 on the basis of forces, where the shear force is assumed to be carried 
only by the web. Then the theory was improved and used by the Eurocode. On this basis, 
researchers have improved and updated the designed flexural-shear coupling model for steel 
structures [4]. Meanwhile, the flexural-shear coupling is also important for steel-concrete composite 
structures. For example, Liang et al. [5] pointed out that the conventional shear design theory of steel 
plate was conservative as the effect of the deck was not considered, and proposed an improved 
resistance design formula considering the flexural-shear coupled failure in continuous composite 
beams. The formula was derived from the nonlinear finite element analysis of the ultimate bearing 
capacity of continuous beams under bending moments and shears. The angular formulation of the 
pressure field for flexural-shear coupled effect of concrete members was first proposed by Nilsen 
and Lampert, which is mainly based on the plasticity theory. Then, Elfgen conducted concrete 
strength tests and obtained the relationship between flexural-shear interaction of concrete structures 
through the constitutive model of concrete. Later, due to the effect of tensile stresses in cracks in 
concrete structures, based on strain coordination in the truss model, Vecchio and Collins proposed 
the modified compression field theory (MCFT) based on experimental research, which is mainly an 
analytical model for predicting the load-deformation response of concrete elements under shear 
stress and normal stress [6-7]. This theory was incorporated into design codes in Canada and the 
United States and still used now [8]. In summary, the combined resistance of structures under 
flexural-shear has been thoroughly studied by many scholars and abundant theoretical and 
experimental results have been obtained. However, few attention has been paid to the combined 
load effect of the flexural-shear combination of the structure under external loads. 
 In this paper, the flexural-shear coupling performance of a slab bridge under random traffic 
loading is focused. The framework structure of this paper is organized as follows. Section 2 
introduces the basic description of the studied slab bridge. Section 3 calculates the flexural-shear 
resistances of bridge slabs according to the MCFT, where several critical girder sections are 
analyzed. Section 4 presents the modelling of flexural-shear coupling load effects caused by random 
traffic loading, which is the first time that such an issue is focused. Wherein, the extreme values of 
flexural-shear load effects are extrapolated using peaks-over-threshold (POT) based bivariate 
extreme value theory. Section 5 probabilistically evaluates the failure path incorporating the flexural-
shear coupling load effects and resistances. This study provides a general framework using 
probabilistic reliability theory to evaluate the flexure-shear performance of bridges under random 
traffic loads. Since bridge components are generally subjected to combined forces such as bending, 
shear, compression, and torsion. This study will provide an approach basis for clarifying the 
probabilistic reliability evaluation of bridge components under such complicated loading states.  
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DESCRIPTION OF THE BRIDGE 

 In the study, a continuous concrete slab bridge is investigated. It has four equal spans with 
an arrangement of 4×16m. The bridge structure was designed according to the Chinese standard 
drawings of JT/GQB008-96. Figure 1 shows the layout of the bridge. The bridge carried two lanes of 
unidirectional traffic. The grade of the constructed concrete is C25, and the bridge deck is paved 
with 20~110mm concrete cushion and 40mm asphalt concrete pavement. It is noted the studied 
beam sections shown in Figure 1(a) are sequenced number of 1 to 7 from the left to the right, where 
the section 4# is the cross-section of the left second-side support. 

 

 
(a) Vertical diagram 

 

 
(b) Cross-section diagram  

 
Fig. 1 –The vertical and cross-section diagrams of the studied bridge (unit: mm) 

 To evaluate the bridge performance under random traffic loading, 90 days of weigh-in-motion 
(WIM) data from another site are used for the analysis. It is found from the statistics of the WIM data 
that the 2-axle truck has a proportion of 65.21%, and that for 3-axle, 4-axle, 5-axle, and 6-axle trucks 
are 6.79%, 10.86%, 2.29%, and 15.03%, respectively. The daily truck flow of the WIM data is 4000 
veh/d. To study the performance of the flexural-shear performance of the slabs, 7 sections are 
studied as shown in Figure 1(a). For these cross-sections, bending moment and shear force are 
equally significant both under dead loads and live loads. 

FLEXURAL-SHEAR COUPLING CAPACITY 

Modified compression field theory 

 The flexural capacity of the normal section of beams is generally obtained based on the limit 
state equation where the longitudinal bars yield. However, in the design of inclined sections, 
excessive longitudinal bars are used in the beam bottom to prevent the failure of the normal section. 
In doing so, the longitudinal rebars generally not yield even though the beam failed. This calculates 
larger flexural capacities of normal sections. Several investigations have shown that the performance 
of longitudinal reinforcement is influenced by the shear forces in inclined sections. Therefore, if the 
design equations for the bearing capacity of section bending and shear are considered separately, 
the results are too conservative and the design cost is increased. The MCFT shows that cracked 
concrete is considered as a new material. Residual tensile stresses between cracks should be taken 
into account despite the cracking of the concrete and the effect of longitudinal reinforcement on its 
shear should not be overlooked. In MCFT, the constitutive equation can well reflect the interaction 
of the bearing capacity between bending and shear, which is mainly established by the average 
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stress and strain. In MCFT, the shear force of the beam section is shared jointly by the shear-
compression region of concrete and the stirrup intersecting with the inclined cracks. The contribution 
of the stirrup is based on the variable-angle frame model, while the contribution of concrete is 
provided by the tensile stress of the inclined cracked concrete. AASHTO (2012) [9] adopted MCFT 
for the design of concrete beams. In many national design codes, including the Chinese design 
specifications, the flexural-shear coupling effect is not taken into account for the design of concrete 
beams. In the following study, the flexural-shear relationship of the structure is established using the 
MCFT as specified in AASHTO (2012) [9]. 
 In MCFT, for reinforced concrete beams subjected to flexural-shear coupling, the shear 
performance of the skewed section mainly depends on the shear-to-span ratio, the reinforcement 
ratio of ordinary longitudinal and hoop bars, the strength of concrete, and the aggregate biting force. 
Therefore, when cracks appear in the diagonal section of a concrete beam, its shear bearing capacity 
is mainly borne by the tensile stress of the diagonally cracked concrete in the shear-compression 
zone, the aggregate occlusion force in the tension zone, the shear force of the bending-up 
reinforcement, and the shear force provided by the configuration of the hoop reinforcement. 
Therefore, the shear capacity of the concrete beam is determined as the minimal value between 
Equations (1) and (2), as specified in AASHTO (2012) [9]:   

𝑉𝑛 = 0.25𝑓𝑐𝑏𝑣𝑑𝑣 + 𝑉𝑝     (1) 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑝 = 0.083𝛽√𝑓𝑐𝑏𝑣𝑑𝑣 +
𝐴𝑣𝑓𝑦𝑑𝑣(cot 𝜃)

𝑠
+ 𝑉𝑝    (2) 

where 𝑉𝑛 denotes the minimum flexural capacity value of the sloped section; 𝑉𝑝 denotes the vertical 

component provided by the prestressing force; 𝑉𝑐 denotes the component provided by the tensile 
stresses of the cracked concrete of the sloped section; and  𝑉𝑠 denotes the component provided by 
the tensile stresses of longitudinal reinforcement in the concrete; 𝑓𝑐 denotes the design value of 

compressive strength of the concrete; 𝑏𝑣 denotes the actual width of the web; 𝑑𝑣 denotes the actual 

shear height of the sloped section; 𝜃 denotes the angle of inclination of the bar stress; 𝛽 denotes the 
tension transfer coefficient of cracked concrete in the diagonal section, where 𝜃 and 𝛽 are mainly 
determined by the characteristics of the sloped section as well as the applied external load; s denotes 
the spacing of the configured hoops; 𝐴𝑣 denotes the area of the configured hoops; and 𝑓𝑦 denotes 

the yield strength of longitudinal reinforcement in the sloped section. 
 Affected by the flexural-shear coupling effect, reinforced concrete beam cross-section under 
external loading usually appears complex mechanical behavior, such as flexural-shear coupling, 
compression-flexural coupling, flexural-shear-torision coupling, etc., and then produce a certain 
amount of external bending moments; with the increase of sustained load, these external moments 
in the beam cross-section is gradually differentiated into tensile stresses, and the resulting tensile 
stresses are mainly borne by the longitudinal steel reinforcement. Therefore, the tensile strength of 
the longitudinal reinforcement should be considered when calculating the shear capacity of the beam 
section under the flexural-shear coupling, and its tensile capacity should be calculated and verified 
whether it meets the requirements through equation (3). 

𝐴𝑝𝑠𝑓𝑝𝑠 + 𝐴𝑠𝑓𝑦 ≥
|𝑀𝑛|

𝑑𝑣
+ (|𝑉𝑛 − 𝑉𝑝| − 0.5𝑉𝑠) cot 𝜃                  (3) 

where 𝐴𝑝𝑠  denotes the cross-sectional area of prestressing reinforcement; 𝑓𝑝𝑠  denotes the yield 

strength of prestressing reinforcement; 𝐴𝑠 and 𝑓𝑦 denote the cross-sectional area and yield strength 

of flexural reinforcement; 𝑀𝑛 denotes the bending resistance; and 𝑉𝑛 denotes the shear resistance. 
 Analyzing the coupled flexural-shear resistance based on the MCFT, the total cross-section 
strain generated in the concrete beam section under flexural-shear coupling is equal to the sum of 
the cross-section strains generated under bending moments and pure shear, and the same is true 
for the total reinforcement strain. In practical calculations, the strain produced by the longitudinal 
reinforcement is equal to twice the strain in the beam section. The strain in the longitudinal 
reinforcement can be obtained from equation (4). 
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𝜀𝑥=

|𝑀𝑛|

𝑑𝑣
+0.5|𝑉𝑛−𝑉𝑝| cot 𝜃−𝐴𝑝𝑠𝑓𝑝𝑠

2(𝐸𝑠𝐴𝑠+𝐸𝑝𝐴𝑝𝑠)
                        (4) 

where 𝜀𝑥 denotes the total strain of the flexural reinforcement on the bending side of the member; 
𝐸𝑠  and 𝐸𝑝  denote the modulus of elasticity of the flexural and prestressing reinforcement 

respectively. 
 Based on Equations (3) and (4), the flexural capacity of normal section for beams can be 
obtained. It is shown that the coupling of flexural and shear behavior of concrete beams is considered 
by the MCFT. The coupling effect makes the beam in the risk state. When the beams under loads, 
the coupling effect of the flexural-shear behavior could be considered.  

For the parameters of stirrups and concrete strength, the values of 𝜃 and 𝛽 under different 𝜀𝑥  
can be obtained based on AASHTO (2012)[9]. The shear capacity can be calculated by Equations 
(1) and (2). The flexural capacity can be calculated by Equations (3) and (4), approximately. Finally, 
the coupling curve of flexural-shear resistance is obtained. 

Flexural-shear resistance curve 

 In the framework of probabilistic reliability, material property and geometric sizes are random 
variables. It is generally assumed that these parameters are normally distributed. The statistical 
distribution of these parameters can be referred to Wang et al [3], which are shown in Table 1. Based 
on these variables, the flexural-shear resistances under any εx can be calculated using Monte-Carlo 
modelling. 108 groups of variables are modelled to determine the resistance model of any given 
beam section, and the sole flexural resistance, shear resistance, and flexural-shear resistance are 

obtained. For instance, the mean value of flexural resistance of section 4# is 1.385 × 104kN·m, and 

the standard deviation is 1.155 × 103  kN·m. The mean shear resistance of section 4# is  

7.525 × 103kN, the standard deviation is 8.361 × 102 kN. For the special concern of flexural-shear 
resistance, Fig. 2 gives the results. It is found from the figure that the flexural-shear coupling reduces 
the sole flexural (or shear) capacity. It is, therefore, very important to consider the coupling behavior 
of the flexural-shear resistance curve in the evaluation of beam performance. 

Tab. 1 - The random variables of material property and geometric sizes [3] 

Parameters Unit Deviation COV Nominal value 

fcu MPa 1.5868 0.1928 17 

fy MPa 1.0821 0.1211 235 

fy MPa 1.0849 0.0719 335 

h0 mm 1.0124 0.0229 628 

b mm 1.0013 0.0081 5400 

A mm² 1.0000 0.0350 70224 

As mm² 1.0000 0.0350 20944 

as mm² 1.0000 0.0350 1621 

a mm 1.0179 0.0496 60 

s mm 1.0000 0.1000 100 
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Fig. 2 – Flexural-shear resistance curve based on mean values 

FLEXURAL-SHEAR COUPLING LOAD EFFECTS 

Time-history of bending moments and shear forces under random traffic loads 

 The internal forces for beams are time-varying under random traffic loading. They are also 
correlated since their time-history is induced by the same traffic fleet. In conventional bridge design, 
only the most unfavorable bending moment or shear is concerned. However, for girder sections, they 
do not present the most unfavorable bending moment or shear, but the significant bending moment 
and shear concurrently, which are also drawn as the flexural-shear resistance curve as shown in in 
Figure 2. The magnitude of the correlation between bending and shear in any beam section is 
determined by their corresponding influence lines. To ensure the safety of given girder sections 
subjected to bending moment and shear force, the calculated concurrent bending moment and shear 
force should be within the envelope of the bend-shear resistance curve. It is generally assumed the 
bending moment and shear force under dead loading are constant with very small variability. 
Therefore, the safety assessment of flexural-shear behavior is to determine the failure path of 
coupling bending moment and shear force under traffic loading based on Figure 3. 

 
 

Fig. 3 –Schematic diagram of failure path determination of flexural-shear coupling 

 To obtain the most unfavorable load effects of the section, it is necessary to consider that the 
symbol of internal forces generated by dead load and live load is the same. Under this circumstance, 
the failure probability may be the largest. Fig. 4 shows the time-history curve of the bending moment 
and the shear force for section 4# under traffic loading. It can be seen clearly that the bending 

15

10

5

0
550 650 750 850

弯矩效应(kN.m)

超阈值数据
GPD拟合

超阈值数据
GPD拟合

-l
n
(-

ln
(F

))

15

10

5

0
200 300 400 600

剪力效应(kN)

-l
n
(-

ln
(F

))

500

1.0

0
t

A
(t

)

0.8

0.6

0.4

0.2

0

0.2 0.4 0.6 0.8 1.0

(a) (b) (c)

无相关

完全相关

拟合函数

-15 -10 -5 0
0

1

2

3

4

5

6

7

8

弯矩(×103kN.m)

剪
力

(×
1
0

3
k
N

)

-15 -10 -5 0

Flexural resistance (103kN.m)

0

1
2

3

4
5

6

7

8

S
h
ea

r 
re

si
st

an
ce

 (
1
0

3
k
N

)

Flexural-shear 
resistance curve

Live load effects

Dead load effects

M

V



 
  Article no. 36 

 
THE CIVIL ENGINEERING JOURNAL 2-2023 

 

 

  DOI 10.14311/CEJ.2023.04.0036         485 

moment and the shear force have a strong correlation The bending moment and the shear force are 
likely to reach their large values concurrently. It is also can be seen that the bending moment is 
positive and the shear force is negative caused by traffic loads. Therefore, the negative bending 
moments and positive shear forces produced by random traffic loading are extracted as the 
underlying data for further analysis. 

 
 

Fig. 4 –Parts of time-history of bending moment and shear force of section 4# under traffic loads 

Extreme extrapolation of combined bending moments and shear forces 

 The safety assessment of flexural-shear coupling, as shown in Figure 3, is to determine the 
closest path between dead load effects and the flexural-shear resistance curve. Due to the 
randomness of live load effects caused by traffic loading, it is important to infer the characteristic 
traffic load effects of high return periods based on limited traffic measurements. Therefore, the 
bivariate extreme value extrapolation algorithm is required to determine the characteristic value [10]. 
 Bivariate extreme value theory is to solve the modelling of extremely small probability events 
with bivariate variables reaching their maximum concurrently. Obviously, the extrapolation of 
extreme bending moment and shear force under random traffic flow is to establish their coupling 
probability model using this approach. The bivariate extreme value theory is developed from the 
classical extreme value theory, which can be approximated by using the block maxima based 
generalized extreme value distribution extrapolation, or POT based GPD (generalized Pareto 
distribution) extrapolation. The POT theory is more suitable for the extreme value modelling of limited 
underlying samples than the block maxima theory. In the paper, the bivariate POT theory is used to 
analyze the probabilistic extreme value model of coupling load effects of bending moment and shear 
under traffic loading. 
 According to the classical POT theory, the distribution function of the load effects 𝑋 caused 

by traffic loading is 𝐹𝑥. For a sufficiently large threshold 𝑢𝑥, the tail of 𝑋 can be approximated by 
GPD, given by 

𝐹𝑥(𝑥) = 1 − 𝜍𝑥[1 − 𝐺𝑥(𝑥)] = 1 − 𝜍𝑥 (1 + 𝜉𝑥
𝑥−𝑢𝑥

𝜎𝑥
)

−1 𝜉𝑥⁄

, 𝑥 > 𝑢𝑥   (5) 

where 𝐺𝑥 is the GPD function of 𝑥; 𝜉𝑥, 𝜎𝑥, and 𝑢𝑥 are the shape parameter, scale parameter, and 
position parameter (threshold) of 𝐺𝑥  respectively; 𝜉𝑥 =  Pr(𝑥 > 𝑢𝑥) is the probability of sample 𝑥 

exceeding 𝑢𝑥. 
For two load effect samples, 𝑋 and 𝑌, the distribution functions are 𝐹𝑥 and 𝐹𝑦 respectively. It 

is necessary to find the case where 𝑥 and 𝑦 reaching their maximum concurrently. That is to analyze 
the tail characteristic of their joint distribution 𝐹(𝑥, 𝑦). According to Eq. (5), the marginal distributions 

for 𝑋 and 𝑌 could be approximated by GPD when the threshold 𝑢𝑥 and 𝑢𝑦 are large enough. The 
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relevant parameters for 𝐺𝑥 and 𝐺𝑦 are (𝜉𝑥, 𝜎𝑥, 𝑢𝑥, 𝜍𝑥) and (𝜉𝑦, 𝜎𝑦, 𝑢𝑦, 𝜍𝑦) respectively. Making the 

following changes [11], we have 

                𝑋̅ = − (log {1 − 𝜍𝑥 [1 + 𝜉𝑥
𝑋−𝑢𝑥

𝜎𝑥
]

−1 𝜉𝑥⁄

})
−1

, 𝑋 > 𝑢𝑥                                    (6-1) 

𝑌̅ = − (log {1 − 𝜍𝑦 [1 + 𝜉𝑦
𝑋−𝑢𝑦

𝜎𝑦
]

−1 𝜉𝑦⁄

})

−1

, 𝑌 > 𝑢𝑦                  (6-2) 

 𝑋̅ and 𝑌̅ can be approximated to the standard Fréchet distribution. Provided the distribution 

function of (𝑥,̅ 𝑦̅)are 𝐹̅(∙), 𝐹(𝑥, 𝑦) can be expressed as follows when 𝑋 > 𝑢𝑥 and 𝑌 > 𝑢𝑦, 

𝐹(𝑥, 𝑦) ≈ 𝐺(𝑥, 𝑦) = 𝐹̅(𝑥,̅ 𝑦̅) = exp{−𝑉(𝑥,̅ 𝑦̅)} = exp {− (
1

𝑥
+

1

𝑦
) 𝐴 (

𝑥

𝑥+𝑦
)}    (7) 

where 𝐴(𝑡) = ∫ max(𝑤(1 − 𝑡), 𝑡(1 − 𝑤))
1

0
𝑑𝐻(𝑤), 𝑉 is the dependent function of the bivariate Fréchet 

marginal distribution 𝐻 . 𝐴(𝑡) is the Pickands convex dependent function, satisfying  {𝑡, (1 − 𝑡)} < 
𝐴(𝑡) < 1 where 𝑡 is the coefficient of correlation. 

 Therefore, the extreme value models of coupling bending moment and shear force under 
traffic loading could be established using GPD and its dependent function. 

Moment-shear coupling load effects 

 According to the bivariate POT theory, the optimal threshold based on marginal data can be 
used as the joint threshold of the bivariate distribution. For the studied bridge, the best thresholds of 
bending moment and shear effect of live load are determined by the Kolmogorov–Smirnov test and 
maximum likelihood approach. The GPDs for the bending moment and shear force can be obtained 
from the above thresholds. Figure 5 shows an example of using GPD modeling of marginal traffic 
load effects of section 4#. It is seen from the figure that the GPD well captures the tail tendency of 
the underlying data. 

 
 

Fig. 5 –GPD modeling of marginal traffic load effects of (a) bending moment and (b) shear force: 
an example of section 4# 

 Using the bivariate thresholds, dependent functions can be used to model the tail tendency 
between the bending moment and shear force. Herein, many dependent functions provided in the R 
package are analysed [12]. It is found the bivariate logical copula was better to describe the 
dependency between bending moment and shear force. Fig. 6 shows an example of modelling the 
dependence between bending moment and shear force caused by traffic loading using the bivariate 
logical copula. The relative fitting parameters for section 4# are given in Table 2. The fitting results 
show that the bending moment has a strong tail correlation with the shear force. Based on these 
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analyses, the maximum distributions of bending moment and shear force under traffic loading can 
be modelled, which can be further used for structural safety assessment. 

