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A B S T R A C T   

In this study, perforated steel plate-reinforced utility tunnel with the use of ultra-high- 
performance concrete (UHPC) and engineered cementitious composite (ECC) was proposed. 
The mechanical performance of the composite utility tunnel was experimentally investigated, and 
the cracking behavior and failure process were analyzed based on the digital image correlation 
(DIC) technique. It was found that the crack-control (durability) performance of the composite 
utility tunnel was superior to that of concrete utility tunnel with the same reinforcement ratio, 
and the composite utility tunnel can be used in severe corrosive environment. Additionally, the 
composite action between perforated steel plate and ECC was evaluated based on direct tension 
test and DIC analysis. Finite element (FE) analysis was conducted on the perforated steel plate- 
reinforced ECC and composite utility tunnel for a comprehensive understanding of the mechan
ical behaviors. The findings of this study provided useful knowledge for the design and appli
cation of the proposed composite utility tunnel for underground construction.   

1. Introduction 

The proportion of the global urban population is expected to increase to 66% by 2050 [1]. The rapid urbanization (especially in 
developing countries) results in higher population density and larger pressure on the limited ground space for modern cities. As a 
result, increasing attention has been paid on underground construction to achieve a more effective utilization of urban space. One of 
the most common underground structures for modern cities is utility tunnel [2], which is a joint-use underground tunnel incorporating 
part or all of the urban utilities (e.g., water supply, electric power, gas, telecommunication, sewerage, heat supply, etc.). Taking 
Mainland China for example, it was reported that many of the major cities have constructed more than 100-km underground utility 
tunnels till 2020 [3]. 
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According to the Chinese Standard GB50838-2015 [4], the service life of underground utility tunnels should be longer than 100 
years. In addition, the maximum allowable crack width of the concrete layer of utility tunnels should be strictly controlled (i.e., 200 µm 
for common environment [4] and 150 µm for severe corrosive environment [5]). For underground utility tunnels, the durability of 
external parts exposed to complex underground environments [6] and the safety of internal parts under fire conditions [7] are two 
major concerns. Conventional underground utility tunnels are generally made by reinforced concrete. As a quasi-brittle material, 
ordinary concrete is easy to crack under tensile loadings and its spalling resistance under elevated temperature is a big concern when a 
high strength grade is used for enhanced durability. Hence, it remains a challenge regarding how to improve the durability and fire 
performance of the concrete structures of underground utility tunnels. In recent decades, significant research progress has been made 
in the development of advanced fiber-reinforced cement-based materials [e.g., Engineered Cementitious Composite (ECC) [8–10] and 