 
 

Fig. 6 –Copula fitting on tail dependence of bending moment and shear force caused by traffic 
loading: an example of section 4# 

 
Tab. 2 - The fitting parameters of marginal GPDs and bivariate logical copula of section 4# 

Marginal distribution 
Dependence structure 

Bending moment (kN•m) Shear force (kN) 

σ ξ u σ ξ u t 

51.6 0.099 550 19.6 0.139 220 0.19 

PROBABILISTIC RELIABILITY ASSESSMENT 

Limit state equation 

 Considering the dead load effects and traffic load effects, the limit state equation for flexural-
shear assessment is given by 

𝑍 = 𝑅(𝑀, 𝑉) − 𝑆𝑑(𝑀, 𝑉) − 𝑆𝑞(𝑀, 𝑉)      (8) 

where 𝑅 is the resistance; 𝑆𝑑 is the dead load effect; 𝑆𝑞 is the traffic load effect. 

 The flexural resistance is coupled with the shear resistance, as shown in Figure 2. However, 
the bending moment and shear force under dead loads could be regarded to be independent of each 
other. Figure 6 and Table 2 are also shown that the bending moment is strong coupled with the shear 
force under traffic loads. Therefore, the probability of failure is calculated based on Pr(𝑍 < 0). In the 
paper, Monte-Carlo modelling is used to calculate the failure probability and reliability index. 

Safety assessment 

 The reliability indexes of the concerned 7 cross-sections are calculated. Three failure modes 
with their corresponding reliability indexes are analyzed, which are flexural failure, shear failure, and 
flexural-shear failure. The results are given in Table 3. 
 The results show reliability indexes of flexural and shear are both greater than 5.61, indicating 

the failure probability is less than 10−8. This is because most bridges in China have a good safety 
margin. However, for other engineering cases, the results might be different. However, when 
considering the coupling of flexural and shear both in resistances and load effects, the calculated 
reliability index is much lower, especially for section 4. The lowest probability reliability index for 
flexural-shear failure mode is 4.53, which is much lower than those calculated by flexural failure and 
shear failure. It illustrates the flexural-shear failure mode controls the safety of the beam section. 
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The conventional consideration of flexural checking or shear checking is unsafe, and it is required to 
consider the flexural-shear coupling both in traffic load effects and structural resistances. 

Tab. 3 - Reliability indexes of concerned beam sections under different failure modes 

Section 
Failure mode 

Flexural Shear Flexural-shear 

1 >5.61 >5.61 >5.61 

2 >5.61 >5.61 >5.61 

3 >5.61 >5.61 4.83 

4 >5.61 >5.61 4.53 

5 >5.61 >5.61 5.07 

6 >5.61 >5.61 5.51 

7 >5.61 >5.61 >5.61 

CONCLUSION 

 Safety assessment of bridges subjected to traffic loads is a research focus owing to the 
availability of site-specific traffic data. However, these studies mainly focused on the probabilistic 
evaluation of simple failure mechanisms of bridge components, such as flexural failure or shear 
failure. However, the critical components of bridges are often subjected to combined forces, such as 
flexural-shear, compressive-flexural, flexural-shear-torsion, etc. This paper proposed a novel 
framework for the probabilistic reliability evaluation of bridges subjected to combined forces. The 
flexural-shear performance of bridge girders is focused. Based on an exampled continuous concrete 
slab bridge, the flexural-shear coupling resistance and the flexural-shear coupling load effects under 
random traffic loading are investigated. Special attention is paid to the bivariate extreme value 
modelling of coupling bending moment and shear force under random traffic loading, which is to 
determine the most adverse failure path. Finally, the performance of bridge girders subjected to 
flexural failure, shear failure, and flexural-shear failure is investigated and compared. Main 
conclusions are as follows: 

(1)  According to the MCFT specified in AASHTO, the flexural resistances are coupled with the 
shear resistances. The existence of the bending moment (or shear force) reduces the shear (or 
flexural) resistance.  
(2)  Due to the randomness and uncertainty of traffic loads, the safety assessment of flexural-
shear performance is to find the most adverse failure path based on the coupled resistance and 
dead load effects. It belongs to the scope of bivariate extreme value modelling.  
(3)  It is found from the studied case that the reliability index subjected to flexural-shear failure is 
much lower than that subjected to flexural failure or shear failure. It highlights the conventional safety 
checking of flexural or shear performance is unsafe, and it is required to consider the flexural-shear 
coupling effect both in traffic load effects and structural resistances for precise structural 
assessment, which is not covered by current design standards. 

 This study provides a methodology for estimating the structural safety of concrete beam 
bridges under random traffic loads, considering coupled flexural-shear failure. To obtain a more 
comprehensive understanding of the benefits of considering coupled flexural-shear failure compared 
to conventional flexural failure and shear failure, more example cases are required for thorough 
investigations. 
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ABSTRACT 

At present, few studies have taken both the rock conditions and the excavation footages into 

account to study the mechanical and deformation characteristics of the tunnel in soft rock area, and 

the existing results cannot be simply applied. Therefore, taking the Qianqi tunnel in V-class 

surrounding rock area as an example, based on the numerical calculation method, the mechanics 

and deformation rules about the tunnel under various rock conditions as well as excavation footages 

are analyzed in detail, aiming to provide some vital references for the on-site construction of the 

relied tunnel project. The results show that the displacements of the surrounding rock are greatly 

influenced by the excavation footages, namely, the arch settlements, horizontal convergences of the 

tunnel as well as the surface settlement increase significantly with the excavation footages. For the 

competent rock condition, the maximum bending moments of the preliminary lining after excavation 

occurs in the vault, and its increase amplitude has little correlation with the excavation footage that 

is more than 1.5m. For the poor surrounding rock, the maximum bending moment is transferred from 

the vault to the arch waist with the increase of the excavation footage, and it is basically manifested 

as the inner tension of the lining. The relationship between the excavation footage and maximum 

deformation as well as the mechanical index of the vault is also revealed, respectively. The 

excavation footage of the relied tunnel project is suggested as follows: 1.8m and 1.2m for the 

competent and poor rock conditions, respectively. 

KEYWORD 

Excavation footage, Soft rock, Three-bench method, Shallow-buried tunnel, mechanical 

property 

INTRODUCTION 

The stability of tunnel is always the focus of research [1, 2], especially for the tunnel in the 

weak surrounding rock [3, 4], and its stability is also closely related to construction method. According 
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to domestic and foreign engineering experience, if the full-section excavation method is not suitable 

for tunnels, bench method is often used [5]. As one of the main methods of mine tunnel construction, 

the bench method is essentially a geologically oriented excavation method [6]. With the change of 

surrounding rock conditions, the length of steps, the number and size of divided sections can also 

be changed accordingly, and the method is flexible in form, featuring fewer excavation disturbance 

of surrounding rock, favorable control of surrounding rock deformation and timely lining [7-10]. 

However, when the bench method is used in construction, there is no clear standard for the 

excavation footage, and the existing research results cannot be simply applied. If the excavation 

footage is set too small, it will prolong the excavation period as well as increase the construction 

cost. If the excavation footage is too large, when the rocks is poor, the stabilities of the surrounding 

rock at the tunnel vault as well as the excavation face will be particularly prominent, which is 

extremely unfavorable to the safety of the tunnel, and may even cause collapse in serious cases [11-

17].  

Scholars pointed out that the large deformation of tunnel excavation face could be effectively 

controlled by using the three-bench temporary invert method and reinforcing the upper step with the 

fibreglass bolts [18]. Within a certain range, the spacing of up and down steps of the tunnel, the 

spacing of annular and longitudinal bolts are negatively correlated with the stabilities of tunnel, and 

the parameters should be adjusted according to the actual situation [19]. The construction 

disturbance of super-large section tunnel is mainly concentrated in the excavation stage of the soil 

of upper step [20]. Using the bench method, the deformation properties about the tunnel during 

construction with freezing pipe roof was analyzed, and it was found that the demolition of temporary 

linings had a great effect on the displacement as well as the force of the tunnel, and the force 

centralization about the linings was alleviated after thawing [21]. The formation settlement properties 

about the tunnel in loess were analyzed, and it was found that the upper strata of the tunnel area 

sank as a whole after excavation, which developed rapidly and was destructive [22].  

As can be seen from the previous studies, although many researches have been carried out 

on the construction of tunnel using the bench method, while few studies have comprehensively 

considered both the rock conditions and excavation footages. At the same time, due to the 

differences in engineering geological conditions (including the parameters of surrounding rock and 

lining, high in-situ stress, buried depth, etc.) of the tunnels in different studies [23, 24], the existing 

results cannot be simply applied to the relied project of this paper, and further studies should be 

carried out based on specific projects to provide more targeted construction suggestions. 

Based on the two engineering examples of Qianqi Tunnel with similar excavation depth, 

similar strata and different water content, the deformation rules as well as the mechanics about the 

tunnel in various excavation footages for these two conditions are compared by numerical calculation, 

and the reasonable excavation footage of tunnel in V-grade soft rock is also proposed accordingly, 

aiming to provide relevant reference for the construction and design about similar project. 

ENGINEERING BACKGROUND 

Qianqi Tunnel locates in Ulanqab City, Inner Mongolia Autonomous region. It is a high-speed 

railway tunnel with a starting as well as ending mileage of DK32+380 ~ DK36+649. The total length 

and maximum buried depth about the tunnel are 4,269 m and 141 m, respectively. The total length 
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of the V- grade rock section about the whole tunnel is 2349 m, occupying 55.03% of the whole length. 

The plan view and cross-section map of tunnel is shown in Figure 1. The tunnel span and height are 

14.96m and 13.14m, respectively. According to the geological data, the entrance as well as the exit 

section about the tunnel mainly passes through the highly weathered mudstone stratum. Mudstone 

is in brown grey, brown yellow, strong weathering, argillaceous structure, layered structure, joint 

fracture development, and the mineral composition is mainly clay minerals.  

 
 

(a) Tunnel plan view (b) Cross-section map 

Fig. 1 - Plan view and cross-section map of the Qianqi tunnel 

NUMERICAL CALCULATION INSTRUCTIONS 

Numerical model and calculation parameters 

FLAC3D software is used to establish a numerical calculation model for the entrance 

(competent V-grade surrounding rock section, called condition I) and exit (poor V-grade surrounding 

rock section, called condition II) of Qianqi tunnel, as shown in Figure 2. As the buried depths of the 

entrance and exit of tunnel are similar, the buried depth is all taken as 28 m according to the site 

condition. To reduce the impact about boundary effect, the distance from the tunnel outline to the 

boundaries is generally taken more than 3 times the tunnel diameters. Therefore, the model size is: 

length × height × longitudinal length =150 m×110 m×30 m. Normal constraint is set to the front, back, 

left, right as well as bottom boundaries of the model, and the up boundary is a free surface [25, 26]. 

The rock and preliminary linings adopt solid element and shell element respectively, obeying Mohr-

Coulomb yield criterions and elastic criterion respectively. The calculation parameter about rock as 

well as the lining is displayed in Table 1. Note that the calculation parameters are all taken from the 

on-site geological investigation and designed data. 

Tab. 1 - Calculation parameter 

Name 
Density ρ 
/(kg.m-3) 

Elastic modulus 
E /GPa 

Poisson’s ratio  
μ 

Cohesion c  
/kPa 

Internal friction 
angle φ/° 

Condition I 2200 0.29 0.21 46 31 

Condition II 1950 0.15 0.23 29 27 

Preliminary lining 2300 34.9 0.2 - - 

Secondary lining 2500 31.5 0.2 - - 
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The preliminary lining adopts C25 shotcrete, and the steel arch adopts I22a I-steel. The effect 

about the steel arch is transformed to the shotcrete by its elastic modulus. The calculation method 

[27] is as Equation (1): 

0

g g

c

S E
E E

S
                                                                        (1) 

Where: E refers to the elastic modulus about the concrete after conversion; E0 refers to the elastic 

modulus about the original concrete; Sg refers to the cross-sectional area about the steel arch; Eg 

refers to the elastic modulus about the steel; Sc refers to the cross-sectional area about the concrete. 

 

Fig. 2 - Calculation model 

Calculation step 

The tunnel construction method uses the three-bench excavation method, and the step length 

is generally 3~5 m ultra-short step. According to the on-site excavation footage (taken as 1.2m), the 

initial step shown in Figure 3 is excavated first, which is used as the basic model for the excavation 

footage studied in this paper. This paper mainly analyzes the deformation law as well as the 

mechanics about surrounding rock and preliminary linings under different excavation footage (1 m, 

1.5 m, 2 m, 2.5 m, 3 m, 3.5 m), aiming to obtain the optimal excavation footage. 

 

Fig. – 3 Initial step 

The main calculation steps are as follows: (1) establish the calculation model; (2) ground 
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stress balance (only consider the self-weight stress); (3) partial excavation forms initial steps. First, 

the upper step is excavated at a depth of 1.2m, and the preliminary lining is applied with a lag of one 

footage. In the cycle of this excavation footage, the upper step is excavated to a depth of 9.6m, and 

then the middle step is similarly excavated cyclic to a depth of 4.8m, forming the basic model of 

excavation footage research in this paper; (4) excavate the tunnel according to the planned different 

footage. 

ANALYSIS OF THE CALCULATION RESULTS 

Deformation characteristics about the surrounding rock 

Settlement characteristics of the vault  

Under different excavation footages, the settlement and deformation about the surrounding 

rock at vault in front of the initial excavation face are shown in Figure 4. The zero of the horizontal 

coordinate corresponds to the initial excavation face of the upper step of the tunnel (called as the 

initial excavation face), that is, the longitudinal coordinate y= 9.6m, and the horizontal coordinate 

increases with the excavation direction of tunnel.  
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(a) Condition I (a) Condition II 

Fig. 4 - Distribution rule of the vault settlement under different excavation footages 

In Figure 4, under conditions I and II, the law of the vault settlement is basically the same, all 

indicating that the larger the excavation footages, the larger the growth extent and influence range 

of settlement, and this law is nearly coincident with the previous literature [28]. Under 3.5m 

excavation footage, the maximum settlement is 1.95 times and 1.97 times of the initial settlement, 

respectively. And the larger the excavation footage, the longer the longitudinal range required for the 

settlement curve to decay to the stable state, that is, the larger the excavation footage, the wider the 

settlement influence range. Under different excavation footages, the increment of the maximum vault 

settlement caused by excavation of one cycle footage is relative to the initial step state. The fitting 

function curve and relation of the maximum increment of vault settlement with the excavation 

footages is shown in Figure 5. And the function is: y=-3.4478x-17.681 for condition I and y=-

1.0538x2-3.305x-29.197 for condition II. 
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Fig. 5 - Fitting curve between the excavation footages and maximum vault settlement  

To study the impact about various excavation footages on the vault settlement of the existing 

lining of the initial step, the monitoring points at vault in the middle of the vault of the initial step are 

selected as the investigation section, namely, middle step at y= 2.4m (Point A) and the upper step 

at y= 7.2m (Point B). 

Figure 6 shows the curve of the vault settlement increment led by tunnel excavation in the 

middle step as well as the up step along with the excavation footages.  
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Fig. 6 - Curve diagram of the vault settlement increment and excavation footages at the monitoring 

points A and B 

In Figure 6, under the same surrounding rock condition, the increment curves of the vault 

settlement of the middle step and the up step almost coincide. Therefore, it can be inferred that the 

initial settlement about vault above the step led by excavation is basically the same no matter how 

much the excavation footage is. The settlement increment about the vault of preliminary lining 

increases nonlinearly with the excavation footages, and the difference of the vault settlement 

increment in condition II is more obvious than that in condition I. 

Horizontal deformation characteristic 

The cloud image of horizontal displacement of rock under condition I with the excavation 

footage of 2 m is displayed in Figure 7. After tunnel excavation, the maximum horizontal deformation 
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of rock mainly occurs at the side wall of the newly-closed preliminary lining. 

 

Fig. 7 - Horizontal displacement cloud nephogram of the surrounding rock in condition I /m 

 

Fig. – 8 Fitting function curves of the maximum horizontal displacement and excavation footages in 

the excavated section 

The fitting function curve of the largest horizontal displacements and excavation footages is 

displayed in Figure 8. There are good linear relationships between the largest horizontal 

displacements and excavation footages under the conditions I and II, and the specific fitting function 

relationship is as follows: y=5.301x+2.004 for condition I and y=-16.223x+7.250 for condition II. 

The slope of the curve of condition II is much higher than that of the condition I. Therefore, 

the greater the excavation footages, the greater the maximum horizontal displacements about 

condition II. For the poor rock condition, the monitoring about the side wall of the newly-closed 

preliminary lining in each excavation cycle should be strengthened after construction. 

Surface settlement law 

The surface settlement curve of the section at longitudinal distance y= 9.6m under different 

excavation footages of conditions I and II is displayed in Figure 9. The influencing ranges about the 

settlement are nearly 60 m, and the largest settlement appears at the center line of tunnel. Under 

the adopted excavation footages ranging from 1 m to 3.5 m, the maximum surface settlement about 

the condition II is 2.02, 2.08, 2.16, 2.25, 2.35 and 2.47 times that of condition I, respectively. Similar 

to the spatial distribution of the vault settlement in front of the initial excavation face, that is, the larger 

the excavation footages, the larger the surface settlements as well as the growth rate. 
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(a) Condition I (b) Condition II 

Fig. 9 - Surface settlement curve under different excavation footages 

Deformation characteristics of the excavation face 

Figure 10 shows the on-site extrusion deformation phenomenon of the excavation face of 

tunnel. After exploration and analysis, the main reason is that groundwater develops in the rock in 

front of the excavation faces. Furthermore, highly weathered mudstone is a kind of rock that is more 

sensitive to water and is prone to strength softening and disintegration after encountering water, thus 

losing its bearing capacity. 

 

Fig. 10 -  The on-site extrusion deformation phenomenon of the excavation face of tunnel 

The fitting curves about the largest extrusion deformation of the up-step excavation faces 

and excavation footages under different rock conditions is displayed in Figure 11. Under these two 

surrounding rock conditions, the fitting function relationship between the maximum extrusion 

deformation of excavation face and excavation footages is as follows: y=3.0857x2-7.68x+51.309 for 

condition I and y=0.7143x2-1.4886x+19.646 for condition II. 
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Fig.  11 - The function fitting relationship between the largest deformation about the excavation 

face and excavation footages 

In Figure 11, under conditions I and II, the largest extrusion deformation about the excavation 

face and excavation footage show a significant quadratic function relationship. The maximum 

deformation about the excavation faces in condition II is much greater than that under condition I, so 

the strength of surrounding rock greatly influences the extrusion deformation characteristic of 

excavation face, and the maximum extrusion deformation increases nonlinearly with the excavation 

footages. Under condition I, the maximum extrusion deformations about the excavation faces 

increase little with the excavation footages. While under condition II, the maximum extrusion 

deformation increases slowly when the excavation footage is 1~2 m, and then the continuous 

increase of the footages will lead to a rapid increase of the extrusion deformation. 

Mechanical characteristic analysis 

Mechanical characteristic of the preliminary lining 

The positions on the tunnel vault and both sides of the middle and upper steps are selected 

as the monitoring points, and the bending moment diagram of the preliminary lining at the longitudinal 

depth of 4 m under various excavation footages is also drawn, as shown in Figure 12. 

  

(a) Condition I (b) Condition II 

Fig. 12 - Distribution of the bending moment of the preliminary lining under different excavation 
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footages /(KN.m) 

Under condition I, the maximum bending moment generally appears at the vault of lining. The 

bending moment value about vault increases slowly when the excavation footage is more than 1.5m, 

the force state of the arch shoulder is gradually changed from the outer tensioned state to the inner 

tensioned state, and the inner tension range of the lining structure is gradually enlarged. Under 

condition II, the maximum bending moment is no longer located at the vault with the increase of 

excavation footages, but gradually shifts from the vault to arch shoulders. Bending moment at the 

arch shoulder increases more rapidly, while the bending moment at the vault increases slowly. 

Mechanical characteristic of the surrounding rock 

Figure 13 shows the distribution curves of the maximum principal stress (MPS) of surrounding 

rock at the vault as well as side wall about tunnel under different excavation footages in conditions I 

and II.  
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(a) Condition I (at vault) (b) Condition II (at vault) 
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(c) Condition I (at side wall) (d) Condition II (at side wall) 

Fig. 13 - Mechanical characteristic curves of the surrounding rock under different excavation 
footages 

In Figure 13, for both conditions I and II, the MPS curves show the law of first rapidly 

increasing, then rapidly decreasing, and finally stabilizing, and the rapid changes mainly occur near 

the excavation area. Under condition I, when the excavation footage is 1 m and 1.5 m, the peak MPS 
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of the surrounding rock is compressive stress. When the excavation footage reaches 2 m, the peak 

MPS of the vault of tunnel will be manifested as tensile stress, the main tensile stress and the action 

range of the vault gradually increases with the excavation footages. For the side wall, all of them are 

compressive stress, and the MPS is the minimum when the distances from the initial excavation face 

are zero. With the increase of distance from the initial excavation face, the MPS increases rapidly 

and then becomes stable. In general, under conditions I and II, it is still safer for the rock at the side 

wall of tunnel even if the excavation footage is larger. 

According to Figure 13, the peak MPS corresponding to different excavation footages is 

extracted, and the fitting function curve between the peak MPS and excavation footages is drawn, 

as shown in Figure 14. The specific fitting relationship is as follows: y=-3.0723x3+23.884x2-24.53x-

7.3673 for condition I and y=5.0898x3-50.345x2+191.79x-223.41 for condition II. 

 

Fig. 14 - Fitting function curve of the peak MPS of the vault and excavation footages 

Under condition I, for the excavation footages are more than 2 m, the tensile stress appears 

in the vault of surrounding rock. Under condition II, tensile stress occurs when the excavation 

footages are greater than 1.5m. In geotechnical engineering, it is generally believed that soil cannot 

withstand tensile stress, so the excavation footage under condition I should be less than 2 m, and 

the excavation footage under condition II should be less than 1.5 m. In order to ensure that no tensile 

stress occurs in the tunnel vault after excavation, the safety factor of 1.2 is adopted in this paper. 

Therefore, it is suggested that the excavation footage of the relied tunnel project of this paper should 

be 1.8m (for condition I) and 1.2m (for condition II). 

CONCLUSION 

(1)  The deformation about V-grade surrounding rock is largely influenced by the excavation 

footages. The vault settlement and horizontal displacement of the tunnel as well as the surface 

settlement increase significantly with the excavation footages. Moreover, excavation in poor 

surrounding rock will not only lead to the increase of deformation, but also lead to the increase of 

the influence range of vault settlement. 

(2)  Under the competent or poor rock conditions, the maximum vault settlement in front of the initial 

excavation face, the maximum extrusion deformations about the excavation faces and excavation 

footages mainly show a positive correlation of quadratic function or linear relationship. The 

parameters of surrounding rock greatly influence the deformation about excavation face. For the 

lined steps behind the initial excavation face, the horizontal deformation of surrounding rock has 
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linear positive correlations with the excavation footages. Under the same surrounding rock condition, 

the vault settlement increment led by one excavation round is basically the same. 

(3)  For the competent surrounding rock, the maximum bending moments about preliminary lining 

at the middle step after excavation occurs in the vault, and the increase rate decreases when the 

excavation footage is more than 1.5m. For the poor rock condition, the maximum bending moment 

is transferred from the vault to the arch waist with the increase of excavation footages, and it is 

basically manifested as the inner tension of the lining. It is suggested that the optimal excavation 

footages about the relied tunnel project are 1.8m for the competent rock condition and 1.2m for the 

poor rock condition. 

It should be noted that the comparison of the excavation methods and the influence of lining 

stiffness on tunnel in such soft rock are not considered in this paper, which can be further studied in 

the future. 
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ABSTRACT 

In contemporary times, technology has dramatically simplified the process of documenting 
cultural heritage objects. This paper aims to illustrate modern methodologies for documenting 
historical monuments by applying advanced technologies, as these case studies show. Two 
technologies were used: laser scanning and digital photogrammetry. The first subject of our study 
was a historically significant 16th-century building located in Jachymov, situated in the North-West 
region of the Czech Republic. The object was documented by laser scanning (BLK360) and using 
a standard digital camera Canon Powershot SX230 HS. The laser scanning data were post-
processed using Cyclone Register 360 Plus, while photogrammetric point clouds were generated 
with Agisoft Metashape. The second object was building and sculpture in the historical UNESCO 
city of Telč. For this object laser scanning instruments, digital photogrammetry and a new low-
cost ViDoc documentation system was used. Our study is focused on analyzing sets of point 
clouds obtained from the data processing, conducted using CloudCompare to draw insights and 
conclusions. It turns out that the rapid development of techniques and technology makes it 
possible to use low-cost devices for sufficiently accurate and fast documentation; however, the 
mentioned ViDOC device can only be used for very close and small objects up to about 5 meters. 
For the documentation of sculptures, classic close-range photogrammetry is especially 
appropriate; for the documentation of buildings, laser scanners are suitable; the problem lies in 
hidden spaces and it is often necessary to use either a platform or a combination with 
photogrammetry using a drone, especially for upper parts of the object. 

KEYWORDS 

 Photogrammetry, Laser scanning, Cultural heritage, Object documentation, ViDOC 

INTRODUCTION 

Half a century ago, construction documentation relied mainly on geodetic methods, limited 
to the tape measure. Data collection was minimal, with most existing data presented in paper 
format. Nowadays, the concept of the digital twin has become a global phenomenon, marked by 
remarkable advances [1, 2]. 

Over the past decade, laser scanning, and photogrammetry have been the primary tool 
for 3D data collection of complex heritage objects. The need of documenting cultural heritage 
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objects is substantial and arises for various purposes. The need of accurate, fast and 
comprehensive documentation, especially of historic buildings, is demanded by today's world. 
Objects are often subject to destruction due to social neglect, wars, vandalism, natural 
phenomena, or rapid urban development. The documentation methods have evolved 
progressively through classical geodetic methods to today's laser scanning and automated 
methods of close-range photogrammetry in the form of structure from motion (SfM) and Multi View 
Stereo (MVS). Mobile laser scanning is developing very rapidly, especially in heritage care as 
mobile personal laser scanning [3-5]. 

The primary goal of these measurements is to accurately depict the object in a three-
dimensional context. The resulting data performs several essential roles, initially focused on the 
object's representation, then expanding to encompass the assessment and detection of potential 
damage. Furthermore, those measurements prove valuable in the analysis and strategic planning 
of maintenance and preservation efforts for these culturally significant objects. In recent years, 
the use of mobile handheld laser scanners has become significant. Their advantage is fast and 
three-dimensional documentation of objects of interest. Similarly, drone imagery combined with 
terrestrial imagery has been used extensively in the last decade. Nowadays, the logical output of 
documentation of historic buildings is export to heritage building information modeling (HBIM), 
which enables a comprehensive description of the object and its management [6-9]. The following 
work aims to demonstrate the easy to use three-dimensional visualization of a historical cultural 
object through measurements from a laser scanner and a digital camera. 

METHODS 

Instruments 

For measurements and point cloud generation, different instruments were chosen. In the 
first case study, a scanner Leica BLK360 and a common digital camera Canon PowerShot 
SX230HS were used  [10, 11].  

    

Fig. 1 – Laser scanner BLK360 (left) and Canon PowerShot SX230 HS (right) 

The second case study used a BLK360 scanner, a Canon 450 camera and a new low-
cost ViDoc device from Pix4D. The project was complemented by the analysis of older 
measurements of the same object with a Surphaser 25 HS laser scanner and a Pentax 645 
camera. 
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Fig. 2 – ViDOC (left), Pentax 645 and laser scanner Surphaser 25 HS (right) 

ViDoc is a simple device that includes ViDoc RTK rover device, phone case (for iPad Pro 
or iPhone 12 Pro and higher with lidar sensor) and GNSS antenna. 

Leica BLK360 is a compact laser scanner. It is small and light (around 1kg) easy to 
transport and use only for one person in site. The scanner is equipped with a camera for point 
cloud coloring and a thermal sensor; it accomplishes a comprehensive 360-degree panoramic 
image capture and finishes a full-dome scan in less than 30 seconds (with smallest resolution 
without images) till 6 minutes (full resolution with HDR images), where the vertical field of view is 
300˚ and the horizontal field of view is 360˚ [10]. Based on testing and technical parameters, the 
accuracy of a measured spatial point is 4mm on 10m distance. The BLK360 includes an app 
called BLK Live, allowing us to control the laser scanner's images and quickly assess the on-site 
data for feedback, quality assurance, and quality control using a tablet. After measurements, the 
Leica Cyclone REGISTER 360 software helps with quickly setting up and organizing the collected 
data in the field. Canon PowerShot SX230 HS is a common low-cost compact digital camera that 
was used to capture photos of the buildings inside. It is equipped with a 12.1-megapixel CMOS 
sensor, 14x optical zoom lens (from 5mm to 70mm), allowing you to capture distant subjects with 
remarkable clarity and precision. Additionally, it incorporates built-in GPS functionality, enabling 
geotagging and location tracking for photos [11]. An older Surphaser 25 HS laser scanner was 
used to document the sculptures in 2018. It is one of the most accurate scanners with an accuracy 
of 0.6 mm at 10 meters, which is exceptional and very suitable especially for sculptures [12]. The 
scanner does not have a camera, but the declared accuracy is excellent; other laser scanners are 
not very suitable for documenting sculptures, as they have worse accuracy and the sculptures do 
not have proper detail. This is already lost at an accuracy of a few millimetres. Therefore, 
nowadays it is better to use photogrammetry, which gives an accuracy of up to 0.1 millimetres 
without any problems if done correctly, and the camera is several orders of magnitude cheaper 
than a laser scanner. In 2018, a professional 51Mpix Pentax 645 camera was used to document 
the sculpture for comparison with the laser scanner (Figures 1 and 2), [13]. 

Case study 

In terms of simple methods of documentation of historical elements and objects, two case 
studies were carried out. Both of them show the easy and quick possibilities of 3D documentation 
especially for endangered heritage objects. 

Documentation of historical parts inside the object 

The first case study is the documentation of building element in historic house where it 
was not clear if it would be saved for the future. This house and its parts is located in the town of 
Jáchymov, northwest part of the Czech Republic near the Germany border; the town was founded 
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in 1516 after the discovery of rich silver deposits. After silver and later tin were down mined in the 
area, the area rapidly declined, and the mines were no longer profitable. Marie-Curie Sklodowska 
discovered radium in the Jáchymov ore. This led to the reincarnation of the town with radon baths 
establishment. However, a major turning point came after the expulsion of the German population 
after 1945 following the end of World War II [14]. A population that had no relation to traditions 
and landscape slowly moved into the entire border area. Added to this was the decade-long 
exploitation of local uranium deposits by the former Soviet Union for strategic reasons and the 
labour camps for political prisoners following the communist takeover after 1948.  

   

Fig.3 – Inside the house No.12, Jáchymov, year 2021. Gothic ribbed circular vault. 

Many historic buildings have not been maintained for a long time. The landscape, 
population and employment opportunities have changed fundamentally, and these changes are 
still visible. The house no. 12 on the Republic Square in Jáchymov dates mostly from the turn of 
the Gothic and Renaissance periods. It was originally a noble house of a rich owner. The original 
parts of the structure from the time of the building's construction have been preserved (the cross 
vaults on the ground floor, the staircase to the first floor with a stone handrail and, in particular, 
the beautiful ribbed circular vault in the upper hall). Some details of the interior, the historic 
plasterwork on the first floor and the second-floor hall, and the exterior are also of considerable 
historical value. The entrance portal and the Renaissance lining of the window openings are 
original. The building was in a poor but habitable condition in the 1980s, but the rear wing and the 
support buildings behind the house were already in a state of desolation. Poorly executed anti-
radon protection was also a factor, and the building degraded rapidly in the post-revolutionary 
period (after 1989). The great boom in property purchases during the Covid 19 pandemic caused 
a change of owner who decided to save the building. The pandemic and the high cost of 
construction work and materials in the post-Covid era delayed the work. Today, however, the 
building is in use again and has been well restored thanks to the efforts of the new owner (Figures 
3 and 4).  
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Fig.4 – The house No. 12 in Jáchymov before (left) and after reconstruction (right) in 2023. 

Documentation of a sculpture and facade of a historical building 

The second part of the work was focused on the possibilities of low-cost documentation 
of monuments in the town of Telč. This historical town center has been a UNESCO World Heritage 
Site since 1992 [15]. The aim of the research was to compare data from the BLK360 laser scanner 
and the new low-cost ViDoc device. The first part was focused on the comparison of scanning 
time and accuracy in terms of the smaller historical house documentation on the square in Telč. 
The house No. 61 on Zachariáš of Hradec Square was selected; it is a single-story house with an 
archway. The originally late Gothic house was preserved during the Renaissance renovation. 
Further changes took place before the mid-16th century (under the ownership of the baker 
Michael). The reconstruction is dated on the sgraffito of the facade L.P. 1555. The imposing 
Renaissance façade with a Venetian-type gable with pilasters and cornices dominates the square. 
The façade is decorated with sgraffito with vegetative motifs1. 

 

  

Fig.5 – Two selected historical objects on Zachariáš of Hradec Square in Telč city 

                                                
1 https://pamatkovykatalog.cz/mestansky-dum-700198 
 

https://pamatkovykatalog.cz/mestansky-dum-700198
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Possibilities of sculpture documenting was also part of the research. There are several 
suitable objects in the Telč square, a fountain and the Baroque Marian Column, a plague column 
built in 1716-1720. In the past, we have already performed measurements (2015) with very high 
precision Surphaser 25HS scanner and photogrammetrically with a professional Pentax 645D 
51MPix camera. The measurements are highly accurate but time consuming, including the data 
processing. 

MEASUREMENTS AND PROCESSING 

Gothic ribbed circular vault inside the house No.12, Jáchymov  

The first measurements were done by laser scanner. 7 scans of the building interior 
buildings were done (Figure 6). After that, the measurement data can be transferred with Wi-Fi 
and open in software Leica Cyclone REGISTER 360. 

The next step after data import was the registration. This step involves aligning and 
merging multiple scan positions to create a unified point cloud dataset. This can be done 
automatically, where the program will match points in different scans, where the user can edit one 
by one. Following this, quality control can be performed, checking for alignment errors, outliers, 
and other issues to ensure the data's accuracy. After removing any unnecessary parts from the 
point cloud, we can visualize the 3D scan using various software tools. Through these processing 
steps, we achieved a successful result: 16 lines with a 50% overlap and an overall Bundle Error 
of 0.004 meters. The measurement takes 40 minutes, the semi-automatic data processing takes 
30 minutes on a common HP workstation (processor I-7, 32 GB RAM) to a colored joined point 
cloud. Together 30 million spatial object points were saved. 

 

Fig. 6 – View of all merging scans in SiteMap    

The second measurement was done by a digital camera Canon PowerShot SX230 HS. 
238 images were taken with shortest focal length 5mm, Shuter 1/300, F-stop F/3.1 and resolution 
4000x3000. Agisoft Metashape software was used based on Structure-from-Motion (SfM) and 
MVS (Muti View Stereo) technology. This software is used in many different fields of application 
[8-11]. The following processing images workflow was used (Figure 7): 
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Fig. 7 – Agisoft Metashape flow-chart 

The relative orientation was done by the “Align Photo” function in Agisoft Metashape 
software, where 283 from 238 images were co-registered. In this process, the program finds 
corresponding tie points between images. Using these points, it figures out how the images are 
positioned and rotated in relation to each other (internal and external parameters were 
calculated). The root-mean-square (RMS) reprojection error of relative orientation tie points was 
1.37 pixels. Optimize Cameras function to refine relative orientation was used. After these steps, 
the software calculated the camera's internal settings through a self-calibration process. After 
that, the Dense Point Cloud was generated with High Quality parameter.  After this, the triangle 
network known as the Mesh was calculated (Figure 8). 

   
Fig. 8 – Point Cloud (left) and Mesh (Right)   
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At the end the Tiled Model or Textured 3D was generated with high quality. Build Texture 
allows adding the photos taken to the shape of the pre-created 3D Mesh object (Figure 9). 

 
Fig. 9 – Textured 3D model of the object 

Comparison of two-point clouds 

The purpose of this step is to compare two measurement methods with different 
techniques. To do this, we took the point cloud data from Leica BLK360 as our reference point 
and compared it to the point cloud data derived from the digital camera. CloudCompare software 
was used to make this side-by-side comparison.  

To initiate the process, we acquire two sets of point clouds, each originating from different 
data capture instruments. Following this data acquisition, the critical step of aligning these two-
point clouds ensues. It's essential to note that the laser scanner data consistently serves as the 
reference dataset, while the data from the camera is adjusted to align with this reference. Once 
reference points in both datasets are identified, the orientation process can continue. 
Subsequently, a comprehensive analysis between these two datasets is undertaken, employing 
the "Cloud-to-Cloud" method. This method enables a detailed comparison of point clouds. As a 
result of this analysis, the outcome is comparison image generation, which provides insights and 
visual representation of the alignment and comparison between these two sets of data (Figure 
10). 
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Fig. 10 – Comparison of point cloud from digital camera Canon PowerShot SX230 HS and Leica 

BLK360 laser scan 

The default way to compute distances between two-point cloud is the 'nearest neighbor 
distance' for each point of the compared cloud, CloudCompare searches the nearest point in the 
reference cloud and computes their (Euclidean) distance. If the reference point cloud is dense 
enough, approximating the distance from the compared cloud to the underlying surface 
represented by the reference cloud is acceptable [16].  

 

      
Fig. 11 – C2C absolute distance 

 
To increase the accuracy of the product, it would be useful to have a control point and 

measurement with geodetic instruments. Unfortunately, this was not done in this project. For this 



wor 
  Article no. 38 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

 

 

  DOI 10.14311/CEJ.2023.04.0038         513 

reason, we relied on CloudCompare for the comparative analysis of metrics between two sets of 
point clouds. It is essential to note that measurements obtained through the BLK360 laser scanner 
proved significantly more accurate compared to those obtained with the Canon digital camera, 
therefore we used like the reference the point cloud of the laser scanner (Figure 10-11). 

Tab. 1 – Measurement analysis 

Instrument Measurement time 
(minutes, hours) 

Processing time 
(hours) 

Price  
(kEuro) 

Precision 
(mm) 

Range   
(m) 

Canon PowerShot 
SX230 HS   

30 minutes 1 0.5 3 10 

BLK360 60 minutes 1 30 4 30 

For smaller and indoor objects, the time and accuracy are comparable in terms of laser 
scanning or photogrammetry. From a photogrammetric point of view, the lighting plays a role and 
must be of good quality to obtain images; however, it is also possible to take pictures with a flash. 
In terms of price, a laser scanner is logically several orders of magnitude more expensive (Table  
1). 

Objects on the historical Telč square 

   

Fig. 12 – The 3D model created from ViDOC (left) and using the BLK360 laser scanner (right) 

The differences in documentation of historic house occured due to range of devices. The 
BLK360 laser scanner has a range of 30 meters, and the photogrammetric measurement has a 
practically similar range. The difference is mainly in the use of ViDOC equipment, which has a 
realistic range of just over 5 meters and is not well suited for buildings. However, low objects and 
sculptures can be documented very easily, quickly, and accurately with ViDOC (Figures 12 to 14). 
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Fig.13 – The comparison of the BLK360 data with the ViDOC data. The BLK360 data was 
selected as a reference. In the picture differences especially in the hidden areas are shown (left, 
red color). The BLK360 scanner is static and measurements were taken from only one station, 
so there are several hidden areas. ViDOC is a mobile device and the model is more complex, it 

is possible to see a slight systematic deformation of the model, given by the oblique 
measurement with the BLK360 scanner, when its accuracy decreases with greater distance. On 
the left side a complex analysis is shown with hidden spaces, which were only on laser scanned 
data set (red color), better analysis is shown on the right figure; there are discrepancies no more 

than 5 centimetres. 

 

 

Fig.14 – View of the object and position of the moving device, plan view and side view created 
by projection of the point cloud from the ViDOC device. 
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Fig.14 – View of the object and position of the moving device, plan view and side view created 
by projection of the point cloud from the ViDOC device. 

 

 

Fig.15 –Created orthophoto from Agisoft Metashape software (left) and comparison of BLK360 
data with digital close-range photogrammetry (right); BLK360 data was used as reference data 

set. Most deviations are in the range of 1-2 centimeters, but at shorter distances up to 10 
meters. 

Using Agisoft Metashape software, a house 3D model, its orthophoto and a dense point 
cloud were created from the digital camera images (Figure 15). Twenty-two images and 3 
geodeticaly measured control points with RMS of 4 mm were used, the calculated point cloud 
contains 4,798,102 points and the triangular mesh consists of 959,608 triangles. The generated 
point cloud was further compared with the output of the laser scanner BLK360 in CloudCompare 
software. After several adjustments iterations, a satisfactory result was obtained comparing the 
two point clouds. Most deviations between the point clouds are in the units of cm, however, 
especially in the window and ground floor area the inaccuracies are larger. The orthophoto was 
created with a pixel size of 3 mm. 

Sculptures documentation 

Sculpture documentation is problematic. It depends on its size and especially the spatial 
complexity of the sculptures, on the material, on the devices used and its accuracy, and mobility 
in terms of covered and small spaces. Various devices were used here, mobile ViDOC, an 
expensive and high-quality digital camera Pentax 645, a very accurate laser scanner Surphaser 
25 HS, and data from the camera of the iPhone 11 smartphone (Figure 16 to 17). 
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Fig.16 – The textured 3D mesh from iPhone 11 (left) and a detail from this model (from about 3 
meters). Right – 3D model from the ViDOC instrument. Based on the lidar sensor and RTK 

GNSS, the model is scaled, and it is possible to measure real distances on the model. 

The difference in both models was mainly in the area of the head of the statue (it was not 
possible and allowed to scan) and reached a maximum of 2cm. Typically around 0.5-1 cm. 

Tab. 2 – Measurements analysis (sculpture) 

Instrument Measurement 
time (minutes, 
hours) 

Processing 
time (hours) 

Price  
(kEuro) 

Precision on 
ideal 
distance 
(mm) 

Range 
(ideal, 
max) (m) 

Georeference 

iPhone 5 minutes 0.5 1 5 3 ; 20 Yes, low 
precision 

Pentax 
645D 

30 minutes 2 10 0.1 3;  30 No, GCP´s 
necessary 

ViDOC 10 minutes 0.5 6 5 3;  10 Yes, precise 

Surphaser 
25HS 

1 hour 3 40 0.6 10; 40 No, GCP´s 
necessary 

Sculpture documentation varies considerably in terms of time of data acquisition, 
processing, and cost of equipment. See Table 2. 

   

Fig.17 – Data processing (Surphaser 25HS and Pentax 645D), the between both models. 
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CONCLUSION 

 This paper describes the need of photogrammetry and laser scanner for the historical 
objects reconstruction. Instrument description used for the measurements was explained at the 
begining. Throughout this paper, we used two technologies for measurements: one involving a 
laser scanner and the other was photogrammetry. The first building was documented by laser 
scanner BLK360 and using a standard digital camera Canon Powershot SX230 HS. Other objects 
were a building and a sculpture in the city of Telč, for documentation here a BLK360 scanner, a 
Canon 450 camera, a new low-cost ViDoc device from Pix4D, an expensive and high-quality 
digital camera Pentax 645, Surphaser 25 HS laser scanner, and data from the camera of the 
iPhone 11 smartphone was used. This paper demonstrates how these measurements were done, 
processed and the accuracy achieved. Working with the laser scanner was relatively simple for 
creating a 3D model, and the processing was not overly complex. However, working with the 
digital camera and iPhone was slower due to manual photo-taking, and the overlapping in each 
photo varied. To execute the processing and analysis of our acquired data, various softwares 
were used. Following data processing, our study advances to the crucial phase of comparing the 
generated point clouds by CloudCompare software. For documenting sculptures, classic close-
range photogrammetry works particularly well, while laser scanners work for documenting 
buildings. The challenge lies in hidden spaces or in upper parts of objects. Therefore, it may be 
necessary to incorporate two or more technologies in some cases. 
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ABSTRACT 

In this study, a spatial model of a steel truss arch bridge was established using the finite 
element software Midas/Civil to simulate and analyze the jacking construction process. The stress 
performance of the guide beam and main structure at each jacking stage was obtained. The results 
showed that in the first stage of jacking, the maximum stress and deflection values of the main girder 
were observed. The maximum stress on the upper edge of the main girder was 34.9 MPa, and on 
the lower edge, it was -60.4 MPa. The maximum deflection was -35.88 mm. The maximum stress in 
the guide beam occurred during the jacking process and was -53.2 MPa, corresponding to the cross-
section at the root of the guide beam. The maximum deflection of the guide beam occurred in the 
maximum cantilever state and was -30.79 mm. During the arch rib jacking process, the maximum 
stress was -49.4 MPa. Both the maximum stress and deflection values were within the allowable 
range, indicating that the structure was in a safe state. This study provides a reference for similar 
bridge jacking construction projects.  

KEYWORDS 

Steel truss arch bridge, Jacking construction method, Simulation analysis, Simulation 
analysis, Construction phase 

INTRODUCTION 

Bridge construction methods can be divided into many types, including cantilever construction 
(basket construction method), support construction, hoisting construction, jacking construction 
method, rotation construction, etc [1-3]. Bridge construction methods are usually chosen based on 
factors such as local topography, bridge usage, and construction costs. In recent years, the jacking 
construction method has been widely used in bridge construction, especially in cases where the 
terrain is complex, there are navigation requirements under the bridge, and it is not suitable to install 
supports under the bridge [4-6].  

In simple terms, the jacking construction method involves selecting a construction site on one 
side of the abutment, where the prefabrication (assembly) of the main girders, main arches, and 
other components takes place. After the prefabricated structure is completed, jacking equipment 
such as hydraulic jacks are used to push or pull the structure gradually towards the designated 
position [7]. Temporary facilities such as temporary piers, steel guide beams, jacking sliding tracks, 
and traction equipment are set up along the jacking direction. The method of pushing or pulling the 
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prefabricated structure to the specified position is known as the jacking construction method [8]. 
Among various types of bridges, steel truss arch bridges are widely used due to their high 

stiffness and aesthetic appearance [9-12]. However, research on the temporary facilities setting in 
integral jacking construction is mostly focused on girder bridges, with less attention paid to beam-
arch composite structure bridges. For large-span beam-arch composite structures, there can be 
localized stress concentration due to their own weight [13-15]. Existing research lacks 
comprehensive understanding of the stress characteristics and deformation states and laws of 
temporary components and main structures during the jacking process. This study focuses on the 
simulation and analysis of the construction process of a steel truss arch bridge using the integral 
jacking construction method, aiming to investigate the stress performance of the guide beams and 
main structures at each jacking stage. 

ENGINEERING BACKGROUND INTRODUCTION 

This article takes a steel truss arch bridge as the engineering background. The main bridge 
structure adopts a lower deck steel truss arch beam structure with a main span of 106 m and a total 
width of 38 m. The roadway width is 24 m, accommodating six lanes in both directions. The main 
beam is a structure that bears the combined forces of the main longitudinal beam, steel cross beam, 
and secondary longitudinal beam. The bridge deck consists of orthotropic plates. The height of the 
beam at the bridge's centerline is 2.565 m, and the steel material used is Q345qC.  

The arch ribs of the main bridge are in the form of steel trusses, with upper and lower layers of 
arch ribs. The upper and lower arch ribs are connected by vertical and diagonal struts to form a 
whole. Two trusses are arranged horizontally to enhance lateral stability. The upper arch rib has a 
span of approximately 142 m and a rise of 23.5 m. The lower arch rib has a span of approximately 
103 m and a rise of 20 m. The net rise of the truss arch is 19.288 m, with a rise-span ratio of 1:5.5. 
There is a height difference of 3.5 m between the tops of the upper and lower arch ribs.  

The bridge uses parallel wire suspension rods, with 30 suspension rods installed. The lower end 
of the suspension rods is anchored to the corresponding lug plate of the main longitudinal beam and 
cross beam. The upper end of the suspension rods is anchored to the lug plate on the transverse 
partition plate inside the arch rib's box structure. There are reinforcement ribs set on both sides of 
the lug plate, which serve as the main force transmission components. The weight of the bridge's 
dragging steel structure is 3816 t, the weight of the suspension rods is 10.7 t, the weight of the arch 
assembly support is 123.1 t, the weight of the guide beam is 83.8t, and the length of the guide beam 
is 25 m. The construction of this project adopts the continuous multi-point jacking method using 
dragging, as shown in Figure 1. The elevation and cross-section layouts of the bridge are shown in 
Figure 2 and Figure 3, respectively. 

 

Fig.1 – Steel truss arch bridge completion effect picture 
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Fig.2 – Elevation layout diagram of the bridge 

 

Fig.3 – Cross-sectional layout 

INTRODUCTION OF INTEGRAL JACKING CONSTRUCTION PROCESS 

Due to the requirement for navigable waterway underneath the bridge, it is not possible to install 
supports in the river. Therefore, the main bridge of this steel truss arch bridge adopts the integral 
jacking construction method. The main construction steps are as follows, as shown in Table 1 to 
Table 8. 

Tab. 1 - Top-down construction process step one 

Step one Construction preparation 

Construction 
schematic 

 

Content 
description 

1. Set up two temporary support piers, L1 and L2, between piers 2 and 3.  
2. Install sliding beam tracks on the temporary support piers and arrange the installation of 
horizontal and vertical jacks for adjustment purposes. Conduct testing and adjustment of the top 
pushing equipment. 
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Tab. 2 - Top-down construction process step two 

Step two Assembly of beam arch structure 

Construction 
schematic 

 

Content 
description 

1. Assemble the steel box girder structure, arch ribs, suspension rods, and guide beams at the 
assembly site.  
2. After installing the suspension rods, apply a certain amount of prestressing force as required.  
3. Install the pier top pushing and alignment systems and adjust them accordingly. Once the top 
pushing system is ready, perform the necessary tests and adjustments. 

 

Tab. 3 - Top-down construction process step three 

Step three The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Start the pulling device and drag the steel beam forward by 33.75 m. 
2. Activate the vertical jacks to detach the steel beam from the sliders. Move all the sliders back 
to the starting position of the pulling device. 
3. The rear cantilever is 26.96 m. 

 

Tab. 4 - Top-down construction process step four 

Step four The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Start the pulling device and drag the steel beam forward for 33 m. 
2. Activate the vertical jack to separate the steel beam from the sliders; move all the sliders back 
to the initial position of the pulling device. 
3. The tail overhangs for 26.96 m. 
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Tab. 5 - Top-down construction process step five 

Step five The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Start the pulling device and drag the steel beam forward for 33.75 m. 
2. During the dragging process, dismantle the steel guide beams section by section. 
3. Activate the vertical jack to separate the steel beam from the sliders; move all the sliders back 
to the initial position of the pulling device. 
4. The tail overhangs for 26.96 m. 

 

Tab. 6 - Top-down construction process step six 

Step six The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Start the pulling device and drag the steel beam forward for 33 m. 
2. During the dragging process, dismantle the steel guide beams section by section. 
3. Activate the vertical jack to separate the steel beam from the sliders; move all the sliders back to 
the initial position of the pulling device. 
4. The tail overhangs for 10.5 m. 

Tab. 7 - Top-down construction process step seven 

Step seven The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Start the pulling device and drag the steel beam forward for 17.25 m. 
2. Drag the steel beam into its final position. 
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Tab. 8 - Top-down construction process step eight 

Step eight The jacking operation is in progress 

Construction 
schematic 

 

Content 
description 

1. Activate the vertical jack to separate the steel beam from the sliders and use the three jacks to 
adjust the final position of the steel beam. 
2. Dismantle the dragging sliders layer by layer to complete the overall placement of the beam. 

FINITE ELEMENT MODULE METHOD 

Model Overview 

The model consists of 1389 nodes and 1728 elements of various types. The finite element model 
can be seen in Figure 4. The beam and the arch share a joint. The main beam and pier are connected 
by general support.  

 

Fig.4 – Calculation model of a steel truss arch bridge 

 Division of construction conditions  

According to the construction process, the analysis is divided into 34 construction stages, with 
each stage advancing the structure by 5 m. The main construction stages include the steel truss 
beam jacking stage and the maximum cantilever stage. Each construction stage activates the 
corresponding structural groups or boundary groups based on the actual conditions. The analysis 
simulates the stress and deformation of the main structure in each construction stage. Please refer 
to Table 9 for detailed description of each construction stage.  
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Tab. 9 - Calculation and analysis of load conditions explanation 

Construction 
phase 

Top push distance 
Construction 

phase 
Top push distance 

1 Before top push 18 The top push distance is 80 m 

2 
Top push starts, with a push 
distance of 0 m 

19 The top push distance is 85 m 

3 The top push distance is 5 m 20 The top push distance is 90 m 

4 The top push distance is 10 m 21 The top push distance is 95 m 

5 The top push distance is 15 m 22 The top push distance is 100 m 

6 The top push distance is 20 m 23 The top push distance is 105 m 

7 The top push distance is 25 m 24 The top push distance is 110 m 

8 The top push distance is 30 m 25 The top push distance is 115 m 

9 The top push distance is 35 m 26 The top push distance is 120 m 

10 The top push distance is 40 m 27 The top push distance is 125 m 

11 The top push distance is 45 m 28 The top push distance is 130 m 

12 The top push distance is 50 m 29 The top push distance is 135 m 

13 The top push distance is 55 m 30 The top push distance is 140 m 

14 The top push distance is 60 m 31 The top push distance is 145 m 

15 The top push distance is 65 m 32 
The top push distance is 150 m, 
and the top push is completed 

16 The top push distance is 70 m 33 
Remove the girder, temporary 
pier, and arch assembly bracket 

17 The top push distance is 75 m 34 Completed Phase 2 pavement 

ANALYSIS OF OVERALL JACKING CALCULATION RESULTS 

Stress calculation result 

The stress values during the jacking process are crucial for the safety of the structure, especially 
when using the integral jacking construction method, as the structure’s self-weight can lead to stress 
concentration. The materials used in the bridge structure are all Q345 steel, so it is necessary to 
verify whether the stress in the structure is within the allowable range. Finite element software is 
used to perform simulation analysis on the structure and determine the construction stage and 
location with the highest stress. 

(1) Main beam stress calculation results: 

The upper and lower stress analyses of the main beam are performed separately for the 
maximum construction stages of the front and rear cantilevers. The stress envelop diagrams for the 
upper and lower edges of the main beam can be seen in Figure 5 to Figure 8. Detailed analysis 
results can be found in Figure 9 to Figure 10. The stress values are given in MPa, with "+" 
representing tension and "-" representing compression. 
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Fig. 5 – Maximum envelope stress diagram 
of the front cantilever of the main girder 

Fig. 6 – Maximum stress enveloping diagram of 
front cantilever main beam 

  

Fig.7 – Maximum stress enveloping diagram 
of rear cantilever main beam 

Fig.8 – Maximum stress enveloping diagram of 
the lower surface of the rear cantilever main 

beam 

  
Fig.9 – Stress diagram of the upper surface 

of the main beam 
Fig.10 – Stress diagram of the lower surface of 

the main beam 

From Figure 5 to Figure 8, it can be observed that the maximum stress in the rear cantilever of 
the main beam occurs in the first construction stage of the jacking process, when the rear cantilever 
has just left temporary support L6. Therefore, the maximum stress is generated at the end of the 
main beam. The maximum stress in the front cantilever of the main beam occurs in the 19th 
construction stage of the jacking process, when the main beam has been pushed out approximately 
85 m and the front end is in a maximum cantilever state. 

From Figure 9 to Figure 10, it can be seen that during the maximum construction stage of the 
front cantilever, the maximum stress on the upper edge of the main beam is 29.3 MPa, and the 
maximum stress on the lower edge is -44.7 MPa. During the maximum construction stage of the rear 
cantilever, the maximum stress on the upper edge is 34.9 MPa, and the maximum stress on the 
lower edge is 60.4 MPa. 

The steel used in this structure is Q345 steel. It can be concluded that the overall stress of the 
structure during the jacking process is within the allowable range and the structure is safe and stable. 
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(2) Guideway stress calculation results: 

The maximum stress in the guideway during jacking occurs in the 11th construction stage (with 
a cumulative jacking distance of approximately 45.75 m), and the maximum stress value is 53.2 MPa. 
The maximum stress stage and stress distribution in the guideway during the jacking process can 
be seen in Figure 11 to Figure 12. 

 

Fig.11 – Schematic diagram of the maximum stress stage of the guide beam 

 

Fig.12 – Envelope diagram of maximum stress in the guide beam 

From Figure 11 to Figure 12, it can be seen that during the overall jacking process, the maximum 
stress in the guideway occurs at the section where the guideway is connected to the main beam. 
This indicates that measures should be taken to strengthen the connection between the guideway 
and the main beam during the jacking process. 

(3) Arch rib stress calculation results: 

The maximum stress in the arch rib during jacking occurs in the 33rd construction stage. At this 
stage, the jacking is completed, the temporary piers are removed, and the arch rib assembly supports 
are dismantled. The maximum stress point is located at about 1/4 of the span from the lower arch 
ribs and at the arch foot, with a maximum stress value of -48.9 MPa. 

The stage with the maximum stress and the stress distribution in the arch rib during the jacking 
process can be seen in Figure 13 to Figure 14. 

 

Fig.13 – Schematic diagram of the arch rib under maximum stress phase 
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Fig.14 – Envelope diagram of maximum stress in the arch rib 

Based on the above calculation results, it can be concluded that under the overall simulation 
analysis, the maximum stress in the arch rib during jacking is -48.9 MPa, which is within the allowable 
stress of the material. Therefore, the internal forces in the arch rib structure during the jacking 
process are well within the acceptable range. 

Displacement calculation results 

The displacement calculation in top-down construction is as important as stress calculation as 
it can also reflect the structural behavior. Through simulation analysis of a steel truss arch bridge 
during the top-down construction process, displacements at the front and rear ends of the guideway, 
as well as at the front and rear ends of the main beam, were calculated at each construction stage. 
The maximum displacement at the front end of the guideway is -30.79 mm, occurring in the 7th 
construction stage, while the maximum displacement at the rear end of the guideway is -8.14 mm, 
occurring in the 10th construction stage. As for the main beam, the maximum displacement at the 
front end is -13.14 mm, occurring in the 10th construction stage, and the maximum displacement at 
the rear end is -35.88 mm, occurring in the 1st construction stage. Please refer to Figure 15 to Figure 
16 for more details. 

  
Fig.15 - The comparison of deflection 

between the front end and root of the guide 
beam 

Fig.16 - The comparison of deflection 
between the front end and rear end of the 

main beam 

From Figure 15, it can be observed that the front end of the guideway initially lifts during the 8th, 
15th, and 22nd construction stages. After reaching a certain height, the upward trend gradually 
becomes gentler, and then it starts to descend, showing a noticeable regular pattern. The maximum 
deflection of the guideway occurs at the front end when it is in the maximum cantilever state, which 
happens during the 7th construction stage (with a cumulative jacking distance of 25 m), with a 
deflection value of -30.79 mm. The maximum deflection at the base of the guideway is -8.14 mm, 
occurring during the 10th construction stage. As for the main beam, the deformation at the front end 
is relatively stable, showing regular fluctuations. The maximum deflection occurs during the 10th 
construction stage (with a cumulative jacking distance of 40 m), with a deflection value of -13.14 mm. 
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The maximum deflection at the rear end of the main beam is -35.88 mm, occurring during the 1st 
construction stage. This is because, at the beginning of the jacking process, the rear end of the main 
beam loses temporary support, resulting in the maximum cantilever length and, consequently, the 
maximum deflection value. 

Calculation results of reaction force at the top of temporary pier 

During the top-down construction process of the bridge, a total of 6 temporary piers were 
installed, including 2 in the water (L1 and L2) and 4 on land (L3 to L6). The reaction forces at the top 
of these temporary piers are important data that reflect the bridge’s structural behavior, and it is 
essential to calculate these forces. 

(1)  Maximum Reaction Force during Top-down Construction 

According to the simulation calculation results, the maximum reaction force occurs during the 
14th construction stage (with a cumulative jacking distance of approximately 62 m) at temporary pier 
L3# in the water. The magnitude of this reaction force is 6193.9 kN. The construction stage and the 
distribution of reaction forces are shown in Figure 17 to Figure 18. 

 

Fig.17 – The temporary pier reaction during the top-down construction phase 

 

Fig.18 – The maximum reaction force result during the top-down construction process 

(2)  The reaction force at temporary pier L1# in the water 

The maximum reaction force at temporary pier L1# occurs during the 25th construction stage 
(with a cumulative jacking distance of approximately 116 m). The magnitude of this reaction force is 
5226.8 kN. The construction stage and the distribution of reaction forces are shown in Figure19 to 
Figure 20. 
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Fig.19 – L1# temporary pier's maximum reaction force occurs during the top-down  
construction phase of the launching process 

 

Fig.20 – The maximum reaction force of temporary pier L1# during the  
top-down construction process 

(3) The reaction force at temporary pier L2# in the water 

The maximum reaction force at temporary pier L2# occurs during the 17th construction stage 
(with a cumulative jacking distance of approximately 75 m). The magnitude of this reaction force is 
5349.4 kN. The construction stage and the distribution of reaction forces are shown in Figure 21 to 
Figure 22. 

 

Fig.21 – The construction phase during which the maximum reaction force of 
temporary pier L2# occurs during the top-down construction process 
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Fig.22 – The maximum reaction force of temporary pier  
L2# during the top-down construction process. 

CONCLUSION 

The study utilized the finite element software Midas/Civil to establish a spatial model and 
conduct a simulated analysis of the overall top-down construction process of a steel truss arch bridge. 
This analysis enabled the assessment of the structural performance and load distribution of the guide 
beam and main structure at each stage of the construction. The following conclusions were drawn: 

(1)  The maximum cantilever stage of the front end of the main beam occurs during the 19th stage 
of top-down construction (with a pushing distance of 85 m). The maximum stress on the upper flange 
is 29.3 MPa, while the maximum stress on the lower flange is -44.7 MPa. In the maximum cantilever 
stage of the rear end of the main beam, the maximum stress on the upper flange is 34.9 MPa, while 
the maximum stress on the lower flange is -60.4 MPa. At this stage, the rear cantilever has just left 
temporary support pier L6, resulting in the highest stress concentration due to the maximum 
cantilever length. 

(2)  The maximum stress on the guide beam during the top-down construction process occurs during 
the 11th construction stage (with a cumulative jacking distance of approximately 45.75 m). The 
maximum stress value is -53.2 MPa, and it corresponds to the cross-section at the base of the guide 
beam.  

(3) The maximum deflection at the front end of the guide beam occurs during the maximum 
cantilever state, which is the 7th construction stage (with a cumulative jacking distance of 25 m). The 
maximum deflection value is -30.79 mm. The maximum deflection at the root of the guide beam is -
8.14mm, occurring during the 10th construction stage.  

(4)  The maximum reaction force on the top of the pier during the top-down construction process 
occurs during the 14th construction stage (with a cumulative jacking distance of approximately 62 
m), at temporary pier L3.  
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ABSTRACT 
Lattice high-molded support can generally be used for cast-in-place support for bridges, but 

for more than 50 meters of lattice high support, due to the wind, load and other factors, due to the 
support length and slenderness of the relatively large, relatively light and flexible structure and other 
characteristics of the role of the wind load is very sensitive. When the lattice high-molded stent 
construction is used in the typhoon area, it is easy to be damaged by the typhoon, and the structural 
design of the lattice high-molded stent and the construction of that technology are facing great 
challenges. In this paper, based on the new construction of a special bridge in Fujian, finite element 
analysis of four-legged and six-legged lattice bracing is carried out by ANSYS, and the effects of 
steel pipe diameter, number of columns, longitudinal and transversal spacing of bracing, and 
diagonal bracing structural parameters on structural performance are analyzed by using the 
coefficients of buckling stability and the coefficients of critical loading. The results of the study show 
that the main design variable for displacement sensitivity is the diameter of vertical rod; the main 
design variable for stress sensitivity is the diameter of diagonal rod; the main design variable for 
overall stability sensitivity is the diameter of diagonal rod; and the main design variable for overall 
stability sensitivity of total volume is the diameter of diagonal rod. And the optimal wind resistance 
parameters are: 4 lattice high-braced columns are selected, the section length should be controlled 
within 15m, and the total height should not be more than 70m, and the spacing of the columns is 
controlled between 7m and 8m. This study proposes a set of optimized design process method for 
wind-resistant lattice structure under the constraints of stiffness, strength and critical load factor, 
which improves the economy and ensures the reasonableness of the design, and can be used for 
the design of high-modular lattice bracket in typhoon area. 

KEYWORDS  
Lattice bracing, Wind effects, Optimality criterion method, Nonlinear analysis 

INTRODUCTION 
With the rapid development of China's economy and technology, coupled with the 

implementation of policies such as reform and opening up, and the Belt and Road Initiative, a large 
number of large bridges spanning rivers, seas, canyons, lakes, and existing roads have been 
successively completed. This has ushered in a golden period of vigorous development in the 
country's transportation infrastructure, with constantly refreshed lists of bridge spans. As bridges 
gradually move towards large spans, wind damage has also gradually come into view for engineers 
[1]. In recent years, with global climate warming and the frequent occurrence of extreme weather, 
the frequency of natural disasters has been increasing year by year. Due to geographical 
characteristics, coastal areas in China become the main targets of typhoons. Statistics show that 
Guangdong, Fujian, Zhejiang, and other regions are affected by typhoons about 7.2 times each year. 
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Currently, in China, large-span continuous concrete bridges are mainly constructed using the 
scaffolding method. Common types of scaffolding include fastener-type steel pipe scaffolding, bowl-
type steel pipe scaffolding, portal scaffolding, among which the steel pipe truss modular support 
system has proven its practicality and effectiveness in practice, playing a crucial role in large-span 
bridge construction projects [2]~[6]. 

In recent years, the grid-type high-modulus support system has been widely used due to its 
convenient assembly and strong load-bearing capacity. Due to its towering, flexible structural form, 
as well as its light weight and low damping characteristics, the grid-type high-modulus support 
system has strong sensitivity to wind. Large-span bridges are usually located in areas with fast winds 
such as rivers, seas, and canyons, and the construction area occupied by scaffolding is usually 
extensive with high wind resistance. Therefore, it is necessary to carry out experimental research on 
the wind-resistant design optimization of scaffolding. During the construction of bridges, scaffolding 
not only serves to provide a working surface but also provides structural bearing capacity when the 
early concrete strength has not formed. The design and use of scaffolding determine the progress 
and safety of engineering projects. The wind stability of scaffolding has attracted the attention of 
many scholars at home and abroad. 

During bridge construction, supports not only provide a working surface but also provide 
structural load-bearing capacity in the early stages before the concrete strength has fully developed. 
The design and use of supports determine the progress and safety of engineering projects. Support 
wind stability has attracted the attention of many domestic and foreign scholars [7]~[13]. In 2006, 
Xiu Lei [14] used simplified formulas and random vibration theory to simplify the wind-induced 
response of lattice-type tower structures into algebraic calculations. Using a first-order generalized 
load spectrum analytical model, they proposed a simplified calculation formula for the downwind 
wind-induced response of lattice-type tower structures. In 2022, Yang Wen [15] conducted nonlinear 
analysis research on the yielding mechanism of lattice-type steel-concrete tower structures based 
on static experiments of four ball-joint node models simulated using Abaqus finite element simulation 
software. The research results showed that node failure is mainly caused by strength failure and 
compressive member instability, and the difference in node plate thickness has a more significant 
impact on the bearing capacity of ball-joint nodes, while changes in the thickness ratio of the 
enclosure diameter have less impact on the bearing capacity of ball-joint nodes. In 2023, Jeddi 
Ashkan B [16] and others used the Kalman filter method to study the drag coefficient and gust 
response factor of double-loop lattice-type transmission towers, accurately estimating the impact of 
extreme wind-induced loads on lattice-type structures. Based on the aerodynamic characteristics 
and wind tunnel tests, an optimized Kalman filter model was proposed to integrate measurements 
from multiple sensors of the same and different types implemented in wind tunnel experiments. This 
approach, combined with optimization techniques, provided estimates of the wind load parameters 
of interest with high spatial resolution and accuracy in measuring response. 

This study utilizes the ANSYS finite element simulation program to establish lattice-type high 
modulus supports under wind load, and, in combination with MATLAB programming software, for 
secondary development to improve structural optimization accuracy. The modified optimal criteria 
method is used to correct the stiffness, strength, and critical load factor constraint formulas, 
proposing a wind-resistant optimization design process for lattice-type high modulus supports based 
on the modified optimal rule."  
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ESTABLISHMENT OF FINITE ELEMENT ANALYSIS MODEL FOR LATTICE-TYPE 
HIGH MODULUS SUPPORT 

Project overview 

Tab. 1 -  Support system material specifications（unit：mm） 

Number Foundation type Column steel 
pipe 

Flat-coupled 
steel pipe 

Diagonal brace 
steel pipe Steel 

D0~9# Reinforced concrete strip 
foundation Φ720×14 Φ400×8 Φ400×8 Q345 

D9~19# Bored pile foundation Φ1200×14 Φ720×14 Φ400×8 Q345 

The bridge spans are configured as follows: 4 spans of 40 meters each, 4 spans of 40 meters 
each, 6 spans of 40 meters each, 5 spans of 40 meters each, and 4 spans of 32 meters each, with 
a total length of 888 meters. This study is based on a representative bridge, and the strait where the 
bridge is located can experience gusty winds exceeding 10 on the Beaufort scale in the absence of 
typhoon effects. Adequate clearance height is not guaranteed to ensure safe navigation. During the 
construction of the supports, the support height exceeds 15 meters, making it a high-modulus 
support construction. 
Finite element model establishment 

According to the design drawings, three-dimensional spatial computational models of four-
legged lattice-type high modulus supports and six-legged lattice-type high modulus supports were 
established using finite element analysis software ANSYS for structural simulation analysis. The 
four-legged lattice-type high modulus support has a height of 41.7 meters and is divided into 722 
nodes and 756 computational elements. The six-legged lattice-type high modulus support has a 
height of 52.4 meters and is divided into 1439 nodes and 524 elements. The finite element models 
are established as shown in Figure 1 and 2, with the X-direction representing the longitudinal bridge 
direction, and the Y-direction representing the transverse bridge direction. 

 

 
Fig. 1 -  Four-Legged Lattice Support 
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Fig. 2 -  Six-Legged Lattice Support 

 
Finite element model structural optimization 
Node displacement optimization 

In the process of structural optimization design for high-modulus supports under wind loads, 
displacement deformation is the primary manifestation of the structural stress state. Displacement 
constraint factors need to be considered in the structural optimization design. By controlling node 
movements, the deformation of the structure gradually decreases, ultimately meeting the constraints 
on structural stiffness. 

In the structural shape optimization design of high-modulus supports under various load 
conditions, there are two control conditions: 1) the displacement of specified nodes must satisfy 
constraint conditions, and 2) the structural mass must be minimized. The mathematical model for 
the optimization problem is expressed as follows. 

𝐹𝑖𝑛𝑑𝑥 = [𝑥!, 𝑥", . . . , 𝑥#]$ (1) 

𝑚𝑖𝑛𝑊 =-𝐿%

&

%'!

𝜌%𝐴% (2) 

𝑢() ≤ 𝑢(∗(𝑖 = 1,2, . . . , 𝑚; 𝑙 = 1,2, . . . , 𝑝) (3) 

𝑥̱+ ≤ 𝑥+ ≤ 𝑥̄+(𝑗 = 1,2, … , 𝑘) (4) 

Where: W is the mass of the structure; uij  is the displacement of node i under the l-th loading 
condition; Le、ρe, and Ae are the length, material density, and cross-sectional area of element e, 
respectively; n is the total number of bar elements in the structure; ui* is the upper limit on the 
displacement of node i under all conditions; m is the total number of constrained node displacements; 
p is the number of loading conditions; k is the number of design variables; x̄jand x̱jare the upper and 
lower limits of the design for the j-th node coordinate	xj, respectively. 

Assuming that the support is subjected to a set of external forces P and is in equilibrium, the 
use of finite element analysis ensures the continuity of truss structure deformation. The structural 
equilibrium equations and the overall stiffness matrix, in terms of the change in quantity Δ𝐾 relative 
to node j and the displacement Δ𝑥!, can be linearly expressed as: 

𝐾𝑢 = 𝑃 (5) 
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𝛥𝐾 =-𝛥

&!

%'!

𝑘% ≈ C-
𝜕𝑘%
𝜕𝑥+

&!

%'!

E ⋅ 𝛥𝑥+ (6) 

In the equation: K is the overall stiffness matrix; 𝑘" is the element stiffness matrix; u is the 
column array of unknown node displacements; P is the column array of external loads. 𝑛! 	is the 
number of elements connected to the movable node j, and 𝑛! ≪ n; 𝛥𝑘" is the change in the element 
stiffness matrix; 𝛥𝑥! is the displacement step size of node j to node. 

It can be derived that the first derivative of the total stiffness matrix with respect to 𝑥! is equal 
to the sum of the first derivatives of the element stiffness matrices connected to node j. The formula 
is expressed as follows: 

𝜕𝐾
𝜕𝑥+

= 𝑙𝑖𝑚
,-!→/

𝛥𝐾
𝛥𝑥+

=-
𝜕𝑘%
𝜕𝑥+

&!

%'!

 (7) 

Taking the first derivative with respect to the design variable 𝑥! on both sides, we obtain the 
first derivative of the column array of node displacements with respect to the coordinate 𝑥!, 

#$
#%!

, and 

simultaneously left multiply it by a unit virtual load array 𝐹&' . The term corresponding to the 
displacement-constrained node i is equal to unity, while all other terms are zero. The derivative of 
node i's displacement can be expressed as: 

𝐹($ ⋅
𝜕𝑢(
𝜕𝑥+

= −𝐹("𝐾0! 𝜕𝐾
𝜕𝑥+

𝑢 = −(𝑢()$
𝜕𝐾
𝜕𝑥+

𝑢 (8) 

In the equation, 𝑢& is the column array of node displacements caused by the unit virtual load 
𝐹& acting independently on the structure, and it satisfies: 

𝐾𝑢& = 𝐹& （9） 
Substituting equation (7) into equation (9), we can calculate the sensitivity of node i's 

displacement relative to the movement of node j as: 

𝜕𝑢(
𝜕𝑥+

= −-(𝑢%( )$
&!

%'!

𝜕𝑘%
𝜕𝑥+

𝑢% (10) 

In the equation, 𝑢"&  and 𝑢" are the column arrays of node displacements caused by the unit 
virtual load and external load, respectively. 

When performing the calculation, it is only necessary to consider the elements in the support 
structure that are related to node j, and the elements not connected to node j can be omitted. The 
change 𝛥𝑢&! in node i's displacement relative to the movement of node j can be approximated as: 

𝛥𝑢(+ ≈
𝜕𝑢(
𝜕𝑥+

𝛥𝑥+ = −C-(𝑢%( )$
&!

%'!

𝜕𝑘%
𝜕𝑥+

E𝛥𝑥+ (11) 

The value of 𝛥𝑢&! 	can be either positive or negative, depending on the direction of movement 
for node j. To reduce the displacement 𝑢& of the specified node in the direction of its constrained 
value 𝑢&∗, we have: 

𝛥𝑢(+ < 0	(𝑗 = 1,2, …𝑘) (12) 

The direction of movement for node j is determined as follows: 
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𝑠𝑖𝑔M𝛥𝑥+N = 𝑠𝑖𝑔𝑛C-(𝑢%( )$
&!

1'!

𝜕𝑘%
𝜕𝑥+

𝑢%E(𝑗 = 1,2, …𝑘) (13) 

The sig( ) in the equation represents the sign function. It can be seen that the direction of 
design variable search, i.e., the movement direction of node positions, is determined by sensitivity 
analysis. 
Cross-section variation optimization 

In the process of structural optimization design, it is necessary to calculate the response of 
the structure caused by external excitation. To assess the impact of design parameters on the 
structure's response, the problem involves solving the rate of change of structural response with 
respect to parameter variations. Taking the example of a plane bending beam element in the local 
coordinate system, the stiffness matrix is as follows: 

𝑘% =
𝐸𝑙
𝐿2 P

12 6𝐿 −12 6𝐿
6𝐿 4𝐿" −6𝐿 2𝐿"
−12 −6𝐿 12 −6𝐿
6𝐿 2𝐿" −6𝐿 4𝐿"

S (14) 

In the calculation process, the plane beam element considers both axial deformation and 
bending deformation separately. The first-order derivative of the stiffness matrix for axial deformation 
is computed based on the stiffness matrix of the bar element, while the first-order derivative of the 
stiffness matrix for bending deformation is calculated using the minimum potential energy principle. 
From the stiffness matrix of the beam element, it is evident that the stiffness matrix of a pure bending 
beam element is proportional to the section's moment of inertia and does not include the cross-
sectional area A. In most cases, the moment of inertia I of the beam section has a relationship with 
the cross-sectional area A and can be expressed using the following formula: 

𝐼 = 𝑐𝑥3 (15) 

Where c and s are constants determined by the section shape; x is the design variable. 
In other words, when the cross-sectional area A is considered as the design variable, the 

first-order derivative of the stiffness matrix for the beam element with respect to A is： 

𝜕𝑘%
𝜕𝐴 =

𝜕𝑘%4

𝜕𝐴 +
𝜕𝑘%5

𝜕𝐼 ⋅
𝜕𝐼
𝜕𝐴 =

𝐾%4

𝐴 +
𝑠𝐾%5

𝐴  (16) 

In the equation, 𝑘")  represents the stiffness matrix for the bar element, and 𝑘"* represents the 
stiffness matrix for the bending element of the beam. 

In the process of optimizing the lattice-type support structure, the cross-sectional area A can 
be decomposed into independent variables: diameter B and thickness T. The sensitivity of the 
diameter is the first-order derivative of the stiffness matrix for the beam element with respect to B, 
and the sensitivity of the thickness is the first-order derivative of the stiffness matrix for the beam 
element with respect to T. Diameter B and thickness T are not independent variables and can be 
converted to a general formula for differentiation with respect to the independent variable B or T. 

In other words, when the beam cross-sectional diameter B is considered as the design 
variable, the first-order derivative of the stiffness matrix for the beam element with respect to B is: 

𝜕𝑘%
𝜕𝐵 =

𝜕𝑘%4

𝜕𝐴 ⋅
𝜕𝐴
𝜕𝐵 +

𝜕𝑘%5

𝜕𝐵 ⋅
𝜕𝐼
𝜕𝐵 (17) 

The first-order derivative of the stiffness matrix of the beam element with respect to the 
thickness T of the beam section is given as follows: 

𝜕𝑘%
𝜕𝑇 =

𝜕𝑘%4

𝜕𝐴 ⋅
𝜕𝐴
𝜕𝑇 +

𝜕𝑘%5

𝜕𝑇 ⋅
𝜕𝐼
𝜕𝑇 (18) 
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RESEARCH ON WIND-RESISTANT OPTIMIZATION DESIGN BASED ON THE 
OPTIMAL CRITERIA METHOD 
Parameter influence analysis 
Analysis of the impact of lattice-type high-modulus support steel pipe diameter on the 
structure 

In order to study the impact of lattice-type high-modulus support steel pipe diameter on the 
structure, it is assumed that the material of the lattice-type high-modulus support columns has a 
uniform cross-section and is homogeneous and elastic. Euler's critical load formula is used to 
calculate the critical load value. 

 
Fig. 3 -  Trend of buckling stability factor variation for steel pipe piles with non-proportional 

diameters. 

The ratio of steel pipe wall thickness δ to diameter d is an important control parameter for 
steel pipe manufacturing. Using this parameter, the critical buckling load factor for steel pipes of 
different diameters can be calculated. The relationship between the buckling stability factor and steel 
pipe diameter is shown in Figure 3-1. 

From the analysis of the above figure, it can be inferred that when the ratio δ/d of steel pipes 
is the same, the critical buckling load factor of the structure is positively correlated with the steel pipe 
diameter, and the overall exponent continuously increases. When the steel pipe diameter remains 
unchanged and the wall thickness of the steel pipe is increased, the critical load factor of the structure 
increases with the increase of δ/d. This indicates that the cross-sectional dimensions of the support 
structure play a crucial role in its stability. 
The influence analysis of the number of columns in the lattice-type high-modulus support 
structure 

Reference to the Engineering Project, with Column Steel Pipe Diameters of Φ1200mm for 
Vertical Columns, Φ720mm for Horizontal Pipes, and Φ400mm for Diagonal Braces, for Further 
Investigation of the Relationship Between the Support Structure and the Number of Columns. By 
Establishing Finite Element Models for Single Columns, Double Columns, Four Columns, and Six 
Columns, the Critical Load Coefficient of the Support Structure is Calculated, as Detailed in Table 2 
Below: 

Tab. 2 - Statistical data of different column numbers and critical load coefficients of support 
structures 

Column 
numbers Critical load coefficients Model 

diagram Remarks 

Single column 0.3009 （a） Single column 

Double column 0.3012 （b） Lateral spacing 9.0m 

Four column 10.830 （c） Lateral 9.0m, Along-Bridge 7.61m 

Six Column 10.890 （d） 2× Lateral 9.0m, Along-Bridge 7.61m 
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The results of different column numbers in Figure 4 show that when the number of columns 
in the lattice-type support increases in the horizontal plane, it has a limited effect on the structural 
stability. However, when the number of columns in the vertical plane increases, the critical load 
coefficient grows rapidly, indicating improved stability and enhanced resistance to external loads. 
When transitioning to a spatial lattice-type support and increasing the number of columns to 6, the 
critical load coefficient does not change significantly. Therefore, considering stability and economic 
factors, it is optimal to choose 4 columns for the steel pipe lattice columns. 

    

Fig. 4 - Calculation results of models with different column numbers 

Analysis of the impact of lattice-type high-modulus support spacing changes in the 
transverse and longitudinal directions 

The longitudinal and transverse spacing of lattice-type support columns is an important 
parameter for evaluating the stability of the support structure. To investigate the relationship between 
longitudinal and transverse spacing and the stability of the support structure, considering a segment 
length of 12 meters and an assembly height of 60 meters, we have recorded the numerical variations 
in different longitudinal and transverse spacings and critical load values as follows. 

Tab. 3 - Statistical table of different longitudinal and transverse spacing with critical load 
coefficients 

Longitudinal and 
transverse 

arrangement 
5.0×5.0m 6.0×6.0m 7.0×7.0m 8.0×8.0m 9.0×9.0m 10.0×10.0m 

Critical load 
coefficient 5.61 6.15 6.36 6.34 6.21 6.03 

 
Fig. 5 -  Graph of longitudinal and transverse spacing of braces and critical load factor variations. 

The curve depicting the variation in longitudinal and transverse spacing and the critical load 
factor for grid-type braces exhibits a parabolic distribution. The spacing between braces falls within 
the range of 5-7m. The critical load factor increases with the widening of the brace spacing, reaching 
its peak at 7m. Between 7m and 10m, there is a decreasing trend in the critical load factor, indicating 
a decline in bracing stability. Notably, at a spacing of 8m, the critical load factor is slightly lower than 
at 7m, suggesting the possibility of the maximum critical load factor occurring within the range of 7m-
8m. Therefore, for brace design, it is advisable to consider a spacing between 7m and 8m. 
Impact analysis of diagonal bracing in grid-formwork high-shoring structures 

The primary components of the grid-formwork high-scoring system include columns and 
horizontal struts. Diagonal bracing, serving as an auxiliary element, introduces certain effects. 
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Utilizing finite element analysis models for comparative analysis, the impact of diagonal bracing is 
assessed by contrasting the first three unstable modes. 

For a grid-form column support system with diagonal bracing, the first-order critical load factor 
is 6.28, whereas without diagonal bracing, the factor reduces to 4.91. The second-order critical load 
factor is 6.46 with diagonal bracing and decreases to 5.18 without diagonal bracing. In the case of 
the third-order critical load factor, with diagonal bracing, it is 10.86, while without diagonal bracing, it 
reduces to 8.08. It is evident that the addition of diagonal bracing enhances the critical load factors 
of the support structure, resulting in an improvement ranging approximately between 25% and 35%. 
In structural design, diagonal bracing plays a crucial role. 
Optimal criterion modification 
Optimization is the process of simplifying a problem into a mathematical model that aligns with the 
practical loading conditions, and solving it through appropriate solution methods. Structural 
optimization requires determining three key aspects: 1) Independently varying optimization design 
variables; 2) An objective function concerning the design variables; 3) Constraint functions related 
to the feasible domain limits of the design variables. 

Design variables：{𝑋} = [𝑋+, 𝑋,, …𝑋& , 𝑋-]' (19) 

Objective function：𝑚𝑖𝑛 𝑖 𝑚𝑖𝑧𝑒9𝑊({𝑋})= (20) 

Constraint function：𝑓.({𝑋}) = 𝑔.({𝑋}) − 𝑔./ ≤ 0(𝑘 = 1,2,⋯𝑚)	
𝑋&0 ≤ 𝑋& ≤ 𝑋&0 

(21) 

In the equation: N is the total number of design variables 𝑋& ; m is the total number of 
constraint functions; 𝑊({𝑋}) is the expression of the objective function; 𝑔./ is the limit value; 𝑋̱&0 and 
𝑋F&0 are, respectively, the lower and upper limits of the design variable 𝑋F&0. 

H.W. Kuhn and A.W. Tucker introduced the Kuhn-Tucker (K-T) conditions in 1951, which 
have become foundational in the field of nonlinear programming. The equation can be rewritten in 
the following form: 

𝐿({𝑋}, 𝜆#) = 𝑊({𝑋}) +-𝜆#

6

#'!

(𝑔#{𝑋} − 𝑔#7) (22) 

Applying partial differentiation, the quadratic formula, and linear term simplification, we 
obtain: 
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In the equation, as the value of η increases, the differences in design variables decrease, 
controlled by dynamic changes to achieve convergence effects.Before obtaining the new design 
variables 𝑋&v+1 , we first need to calculate the Lagrange multiplier 𝜆. . Considering the change in 
constraint functions 9𝑔.12+ − 𝑔.3=  due to variations in design variables 9𝑋&12+ − 𝑋&3= , this can be 
expressed as: 

𝑔#:9! − 𝑔#8 =-f
𝛿𝑔#
𝛿𝑋 (

g
8

;

('!

M𝑋(v+1 − 𝑋(8N

 

(24) 

Considering that after the v+1 iteration, constraint k becomes an active constraint, i.e., we 
can derive a system of linear equations, expressed as follows: 
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(25) 

When a value exceeds the predefined upper or lower limit for a variable, it is set equal to the 
upper or lower limit and remains unchanged within the current design cycle. At this point, the variable 
becomes inactive and remains unchanged in the next iteration when solving for	𝜆43 
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− 𝜂(𝑔#7 − 𝑔#8) (26) 

In the equation, 𝑁𝑎 is the number of active variables. After obtaining the Lagrange multiplier 
{𝜆}5×+ and substituting it into the solution to get 𝑋&32+, if 𝑋!32+ exceeds the predefined limits of 𝑋!/ or 
𝑋!0, it is set as 𝑋!32+=𝑋!/ or 𝑋!32+=𝑋!0, and the solution is carried out in the v+1 iteration.Therefore, 
when situation 𝑋!32+>𝑋!/  (or 𝑋!32+<𝑋!0) occurs in the current iteration, it is possible to modify the 
equation in the next iteration as the sum of active and inactive variables. 
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In the equation, 𝑁𝑝 is the number of inactive variables in the current iteration. The stiffness 
matrix is modified as follows: 
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Therefore, when conducting the vv-th iteration of variable optimization using the optimal 
criterion method, if it is found that the results of the design variables in this iteration exceed the limit 
values, a new iteration is performed. 
Optimization of grid-formwork high-shoring against wind based on geometric nonlinear 
analysis 
Optimization of mathematical computational models 

The objective of optimization is to minimize the weight of the grid-formwork high-shoring while 
meeting the requirements of various mechanical performances. Therefore, the mathematical model 
for the optimization of wind-resistant grid-formwork high-shoring structures based on geometric 
nonlinear analysis is as follows: 

𝑊 =-𝛾(

;1

('!

𝐴(𝑙( (29) 

Constraint conditions: 
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{ (30) 

In the equation, 𝜆7  is the critical load factor considering geometric nonlinear analysis, with a 
value of 𝜆7 >5; displacement and stress constraints are set to the same limits as in linear analysis 
conditions. 

Taking a four-legged grid-formwork high-shoring structure as a reference, the structural 
parameters are set as follows: the width of the shoring in the transverse bridge direction is 
determined to be 9m. The optimization variables include the thickness of the vertical strut T1, the 
thickness of the horizontal strut T2, the thickness of the diagonal strut T3, the width of the vertical 
strut in the along-bridge direction LL, and the diameters of the vertical B1, horizontal B2, and diagonal 
B3 struts—totaling 7 design variables. The initial design values are set as follows: T1=18 mm, T2=12 
mm, T3= =10 mm, L=8000 mm, B1=1400 mm, B2=800 mm, B3=500 mm. 

Displacement control follows the People's Republic of China's "Code for Design of Steel 
Structures" GB50017-2017 B.2, adopting the conservative value L/400. The safety factor for stress 
is set at 1.2, with a controlled stress of 179 MPa and a buckling coefficient control of 55. Using the 
ANSYS optimization calculation program with the OPT module, the structure is subjected to 
displacement, stress, structural stability, and volume sensitivity analyses. The main design variables 
influencing each control variable are determined, and significant adjustments are made to their 
design ranges. The sensitivity analysis is shown in Figure 6. 

  

  
Fig. 6 - Sensitivity analysis of the shoring structure 

Performing displacement, stress, structural stability, and volume sensitivity analyses on the 
model structure, as shown in Figure 5, reveals the following main design variables for each 
sensitivity: For displacement sensitivity, the primary design variable is the diameter of the vertical 
strut B1.For stress sensitivity, the primary design variable is the diameter of the diagonal strut B3.For 
overall stability sensitivity, the main design variable is the diameter of the diagonal strut B3.For 
overall volume stability sensitivity, the main design variable is the diameter of the diagonal strut B1. 

Optimization objectives and constraint conditions must be defined numerically in the 
command flow so that they can be later read and called for algorithmic optimization. In APDL, 
extracting output results parameters (using the maximum displacement of the structure as an 
example) is done with the following command: 
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/POST1$DMAX=0$NSORT,U,Z$*GET,D_MAX,SORT,,MAX$*GET,D_MIN,SORT,,MAX$IF,ABS,(
D_MAX),GT,ABS(D_MIN),THEN$DMAX=ABS(D_MAX)$ELSE$DMAX=ABS(D_MIN)$*ENDIF$PL
NSOL,S,EQV,0$GET,EQVMAX,0,MAX 

Based on the chosen constraint conditions, the wind-resistant optimization program 
calculations are conducted following the process outlined in Figure 6. 

 
Fig. 7-  Modified flow chart of optimal criterion method 

Optimization of Mathematical Computational Models 
(1) Iterative Results of Constraint Functions 

Setting displacement and stress as constraint conditions, with a displacement constraint of 
155mm and a stress constraint of 195MPa, plot the displacement response and the iterative 
representation of maximum equivalent stress as shown in Figures 8 and 9 after computational 
analysis. 

  

Fig. 8 - Iterative results of maximum 
displacement response of the structure 

Fig. 9 - Iterative results of the maximum 
equivalent stress of the structure 

(2) Iterative Results of Section Dimensions and Total Weight The iterative results of section 
dimensions and total weight are shown in Figures 10 and 11, respectively. 
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Fig. 10 - Iteration results of section width of 
member 

Fig. 11 - The total weight of the structure is 
iterated 

Based on the analysis of the iterative curves above, the following conclusions can be drawn: 
1)    Geometric non-linear analysis is controlled by the top displacement constraint; 
2) The maximum stress value occurs in the lower layer of the component's corner column; 
3) The final section dimensions of the component decrease sequentially from the lower layer to 
the upper layer; 
4) The curves exhibit good convergence; 
5) Geometric non-linearity has an impact on the support structure. 
Critical Load Factor Constraint 
Setting the critical load factor as a constraint condition, with a constraint value of 5, perform 
computational analysis. Plot the iterative results of the structure's critical factor, section dimensions, 
and total weight, as shown in the respective figures. 
(1) Iterative Results of Constraint Functions 

 

Fig. 12 - Iterative results of critical load factor of structure 

(2) Iterative Results of Section Dimensions and Total Weight 
 

  

Fig. 13 - Iteration results of section width of 
member 

Fig. 14 - Iterative results of section thickness of 
members 
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Fig. 15 - The total weight of the structure is iterated 

From the analysis of the iterative curves above, the following results are obtained: 
1. The critical load factor shows a good convergence in the inner loops, obtaining the 
corresponding limiting values. 
2. The final section width of the components decreases sequentially from the bottom layer to 
the top layer. 
3. All curves eventually converge. 
4. The constraint conditions for the support structure are looser than those corresponding to the 
constraint conditions for the maximum structural displacement. 
Displacement, stress, and critical load factor as constraint conditions 
Setting displacement, stress, and critical load factor as constraint conditions with displacement 
constraint at 155mm, stress constraint at 195MPa, and critical load factor constraint at 5. After 
computational analysis, the iterative results of structural critical factor, maximum displacement 
response, section dimensions, and total weight are shown in Figures 16 to 21: 
Iterative results of constraint functions. 

  
Fig. 16 - Iterative results of structural critical 

load factor 
Fig. 17 - Iterative results of maximum 

displacement response in the structure 

  
Fig. 18 - Iterative results of maximum 

equivalent stress in the structure 
Fig. 19 - Iterative results of component section 

width 



 
  Article no. 40 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

----------------------------------------------------------------------------------------------------- 
 

  DOI 10.14311/CEJ.2023.04.0040 547 

  
Fig. 20 - Iterative results of component section 

thickness 
Fig. 21 - Iterative results of structural total 

weight 

The results obtained from the above iterative curve analysis are as follows: 
1) The support structure is controlled by the top displacement constraint; 
2) The maximum stress value occurs in the lower layer of the component's corner column; 
3) The final section dimensions of the component decrease sequentially from the lower layer to 
the upper layer; 
4) All curves eventually converge. 

CONCLUSIONS 
Based on finite element analysis using ANSYS, a simultaneous optimization of finite element 

models is conducted for four-leg and six-leg lattice-type supports, considering displacement 
deformation constraints and stiffness constraints. The study employs buckling stability coefficients 
and critical load factors to analyze the influence of steel tube diameter, the number of columns, 
longitudinal and transverse spacing of the support, and diagonal brace structural parameters on the 
structural stress performance. The optimal design process utilizes a modified optimal criterion 
method with relevant formulas, and a design flowchart is proposed for the wind-resistant optimization 
of lattice-type structures satisfying constraints such as stiffness, strength, and critical load factors. 
Results obtained are as follows: 
1. The iterative curves of constraint functions, section dimensions, and total weight exhibit good 
convergence under various conditions, indicating the feasibility of the proposed method; 
2. When the ratio δ/d of column steel tubes is the same, there is a positive correlation between 
the structural critical buckling load factor and the steel tube diameter. The section dimensions of the 
support structure play a crucial role in its stability. The optimal number of columns for spatial lattice-
type supports is four. The variation curve of longitudinal and transverse spacing of the lattice-type 
support and the critical load factor shows a parabolic distribution. Increasing diagonal braces 
enhances the critical load factor of the support structure; 
3. In the optimization process of the lattice-type support structure, the main design variable for 
displacement sensitivity is the vertical rod diameter (B1); for stress sensitivity, it is the diagonal rod 
diameter (B3); for overall stability sensitivity, it is the diagonal rod diameter (B3); and for overall 
volume stability sensitivity, it is the diagonal rod diameter (B1). The set top displacement limit serves 
a controlling role, and the maximum stress value occurs in the lower-layer corner column. 

According to this optimized design process, the multi-leg lattice-type high support structure 
meets all control values within the national safety standards during construction. This implies an 
improvement in economic efficiency while ensuring the rationality of the design. 

This study will provide a favorable basis for the design of the construction system for future 
sea-crossing bridges in China. However, there is still room for improvement in the simulation 
technology of the structure. Further research is needed for the refinement of node finite element 
simulation and the multi-scale modeling of the overall-local structure. 



 
  Article no. 40 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

----------------------------------------------------------------------------------------------------- 
 

  DOI 10.14311/CEJ.2023.04.0040 548 

REFERENCES 
[1]     Wang Weixu, Wang Bin, Chen Cang, Yao Guanhua, & Huang Liang. 2022. Wind Resistance Analysis 
of Large Gantry Cranes for Bridge Construction. Highway (007), 067. 
[2]     Chen Zhaohui, Erik VanMarcke, Sun Yi, & Li Zhengliang. 2008. Review of Extreme Wind Speed 
Prediction Models for Conventional Wind and Hurricanes. Journal of Natural Disasters, 17(5), 6. 
[3]     Shen Ke liang. 2023. Analysis of the Construction Technology of Full-support Formwork in Bridge 
Engineering. Development Guidance of Building Materials (020), 021. 
[4]     Zhang Zhen. 2023. Application of Single-span Double-layer Bailey Beam Bracket in Cast-in-place 
Construction of High-pier Bridges. Anhui Architecture. 
[5]     Wang Shijie. 2021. Study on Wind-induced Response of Lattice-type High Pile in Typhoon-prone Area 
for Sea-crossing Bridges. (Doctoral dissertation, Northeast Forestry University). 
[6]     Zhang Yang, & Wang Xiaojing. 2018. Overall Stability Analysis and Design Suggestions for Lattice-
type Support. Northern Traffic, (11), 4. 
[7]     Jiang Yue.  2020 Research on stability bearing capacity of steel column-beams supporting system. 
(Guilin university of technology). 
[8]     Law, S. S. , Bu, J. Q. , &  Zhu, X. Q. . 2005. Time-varying wind load identification from structural 
responses. Engineering Structures, 27 (10), 1586-1598. 
[9]     Li Feng, Zou Lianghao, Liang Shuguo, Chen Yin. 2020. Spatial Correlation Study of Lateral Fluctuating 
Wind Loads on Grid Structure Tower. Journal of Vibration and Shock, 39(5), 7. 
[10]   Du Hang, Xu Haiwei, Zhang Yuelong, & Lou Wenjuan. 2022. Wind Pressure Characteristics and Wind-
induced Vibration Response of Large-span Flexible Photovoltaic Support Structure. Journal of Harbin 
Institute of Technology (010), 054. 
[11]   Guan Xian, & Tang Guohua. 2022. Study on the Mechanical Behavior of Suspended Scaffold Method 
in the Construction of Reinforced Concrete Composite Beams. Highway Traffic Science and Technology, 
39(10), 84-90. 
[12]   Hwang, J. S. ,  Kareem, A. , &  Kim, H. .2011. Wind load identification using wind tunnel test data by 
inverse analysis. Journal of Wind Engineering & Industrial Aerodynamics, 99(1), 18-26. 
[13]   Tan Wenshu. 2017. Research on Wind-resistant Optimization Method of Lattice Tall Structure Based 
on Genetic Algorithm and Critical Load Factor. (Doctoral dissertation, Guangzhou University). 
[14]   Yu Xiulei, Liang Shuguo, & Zou Lianghao. 2006. Simplified Calculation of Downwind Wind-induced 
Vibration Response of Lattice Tower. Journal of Huazhong University of Science and Technology: Urban 
Science Edition (z2), 3. 
[15]   Wen Yang, Yu Jiao, & Meng Chunnan. 2022. Study on the Yield Mechanism of the Encased Spherical 
Plate Branch Node in the Lattice Steel-Concrete Wind Power Generation Tower. Journal of Chongqing 
University (005), 045. 
[16]   B. A J ,Ziad A & Abdollah S , et al.  2023 Revisit of underestimated wind drag coefficients and gust 
response factors of lattice transmission towers based on aeroelastic wind tunnel testing and multi-sensor 
data fusion. Engineering Structures,278. 
[17]   Fan Xinliang, & Wang Tong. 2021. Implementation of Finite Element Model Modification Software 
Based on ANSYS. Mechanical Manufacturing and Automation, 50(1), 4. 
[18]   Zhou Peng. 2023. Euler Formula Analysis of Critical Force for Local Reinforcement of Tower 
Components. China Building Metal Structure, 22(3), 86-88. 



 
  Article no. 41 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

 

 

  DOI 10.14311/CEJ.2023.04.0041         549 

A STYLE GUIDE FOR THE CIVIL ENGINEERING JOURNAL 
USING OF MODERN TECHNOLOGIES FOR VISUALIZATION OF 

CULTURAL HERITAGE 

Karel Pavelka jr. and Jan Pacina 
 

Czech Technical University in Prague, Faculty of Civil Engineering, Thakurova 7, Prague 6, 16629, 
Czech Republic; karel.pavelka@cvut.cz, jan.pacina@fsv.cvut.cz 

 

ABSTRACT 

This paper explores the historical evolution and contemporary applications of 
photogrammetry and laser scanning in cultural heritage preservation, focusing on the restoration of 
the Shush synagogue in Iraqi Kurdistan. It traces the development of documentation techniques, 
highlighting photogrammetry's pivotal role and the impact of the digital revolution. The case study of 
Project Shush illustrates the practical use of geomatics techniques, advanced 3D modelling, and 
collaboration with NGOs and authorities. The methodology outlines the use of technologies like 
terrestrial laser scanners (BLK360, Zeb-Revo) and UAVs, emphasizing their mobility and accuracy. 
Results detail the project stages, showcasing the creation of a detailed 3D model and the use of 
Unreal Engine for visualization. The conclusion emphasizes the importance of 3D documentation in 
cultural heritage and celebrates the success of the Shush synagogue restoration as a testament to 
technological advancements in preservation. Our research has shown that the joining of different 3D 
object documentation technologies significantly improves the quality and speeds up the workflow. 
Comparison of partial point clouds in software CloudCompare on a case study of a smaller historic 
building showed differences in the internal structure in centimetres, while for the external parts that 
were covered with vegetation the differences reached up to decimetres. 

KEYWORDS 

Photogrammetry, Laser scanning, TLS, PLS, Cultural heritage, UAV, Shush, Iraqi Kurdistan 

 

INTRODUCTION 

The history of documentation in cultural heritage dates back centuries, with early civilizations 
employing various methods to record and preserve their cultural artefacts. The Renaissance marked 
a significant period in the history of documentation, as scholars and artists began to catalogize and 
document cultural artefacts systematically, manuscripts, and artworks, laying the foundation for 
modern archival practices. The 19th century saw the establishment of museums and libraries, where 
systematic documentation became an integral part of preserving and showcasing cultural heritage 
collections. With the emergence of photography in the 19th century, documentation expanded to 
include visual records, offering a more accurate and detailed representation of cultural artefacts. At 
the end of the 19th century, photography began to be used as a source of measurement information 
and photogrammetry was developed [1]. The early 20th century witnessed the refinement of 
photogrammetry techniques, especially during World War I and II, when aerial reconnaissance 
photography played a crucial role in mapping and intelligence gathering. Post-World War II, 
advancements in photogrammetry accelerated, with the development of analytical plotting 
instruments and stereo plotters that allowed for more precise measurements and detailed mapping 
of terrain. The latter half of the 20th century saw the integration of computers into photogrammetric 
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processes, enabling the automation of measurements and calculations, significantly enhancing the 
efficiency and accuracy of documentation. Aerial photogrammetry continued to evolve, with the 
introduction of satellite imagery in the 1970s providing a new dimension to large-scale mapping and 
environmental monitoring [2,3]. The late 20th century and early 21st century brought about a digital 
revolution in photogrammetry, with the shift from analogue film to digital sensors, and the 
development of sophisticated software for image processing and 3D modelling [4, 5, 6]. Unmanned 
Aerial Vehicles (UAVs) or drones became popular tools for photogrammetric documentation in the 
21st century, offering a cost-effective and flexible means to capture high-resolution images for 
mapping and 3D reconstruction [7,8]. Advances in computer vision, artificial intelligence, and 
machine learning have further streamlined photogrammetric processes, allowing for faster and more 
automated extraction of spatial data from images. Photogrammetry serves as a foundational 3D 
documentation method, utilizing overlapping photographs to reconstruct three-dimensional models. 
Today, photogrammetrical documentation continues to play a vital role in the interdisciplinary field of 
cultural heritage, bridging the gap between technology and preservation, and providing valuable 
insights into our shared past. High-resolution imagery obtained through photogrammetry allows for 
the detailed documentation of intricate features on artefacts, architectural elements, or artworks, 
facilitating scholarly analysis and research. Photogrammetry has become an integral part of 
interdisciplinary collaborations in cultural heritage, fostering connections between archaeologists, 
historians, conservators, and technologists for comprehensive documentation and analysis [3,4]. 
Laser scanning has become an important technology in the documentation of cultural heritage. 
Emitting laser beams to measure distances, LiDAR (Light Detection and Ranging) instrument joined 
with scanning device generates precise point clouds that faithfully represent the surfaces of objects 
and environments. This method excels in capturing fine details, making it indispensable for the 
documentation of complex sculptures, reliefs, and historical landscapes. Introduced in the late 20th 
century, laser scanning quickly gained prominence in cultural heritage due to its ability to capture 
precise spatial data by emitting laser beams and measuring their reflections. Today, the laser 
scanning involves more technologies, especially time-of-flight or structured light scanning. Each 
technology has its own specifics, and its application depends on the type of object and the required 
accuracy. Cultural heritage sites, such as archaeological ruins or historical buildings, benefit from 
laser scanning's ability to create detailed point clouds, offering a comprehensive digital record of the 
site's topography and architectural features [10]. Laser scanning excels in capturing fine details, 
making it an invaluable tool for documenting intricate sculptures, reliefs, and other delicate elements 
of cultural artefacts with minimal physical contact. Mobile laser scanning systems mounted on 
vehicles or drones enable the efficient documentation of large-scale cultural heritage landscapes, 
offering a dynamic perspective for research and management purposes. The development of hand-
held mobile scanning devices has made the most progress in the last decade. These are commonly 
called personal laser scanners (PLS), equipped with an inertial measurement unit (IMU), a laser 
scanning head and often other equipment such as a camera for point cloud colouring or GNSS/RTK 
(Global Navigation Satellite System Real Time Kinematic) equipment [9, 11, 12, ,13]. Their accuracy 
is lower compared to static laser scanners (terrestrial laser scanning - TLS), but the advantages are 
speed of measurement, ease of operation and mobility. Advances in laser scanning technology, 
including multi-sensor integration and improved data processing algorithms, have enhanced the 
speed and accuracy of data acquisition, making it a powerful tool for cultural heritage professionals. 
The integration of 3D documentation methods in cultural heritage preservation has ushered in a new 
era of exploration, conservation, and understanding. As technology continues to advance, these 
methods will play an increasingly vital role in safeguarding and promoting the appreciation of our 
diverse cultural legacy for future generations. Today, the field of documentation in cultural heritage 
continues to evolve, with advancements in technology, including 3D scanning, virtual reality, and 
artificial intelligence, offering new tools for more comprehensive and immersive preservation of our 
shared cultural legacy. The integration of 3D documentation with VR (virtual reality) and AR 
(augmented reality) technologies allows for immersive experiences in cultural heritage. Researchers, 
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educators, and the public can virtually explore historical sites, interact with artefacts, and engage in 
educational experiences that bridge the gap between the past and the present. 

 

Case project Shush 

The project's objective involved conducting historical documentation of the sanctuary through 
contemporary geomatics techniques and generating a digital 3D model of the structure. Following 
this, it became imperative to create a 3D model depicting the proposed reconstruction solution based 
on the acquired 3D model. The ultimate deliverable includes an all-encompassing visualization of 
the building post-reconstruction, incorporating alterations to the surroundings. This visualization 
serves as a crucial output for the reconstruction investors. 

In 2020, the partnership between NGO ARCH1 and GEMA ART International2 broadened its 
scope to include the rescue mission of a shrine located in the Northern Iraqi village of Shush near 
Akre (Province Duhok, Figure1). Regrettably, the project, backed by US government funding, 
encountered setbacks during its preparatory phase due to disruptions caused by the Covid-19 
pandemic. For centuries, minority religious communities in the mountainous regions of present-day 
Iraq have thrived, sheltered by the natural landscape. The Shush synagogue, dedicated to the 
prophet Ezekiel, served its purpose until 1950, when the Jewish population relocated to Israel. 
Subsequently, neglect and severe climatic conditions led to rapid deterioration of the monument, 
resulting in the collapse of sections of its exterior masonry. The interior became a refuge for local 
herds as the surrounding area transformed into pastureland 3, 4. 

An extensive survey conducted in 2021, inclusive of detailed photogrammetric 3D 
documentation, provided crucial data essential for planning the restoration project. Initial groundwork 
began in September 2022. However, an archaeological survey in the vicinity caused a delay in 
commencing the actual restoration work until late February 2023, following the winter season. 
Restoration efforts involved various tasks such as cleaning the masonry, reinforcing perimeter 
stonework, grouting cracks, reconstructing the roof, conserving historic plaster, restoring the interior 
floor, rebuilding shrine-retaining walls, and installing an access staircase. The collaboration with the 
Kurdistan Region Antiquities Authority played a pivotal role in ensuring the project's success. Daily 
oversight by an archaeologist ensured the proper management of the site. GEMA ART made 
significant contributions by documenting archaeological discoveries, utilizing advanced 3D modelling 
techniques, and implementing historical construction methods revealed during the restoration 
process. Notably, ancient construction techniques inspired the integration of large ceramic vessels 
into the reconstructed roof, maintaining fidelity to the original methods (Figures 2-3). 

The aim of the project was the complete restoration of the historical monument.  The first 
step was to create a complex model using laser scanning and photogrammetry. The precise and 
detailed documentation became the basis for the reconstruction. The model created by combining 
geodetic technologies was analysed and completed for the needs of the investor and once approved, 
the completed model served as the basis for the restoration work. 

 

                                                

 

1 https://www.archfoundation.in/ 

2 https://www.gemaart.com/en/restoration-of-the-shrine-in-shush/ 

3 https://www.rudaw.net/english/culture/19102022 

4 https://database.ours.foundation/79E81Y8/ 
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Fig. 1 – Iraq and location of the Shush village (www.mapy.cz) 

 

                                   (a)                                                                 (b)  

Fig.2 –Original status in 2019 

http://www.mapy.cz/
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Fig.3 – Measurement with laser scanner BLK360 

 

MATERIALS AND METHODS 

Transporting large laser scanners and related equipment to remote destinations, in this case 
Iraqi Kurdistan, poses significant challenges, primarily due to distance, cost of transport and security, 
which could lead to potential damage during check-in processes and controls. However, recent 
technological advances in laser scanners have solved these problems. In particular, the emergence 
of smaller, portable laser scanners has made it easier to work in remote locations, such as the use 
of the TLS BLK 360 or PLS ZEB REVO in this case study. UAV / DJI Mavic Pro drone was used for 
photogrammetric work. The images were used to create a photogrammetric textured model not only 
of the building itself, but also of the wider surroundings. The BLK360 is a miniaturized laser scanner 
(TLS), easy to transport and easy to use. It has only one button and it can be operated using a tablet 
or a smartphone. This instrument takes standard panoramic scans in 6 minutes with capturing of 
HDR (High Dynamic Range) images; the accuracy is 4 millimetres on 10 metres, which is sufficient 
for most historical structural objects. A standard individual scan from the BLK360 device typically 
generates a data size of 600 MB. Another innovation on the market is the introduction of handheld 
mobile laser scanners (PLS). These scanners offer a remarkable advantage in terms of mobility as 
they allow scanning on the move. This contrasts with traditional land-based scanners that require a 
stationary position for scanning, which significantly speeds up the process of scanning objects. 
Initially, the accuracy of these mobile scanners was significantly lower compared to conventional 
terrestrial scanners. However, continuous technological advances have led to new models being 
released every year, which have continuously improved their accuracy. For example, FARO's latest 
product, known as Orbis, represents a breakthrough capability that allows operators to scan on the 
move as well as static scanning, marking a significant advance in the laser scanner market. Similar 
new models have been introduced by Trimble (Hoovermap), Leica (BLKGO), GreenValley (LiGrip ) 
and a number of others. The new models are rapidly reducing the accuracy gap between PLS and 
conventional ground-based scanners (TLS), making their accuracy more comparable. The mobile 
laser scanner ZEB-REVO Go was used for this study. This PLS, manufactured by GeoSLAM, is a 
mobile handheld scanner using SLAM (Simultaneous Localization and Mapping) and IMU 
technology [14]. This technology seamlessly integrates newly scanned sections with the existing 
dataset and IMU data, reducing the need for extensive post-processing to merge individual scans, 
unlike ground-based scanners. This PLS operates independently of the GNSS signal, allowing 
mapping of large areas without signal dependency, for example in mines or building interiors. Older 
types had relatively low accuracy and measurement data density, but this has improved significantly 
recently with the advent of new laser heads and improved SLAM technology. The ZEB REVO Go 
used scans at a rate of 40,000 points per second and the accuracy of the scanned points is 1-3 cm 
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per 10 meters depending on the type of object. But this is sufficient for many objects. Especially for 
underground historical objects or ruins it is an excellent tool. A definite drawback is that this type 
does not have a camera to colour the point cloud. After 32 minutes’ walk the instrument generates 
approximately 200 MB. 

Methodology 

Based on all the captured data presented in the previous chapter, it was possible to create 
an accurate and complete 3D model of the object including its cascading surroundings by combining 
them. The mapping of the surroundings was an essential part of the assignment, as the terrain is 
very complex, made up of cascades and platforms that need to be considered when planning the 
reconstruction and creating a new path to the object. Basically, each technology was used to make 
the most of their efficiency, i.e. laser scanning with a BLK 360 terrestrial scanner was done on the 
inside of the building and the outside of the garden with emphasis on the transition - outside / inside 
where the most problems could arise and at the same time there was a need to have these things 
documented most accurately, because of the thickness of the walls, the interior condition and the 
position of the interior in relation to the exterior. 8 terrestrial scans were performed. The SLAM 
technology for the ZEB-REVO mobile laser scanner was beneficial in its fast-scanning process time 
compared to terrestrial position scanning, so it was possible to scan the object itself including the 
surroundings to obtain a measurable quality model. A DJI Mavic Pro drone was used to obtain 
detailed texture and overall view of the area of interest, with a total of 158 images taken from different 
angles and directions. 

Unreal Engine 

Unreal Engine (UE) is a game engine created by Epic Games. The game engine includes a 
set of tools and resources that make it possible to create realistic 3D visualizations, standalone 
virtual reality applications, and weather simulations, realistic object shading, and more. It is thus a 
comprehensive software that has almost unlimited visualization possibilities. All final visualization 
outputs have been processed in this software. 

RESULTS 

The creation of digital documentation, documents and final design were divided into 3 stages. 
The first stage consisted of an initial detailed model of the building and a drawing of the required 
output, i.e. the modifications that needed to be made. Initially in the digital model, and later the basis 
of this output, the reconstruction of the object. This phase was also based on a thorough consultation 
with the restoration company, where a consensus had to be found between the possible scope of 
work and the financial plans for the reconstruction. Several proposals were therefore made, as 
shown in Figures 4-7. 

The main pillar of the first stage was the creation of a detailed and accurate complex 3D 
model of the object. Here, it was necessary to correctly follow the thickness of the walls and to 
correctly intersect the windows of the tomb, which were not visible from the outside because they 
were overgrown with weeds and thorns. However, the partial outlines made it at least clear where 
they were located. Thanks to the laser scan from the inside of the tomb, where the windows were 
uncovered, and thanks to the preserved panes, it was clear what the scale of the windows was, then 
the process of blending with the outside was accurate. 
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(a) 

 

(b) 

Fig.4 – Modelling of the object and filling missing parts  

In Figures 4 a and b it is possible to see which technology was used to create the windows. 
The models were superimposed on each other, making it clear from the visible walls on the outside 
of the tomb where the walls originally ran. Thus, blocks were created from the inner part of the tomb 
to follow the outline of the window openings. These blocks were interlocked and stretched to go 
through the whole building, then made transparent to the rest of the model structure, giving us the 
exact location of the two window openings from the outside. 

Now a comprehensive 3D model of the building has been obtained, including all important 
peripheries such as window openings, existing preserved walls, etc.  Now we need to start creating 
options for the future state, or the final state after the future reconstruction, based on historical 
photographs and suggestions from structural engineers and architects. The solution was limited by 
the historic appearance, so the goal is to get as close to the historic condition as possible after 
reconstruction but strengthening the important sections that caused the couple. The cause of the 
destruction of the building was of course also the time itself and the lack of interest in the 
management of the building. 
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Fig. 5 – Preliminary 3D model 

In second stage, the garden space was reduced to approximately half the planned extent in 
phase 1. The basic initial visualisation was therefore redesigned to meet the new requirements. In 
addition, a pathway for incoming visitors and caretakers was required at this stage, as currently there 
was only an inaccessible pathway leading to the building along a cascading slope and this was not 
a comfortable access. 

The final design was therefore a staircase made of boulders available on the slope that did 
not copy the shortest route but the best one, i.e. cascading up the platforms that the slope contains. 
It is thus also much more efficient in terms of construction than building a straight staircase and a 
completely new path. The development of Stage 2 can be seen in Figures5-6. 

In this phase, we started to work with the prepared model in Unreal Engine, which is an ideal 
environment for detailed visualizations including materials, shadows and more. The Unreal Engine 
gave the project a whole new dimension, including making the tomb and its possible state after 
reconstruction available in virtual reality [15, 16]. 

 

Fig.6 – Preliminary model with a modelled staircase that was finally created as a more natural. 

 



 
  Article no. 41 

 
THE CIVIL ENGINEERING JOURNAL 4-2023 

 

 

  DOI 10.14311/CEJ.2023.04.0041         557 

The third and final stage was the final visualisation, which was done exclusively in Unreal 
Engine. Here, it was necessary to fine-tune the material used for the staircase and the tomb itself to 
make the visualization of the planned state of the building after reconstruction as realistic as possible. 

 

Fig.7 – Final model with natural staircase 

 

Data processing 

The captured data needed to be processed and cleaned of outliers. The data cleaning was 
largely done in Geomagic Wrap software, which is an ideal tool for minor cleaning of point clouds. 
By taking dates from different devices, the data could be combined freely to create a detailed model 
of the synagogue and the surrounding area. As part of the study, a detailed comparison of the output 
from the instruments used was also carried out. The comparison of the outputs (point clouds) was 
done in CloudCompare software (Figure 8). 

 

Fig.8 – Representation of the areas that have been added and processed in the final visualisation 
and VR (red colour shows the added areas - comparison of the UE model and the point cloud from 
the geodetic survey); however, the UE model is not in point form and therefore the differences are 

mainly in the parts that have been added to the model. 

 

In general, based on known facts and parameters, the most accurate data should be from 
the BLK360 terrestrial laser scanner. In the normal case, very close-range photogrammetry would 
be more accurate, but the photogrammetric model was only processed from drone photos and our 
equipment did not include a total station or GNSS/RTK to make the photogrammetric model more 
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accurate due to its size based on control points. Therefore, for our purposes, the laser scanner and 
the model created from its data replaces the total station and the control points, which is a certain 
trend in geodesy nowadays. But here we only mention absolute accuracy, the photogrammetric 
model is essential for this project, as it is the only instrument used that can produce a good quality 
textured polygon model. The laser scanner measurements here were mainly used for accurate 
dimensions, model checking and modelling of the interior of the synagogue. The inner part of the 
synagogue is almost devoid of light, so the use of laser scanners was a logical choice here. 

However, it is important to note that there are other parameters besides accuracy and texture 
generation that need to be considered when comparing the use of equipment and technologies. One 
of the important factors for this project was device compactness and measurement time (Tab 1). 

 

Tab. 1 - Comparison of technologies used. 

 Measurement time accuracy output 

DJI Mavic pro 20 minutes outside 1 cm Images only, 1.5 GB 

BLK360 1 hour (inside / outside) 4 mm images and scans, 3.6 GB  

ZEB-REVO 10 minutes (inside / outside) 2-3 cm 
Scans only, 80 MB, 4,687,083 
points  

 

To make an adequate comparison, a more accurate scale had to be given to the 
photogrammetric model. The scale was calculated from the drone sensor only, which uses the World 
Geodetic System (WGS84). The unit in the drone without the use of the RTK module is not accurate 
and thus there are deviations when comparing the model with the laser scanner data. In addition, it 
was necessary to remove WGS84 system from the model data and use only the local coordinate 
system of Agisoft Metashape software, which was used to process the photogrammetric data and 
calculate the texture. Data with WGS84 coordinates cannot be opened in Geomagic Wrap and 
CloudCompare software, only a straight line is usually shown instead of the model. 

On the other hand, laser scanning has a precise scaled model (BLK360 and ZEB-REVO data 
used here) but no orientation in space. The orientation was done in Geomagic Wrap software, as 
was the registration (first manual and then global), which merged the models. Scale adjustment of 
the photogrammetric model was also performed in the same software. Subsequently, all three 
models were uploaded to CloudCompare, where the actual analysis of each model was performed. 
First, only the exterior parts were compared, and in the case of the data from both laser scanners, 
the interior of the synagogue was also compared. 
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Fig.9 – Comparing of BLK360 and ZEB-REVO data (BLK360 as a reference model) 

 

In Figure 9 it can be observed the difference between the data from the PLS Zeb-Revo and 
TLS BLK360. The model from BLK360 was always used as reference data. Errors up to 15 cm in 
position are marked in different colour, larger errors are marked in red. On the structure itself, in the 
parts that are not covered with vegetation, the error ranges from 2 to 8 cm. In the parts where there 
is vegetation, including the surroundings with a moraine of fallen masonry and stones, the deviations 
sometimes exceed 20 cm, which is due to the hidden parts and the density of the points, which is an 
order of magnitude lower for ZEB-REVO. 

Another model compared is the photogrammetric model (Figures 10,11). Since the surveying 
was done only from drone images, it can be assumed that the model will not be as accurate in space, 
especially in the parts around vegetation. This assumption was confirmed by comparison. Especially 
the frontal part that was covered by shrubs was inaccurate compared to the laser scan from BLK360. 
In Figure 10, points with deviations up to 15 cm are shown in colour (Figure 10), points with larger 
deviations are shown in red (Figure 11). The areas without points that were created around the 
model are due to trees that were mostly in that area, shading the terrain. Thus, classically, a digital 
surface model (DSM) can mainly be generated from aerial photographs. 
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Fig.10 – Comparing of BLK360 and drone photogrammetry (BLK360 as a reference model, points 
with deviations up to 15 cm) 

 

 

Fig.11 – Comparing of BLK360 and drone photogrammetry (BLK360 as a reference model) 
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Fig.12 – Inside parts were documented very precise. 

When comparing the interior of the synagogue, it was found that for the interior spaces the 
variations are significantly smaller, which is also due to the basic use of both scanners. Here most 
of the points were almost identical, with maximum deviations found in the hard-to-reach window 
areas, which were overgrown with vegetation; however, this can in no way be considered a 
measurement error. Most of the points were within 1 to 2 cm of the maximum deviation (Fig ure12). 

 

 

(a)                                                                      (b) 

Fig. 13 – Reality and visualization (a,b) 

The final visualisation is shown in Figure 13 in comparison with the actual state after the 
reconstruction, completed in 2023 based on the metric documentation (Figure 14) described in this 
article. 
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Fig. 14 – Output prom PLS ZEB-REVO - vectorisation of the point cloud (left) and cross-section are 
very easily done in several minutes (middle and right transfer to ACAD). 

 

CONCLUSION 

Within the project, data was acquired by two laser scanners (TLS and PLS) and drone images 
were taken for photogrammetric processing. The result of the measurements was a visualization 
created in the UE game engine, which served as a basis for the restorers to plan the work, also point 
clouds were taken and calculated, which served as a basis for measurements in 3D space and for 
cross-checking the data. As part of the study, a comparison of the models and technologies used 
was also carried out. As expected, the most accurate model was the one from BLK360.  The main 
output was to be the previously mentioned visualization and plans, photogrammetric processing was 
also needed, which resulted in a model including high quality texture. The inaccuracies in the 
surrounding area were not entirely significant, the result was a model of the surroundings with 
sufficient resolution for the restorers, plans and sections for the construction activity. The virtually 
completed model was pre-approved by the investor, so here visualization and virtual reality helped 
significantly, which is now becoming a desirable tool and output for planning and visualization. 
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ABSTRACT  

This paper presents an efficient and accurate method for detecting flat roof leaks using a 
combination of unmanned aerial vehicles (UAVs) and deep learning. The proposed method utilizes 
a DJI M300 drone equipped with RGB and thermal cameras to capture high-resolution images of the 
roof. These images are then processed to create orthomosaics and digital elevation models (DEMs). 
A deep learning model based on the U-NET architecture is then used to segment the roof into 
different classes, such as PVC foil, windows, and sidewalks. Finally, the damaged insulation is 
identified by analyzing the temperature distribution within the PVC foil segments. The proposed 
method has several advantages over traditional inspection methods. It is much faster and efficient. 
An UAV can collect images of a large roof in a matter of minutes, while traditional methods can take 
several days or weeks. The orthomosaics and temperature maps generated by the UAV are much 
more detailed than the images that can be collected by a human inspector. Third, the UAV-based 
system is safer. The UAV can collect images of the roof without the need for a human inspector to 
climb onto the roof, which can be dangerous. The results of this study show that the proposed 
method is an effective and accurate way to detect flat roof leaks. The deep learning model was able 
to achieve an overall accuracy of 95% in segmenting the roof into different classes. The method was 
also able to identify damaged insulation with a high degree of accuracy. 

KEYWORDS 

         Thermography, Remote sensing, CNN, U-NET, Flat roof leak detection, Deep learning 

INTRODUCTION 

Flat roofs in large industrial halls are the weakest link in the whole building. A flat roof is 
characterized by its low pitch, which gives the advantage of covering a large area at a lower cost 
than pitched roofs. The flat roof has one major drawback in the form of slow rainwater drainage. Flat 
roofs can have a slope almost to the horizon, i.e. in the range of 0-1 degrees, which is often used on 
modern buildings or to create a roof terrace. Low pitch, which ranges between 1-5 degrees, is a 
common choice for commercial buildings and allows for a variety of uses such as solar panels or 
roof gardens. Roofs with a moderate pitch (5-10 degrees) are suitable for residential and commercial 
buildings and allow for relatively easy maintenance and efficient drainage. Due to the slow rate of 
rainwater runoff, great emphasis is placed on the design of flat roofs and their subsequent control 
according to the composition.  

There are several compositions of flat roofs, and each plays a key role in providing stability, 
insulation and weather protection to this modern roof structure. We start with the roofing material, 
which is the first layer that forms the outer surface of the roof. This covering can be made from a 
variety of materials such as asphalt board, PVC sheeting, EPDM (ethylene propylene diene 
monomer rubber) rubber membranes, TPO (thermoplastic olefin) sheeting or concrete tiles, and is 
designed to resist weathering and provide an aesthetically pleasing appearance like on Figure 1. 
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This is followed by a waterproofing layer, which is key to keeping the roof dry. This layer prevents 
water from penetrating the structure and can be made of different waterproofing materials such as 
bitumen sheeting or liquid waterproofing. This is followed by insulation, which serves to maintain the 
interior temperature and ensure the energy efficiency of the building. Insulation materials include 
foam, mineral wool, expanded polystyrene (EPS) or extruded polystyrene (XPS). The drainage 
system, comprising the roof pitch and drainage elements such as gutters, downspouts and roof mats, 
is another important element. Its purpose is to quickly drain rainwater and prevent water from 
standing on the roof, which could cause failures. Security against wind and weather can be achieved 
by using a wind barrier. 

 

Fig. 1 – Example of typical flat roof 

Flat roofs covered with PVC membranes or even other membranes are susceptible to cracks, 
holes and other wear and tear caused by careless handling during construction, degradation from 
UV rays or others. Rainwater subsequently runs off through the hole into other layers of the roof 
composition. The water can remain in the waterproofing layer where it causes a reduction in the 
functionality of the thermal insulation in which the insulation becomes a conductor of heat. Water 
can seep through to the inside of the building and damage the interior and equipment of the building. 
An example of a flat roof leak is visible in Figure 2. 

Regular inspection of flat roofs is key to addressing leaks effectively. Various methods exist 
for detecting holes in PVC foil roofing, including visual inspection, electropulse testing, needle 
testing, and smoke testing. These non-destructive techniques enable precise localization of holes in 
small areas, typically within a radius of about 0.5 meters. However, for larger roofs exceeding 10,000 
square meters, employing these methods can become costly. An alternative solution for such 
extensive roofs involves thermography conducted by unmanned aerial vehicles (UAVs), offering 
efficient detection and assessment of leaks. 

Thermography offers a non-invasive glimpse into the building's health, but accurate 
interpretation hinges on meticulous data acquisition. Surface emissivity, the culprit of varied thermal 
signatures even in identical materials, can be tamed through combined thermal camera and contact 
thermometer measurements. Reflected apparent temperature, another influential factor, is 
addressed by incorporating a reference object for subsequent corrections. Atmospheric attenuation, 
caused by air temperature and humidity, is easily mitigated by post-processing corrections based on 
weather station data. Finally, the camera-object distance, automatically embedded in modern 
thermograms, eliminates distance-related biases. By diligently accounting for these factors, 
thermography empowers researchers and professionals with reliable data to pinpoint heat loss, 
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thermal anomalies, and potential damage, paving the way for optimal building health and energy 
efficiency.  

 

Fig. 2 – Flat roof leak sample 

Thermal images captured by terrestrial thermal cameras require adjustments for perspective 
correction [1] and compensation for reflected longwave radiation from the Sun [2]. Despite their low 
resolution, thermal images can be processed using SfM (Structure from Motion) techniques [3]. 
Combining RGB images with thermal images enhances model detail [4], and aerial thermal imaging 
complements terrestrial coverage [5]. 

Detecting defects becomes challenging due to shadows, addressed either by capturing 
images under cloudy conditions or by segmenting thermal images for analysis [6]. Aerial thermal 
imaging, utilizing uncooled thermal cameras, suffers from vignetting nonuniformity, necessitating 
temperature calibration for accuracy [7]. Moreover, aerial thermography aids in calibrating building 
envelope models to meet energy efficiency standards [8-9]. 

The use of thermal cameras on drones has only recently begun. Lightweight thermal cameras 
had very low resolution and it was practically difficult to process the data by SfM. It was only about 
five years ago that improvements were made, the resolution of thermal cameras was increased and 
the software was adapted [10]. 

Thermography is an important tool in modern engineering and construction, allowing non-
invasive detection and evaluation of defects in structures without compromising their integrity. To 
find a flat roof leaks, the total area of the roof must be recorded. It is therefore easier to use UAVs 
for data collection and subsequent processing of thermograms into orthomosaics than single 
thermograms. Thermograms that capture thermal distributions can be processed similarly to 
standard RGB images, except that they have a lower resolution. Professional thermal imaging 
cameras often offer a resolution of 640x512 px, which is significantly lower than standard RGB 
images. This limitation must be considered when photogrammetrically processing thermographic 
data [11-15]. 

Convolutional Neural Networks (CNNs) represent a class of deep learning architectures 
adept at tasks like image recognition and processing. Inspired by the human visual cortex, CNNs 
comprise layers designed to process input data hierarchically. At the outset, CNNs usually feature 
a convolutional layer tasked with feature extraction from the input image. This layer employs filters, 
small weight matrices, applied across different regions of the input, resulting in feature maps that 
encode detected features. Following the convolutional layer, a pooling layer is typically employed 
to downsample the feature maps, reducing their size while retaining essential information. The 
common max pooling operation selects the maximum value within specified regions of the feature 
map. This sequence of convolutional and pooling layers iterates through the network, progressively 
extracting more intricate features. Finally, a fully connected layer often concludes the CNN, 
responsible for classifying the input into predefined categories. [16] CNNs find wide-ranging 
applications, including land cover classification [17], tree species detection [18], and damage 
assessment following earthquakes [19]. 
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U-Net stands out among convolutional neural network (CNN) architectures due to its 
specialization in pixel-level segmentation tasks, scheme of the network is in Figure 3. While 
traditional CNNs typically classify entire images, U-Net excels at identifying individual pixels 
belonging to specific classes within an image. This capability makes it particularly well-suited for 
tasks such as object detection, semantic segmentation, and instance segmentation. In drone 
orthophotos, U-Net can be trained to distinguish various elements such as buildings, roads, 
vegetation, water bodies, or even specific objects based on the application [21]. Through 
segmentation, this process effectively isolates these elements from the background, enabling 
detailed analysis and quantification. For instance, U-Net has been applied to scenarios such as 
detecting fallen trees after hurricanes or other disasters [22] and windthrow events [23]. Deep 
learning detection isn't limited to RGB or satellite data inputs. While RGB images are commonly used 
as the primary dataset, and most backbone models require RGB images, digital elevation models 
(DEMs) can also be utilized. Multi Directional Hillshade based on DEM data with three bands with 8 
bits similar to RGB are suitable for Deep learning [24]. Another option is to leverage elevation data 
directly from the DEM, along with derived features such as slope (ranging from 0° to 90°) and terrain 
curvature [25]. These alternative data sources provide additional information that can enhance the 
capabilities of models like U-Net in various applications. 

Deep Learning is also usable for Thermal abnormality detection. RGB images are used for 
the segmentation of visible buildings into walls, windows and doors and abnormality is localized by 
the temperature threshold of the anomaly area determined from the multimodal temperature 
distribution of the target domain [26]. 

 

Fig. 3 – U-NET scheme [20] 
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METHODS 

Testing data 

Dozens of flat roofs were used for testing, flown from 2021 to 2024. The total area exceeds 
over 825,000 m2 of flat roof area. Data collection was carried out on selected halls across the Czech 
Republic with implementation by NDN Tech company. The roofing on all flat roofs was made of PVC 
foil, on which flat roof leaks were searched. Roofs contain other categories like windows, walking 
paths, lightning rods and components, the percentage is in Figure 4. 

Data for roof leak detection was collected using a DJI M300 drone equipped with a DJI P1 
RGB camera and a DJI H20T thermal camera. RGB images were collected during the day to ensure 
good lighting conditions for the creation of a digital elevation model (DEM) and an RGB orthomosaic. 
Thermal images were collected after sunset to take advantage of the thermal contrast between the 
insulation and the surrounding environment. 

High thermal contrast is essential for accurate leak detection. This contrast is most 
pronounced during the cooling and heating phases of the day when the insulation and the 
surrounding environment are at different temperatures. 

 

Fig. 4 – Diagram of the percentile of class on the roof 

 Workflow of automatic flat roof leak detection 

The full workflow consists of several steps based on image collection, preprocessing raw 
images, processing Ortomosaic and DEM in Agisoft Metashape, preprocessing raster data, training 
and applying the CNN model, raster segmentation and classification of a flat roof leak. The 
Workflow scheme is visible in Figure 5. 

Data is collected by DJI M300 with DJI P1 and DJI H20T camera with automatic planning 
mission over a flat roof. All images have coordinates from the RTK module connected to the 
nearest GNSS permanent station. RGB images were captured during the day with good light 
conditions. TIR images were captured after sunset to eliminate reflected radiation and spot 
radiation emission with high contrast between damaged insulation and fine.  Image specifications 
are in Table 1 below. 

TIR images captured on UAV contain relative temperature and raw data. For absolute 
material temperature, TIR images must be calibrated by material emissivity, reflected radiation, 
atmospheric radiation, air temperature, humidity and distance from the object. Most elements are 
known from auxiliary measurements except material emissivity. Material emissivity is known from 
laboratory tests, but in real conditions, emissivity is far from the laboratory value. During the data 
acquisition method of determination, material emissivity and absolute material temperature were 
found as calibration of the thermograms. Calibration of the thermograms is performed using 
temperature calibration points. At the calibration points the absolute temperature is measured with 
a contact thermometer. For thermograms with a captured calibration point, the emissivity of the 
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material is determined retrospectively and applied to the rest of the thermograms in the TIR 
dataset. Thermal calibration points are selected on the PVC foil of the flat roof. The temperature of 
these points is measured before the UAV flies and after to control temperature drop. Points are 
signalized by an aluminium target to be visible on TIR images. 

RGB images are processed in Adobe Lightroom from raw to jpg to correct exposure, fix 
highlights and pull shadows. The images are then processed in Agisoft Metashape to create DEM 
and RGB orthomosaics. Image coordinates sometimes contain the wrong position due to a lack of 
mobile signal when using GNSS correction. To avoid this problem, it is better to align the photo 
relative and after alignment apply georeferencing by image coordinates. Images with wrong 
coordinates contain higher position errors and fine georeferencing is prevented. 

 

Fig. 5 – Process scheme 

Processing of TIR images in Agisoft Metashape is done as RGB images except for DEM 
computation. Due to the low resolution of TIR images, it is better to use DEM from RGB images. 
Georeferencing with RTK coordinates allows the blending of RGB and TIR datasets without 
common control points. Ortho Mosaicing of the TIR dataset is based on DEM from the RGB 
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dataset. Results from image processing in Agisoft Metashape are RGB orthomosaic (24bit), DEM 
(32bit float), and TIR orthomosaic (32bit float). 

Tab. 1 - Methods of processing time 

 RGB images TIR images 

cameras DJI P1 DJI H20T 

resolution [px] 8192x5460 640x512 

lens [mm] / Equival. 35 58 

FOV  [°] 63.5 40.6 

time day sunset 

above ground level (AGL) [m] 80 50 

ground sample distance (GSD)  [cm] 1 4.4 

Overlap 80%, 60% 90%, 80% 

Before training CNN (Convolutional Neural Network) model, rasters must be united into the 
same data type. Different data types are not allowed by the CNN model like 8bit vs. 32bit float. 
Most CNN models work with RGB data due to the most common sensor. Thermal data for the 
detection of flat roof leaks are also valuable information for classification by the CNN model. 
Objects on flat roofs are made from different materials with different emissivity and temperatures 
shown on thermograms in Figure 6. For example, the ventilation temperature on flat roofs is 
temperature-dependent on the cooling or heating process. The colour may be the same as PVC 
foil but the temperature is diametral different, this will help the CNN model to differentiate objects. 
Problems appear when each flat roof is inspected at a different time and season, and air condition 
and building operating temperatures are different. For purposes of the CNN model, data must be 
normalized by the median of TIR orthomosaic, which is the average temperature of PVC foil. 
Normalization excluded different temperatures across flat roof datasets. 

 

Fig. 6 – Example of TIR orthomosaic 
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During the photogrammetry process in Agisoft MetaShape to achieve RGB and TIR 
orthomosaic DEM is created. DEM can extract useful information for the CNN model like altitude 
and slope. Altitude has the same problem as temperature, it is unique on each flat roof. Each 
building is built in a different area with some altitude. The usage of raw height from DEM for the 
CNN model will be not sufficient. Dem must be normalized by the median of DEM values, which is 
the height of a flat roof. The flat roof value on normalized DEM will be 0; other components will 
have different values. Some flat roofs have different levels, each level can be inspected for flat roof 
leaks. A flat roof level has a value other than 0 on normalized DEM and the CNN model can 
misclassify the level. The solution is to calculate slope based on DEM, but DEM by 
photogrammetry process may contain noise on PVC foils because of low contrast on RGB images 
and GSD. Due to the issue, DEM must be filtered to achieve smooth values Figure 7. For 
smoothing DEM used a median filter with a 3x3 kernel. After the smoothing slope can be 
calculated and the wrong values on PVC foil disappear, the comparison is visible in Figure 6.  

 

Fig. 7 – RGB orthomosaic (left), Slope before DEM filtering (middle), Slope after DEM filtering 
(right) 

The RGBDTS raster used for creating samples for the U-NET model is composed of bands 
Red, Green, Blue, nDEM (normalized Digital Elevation Model), nTIR (normalized Thermal infrared) 
and Slope. All bands have the same 8-bit type for usage in the CNN model. For sample creation, 
CAD drawings are used for the first classification of flat roofs. CAD drawings were created as part 
of a job of flat roof inspection by company NDN tech. Computer aided design CAD drawings were 
converted into polygons representing each class of flat roof: PVC foil, windows, sidewalks, 
lightning rods and components. 

Trimble eCognition - CNN approach  

Using the Vector-based segmentation in Trimble eCognition was then from the polygons 
created image objects. These image objects were then classified responding to the number and 
type of input classes. From these classified image objects were then created samples for the CNN. 
The type of samples was used in RAW format, sample count was 50 000 and the sample patch 
size was 32 pixels. Samples were made for each layer of RGB texture. The Convolutional Neural 
Network contained 2 hidden layers. The kernel of the first layer was set at 7 and the number of 
distinct feature maps was 12. The kernel of the second layer was set to 5. The CNN was trained 
with a 0.0006 learning rate, with 5000 training steps and 50 samples were used in each training 
step. After applying the CNN, heat maps of each class were created. The Values of heat maps 
represent probabilities of occurrence of each class. 

The RGBDTS raster is used with OBIA segmentation to achieve segments most similar to 
real objects of flat roofs. Object-Based Image Analysis (OBIA) is a technique that moves beyond 
the traditional pixel-based analysis commonly used in remote sensing. Instead of treating individual 

https://cs.wikipedia.org/wiki/Computer_aided_design
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pixels as the smallest unit of analysis, OBIA groups pixels into meaningful objects or segments 
based on their spectral, spatial, and contextual characteristics (shape and compactness). This 
approach allows for a more accurate and context-aware interpretation of the data. Segments are 
classified into PVC foil, windows, sidewalks and other classes by heatmap from the CNN model. 
With classified PVC foil, it is possible to divide segments into damaged and fine insulation. 
Damaged insulation has a higher temperature compared to fine insulation. PVC foil segments are 
classified by the rule: IF temperature PVC foil exceeds 0 from nTIR class as a flat roof leak. 

ArcGIS - U-NET approach  

The U-NET model's training chips were generated using 256x256 pixel tiles extracted from 
the RGBDTS raster data. Each tile contained polygons defining the different classes present in the 
scene. Training chips were in the "Classified Tiles" format. 

The U-NET model underwent training with data augmentation techniques specified in Table 
2. The training was conducted in batches of 8 samples for 20 epochs, with 10% of the data 
designated for validation purposes. A ResNet34 architecture served as the backbone for the deep 
learning model. 

Tab. 2 - Methods of processing time 

 Min Max Step 

Rotate 0 360 10 

Brightness 0.4 0.6 1 

Contrast 0.7 1.5 1 

Zoom 0.7 1.3 1 

Flat roof leaks were extracted on segmented PVC foil at a higher temperature than 
the rest PVC foil. 

RESULTS 

Trimble eCognition - CNN - heatmaps 

The application of a Convolutional Neural Network (CNN) within the eCognition software 
yielded unsatisfactory results. This can be attributed to several limitations. Each image chip could 
only receive a single class label, leading to misclassification when containing multiple classes 
within its boundaries. Smaller chip sizes might not capture sufficient textural information crucial for 
the accurate classification of flat roof elements. Introducing more than three distinct classes 
resulted in insufficient heatmap resolution for effective classification Figure 8. 
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Fig. 8 – Results from eCognition 

ArcGIS - U-NET pixels segmentation 

Leveraging U-NET within ArcGIS effectively segmented flat roof classes. Employing larger 
image chips successfully preserved textural information crucial for accurate classification. Notably, 
the Classified Tiles format proved advantageous by enabling the representation of multiple classes 
within a single chip, thereby mitigating mislabelling issues.  

 

Fig. 9 – Training loss 
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Fig. 10 – Results from ArcGIS 

The efficacy of utilizing RGBDTS raster data was assessed against RGB raster data in 
terms of segmentation performance. Specifically, this evaluation focused on a flat roof scenario, 
employing identical network architectures, backbones, and other relevant parameters for both 
datasets. The results indicated superior segmentation outcomes when employing the RGBDTS 
raster compared to the RGB raster. Notably, there was no discernible difference in testing times 
between the two raster types, with both requiring equivalent time for one training epoch. Figure 10 
visually represents the enhanced segmentation achieved across all three classes. This 
underscores the limitation of relying solely on colour information, particularly when distinguishing 
between classes with similar greyish hues. The resulting training results based on the RGBDTS 
raster are visible in Table 3 according to the evaluation equations (1-3) for deep learning. 

 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑇𝑃

𝑇𝑃+𝐹𝑃
      (1) 

𝑅𝑒𝑐𝑎𝑙𝑙 =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
      (2) 

𝐹1 𝑠𝑐𝑜𝑟𝑒 =  
𝑇𝑃

𝑇𝑃+
1

2
(𝐹𝑃+𝐹𝑁)

                (3) 

 

Tab. 3 - Methods processing time 

 PVC windows lightning rod components walking 

precision 0.994304 0.989148 0.926059 0.815632 0.980574 

recall 0.995657 0.990409 0.937605 0.807025 0.952942 

f1 0.994980 0.989778 0.931796 0.811306 0.966561 
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CONCLUSION 

This study successfully demonstrated a streamlined and precise approach to flat roof leak 
detection, merging the power of remote sensing data and deep learning. By leveraging a DJI M300 
drone equipped with RGB and thermal cameras, we captured comprehensive roof data and 
processed it into orthomosaics and DEMs. The U-NET deep learning model excelled at segmenting 
the roof into distinct classes (PVC foil, windows, sidewalks), paving the way for leak identification. 
Damaged insulation was pinpointed by analyzing temperature variations within PVC foil segments, 
effectively revealing leaks. 

This novel method surpasses traditional inspection methods in several key aspects. Firstly, 
it boasts remarkable speed and efficiency, allowing UAVs to capture large roof areas in minutes, 
compared to days or weeks required by conventional methods. Secondly, the UAV-based system 
delivers superior accuracy, generating highly detailed orthomosaics and temperature maps that far 
exceed the capabilities of human inspectors. Most importantly, it prioritizes safety by eliminating the 
need for inspectors to physically climb roofs, thereby mitigating potential dangers. 

The achieved results are highly promising, showcasing an overall segmentation accuracy of 
95% for the deep learning model and a high degree of success in pinpointing damaged insulation. 
This innovative approach holds immense potential to revolutionize flat roof inspections, offering 
significant advantages: 

Inspections can be completed much faster, reducing time and resource expenditure. Detailed 
data acquisition and analysis lead to more precise leak detection and damage assessment. 
Eliminating the need for manual roof access minimizes risks for inspectors. Detailed roof condition 
information facilitates informed maintenance and repair decisions. 

By integrating additional classes (attics, ventilation systems, drainage elements) and refining 
the deep learning model with more data, the system's capabilities can be further expanded. This 
paves the way for a future where UAV-based inspections become the norm, ensuring safer, more 
efficient, and cost-effective flat roof management. 
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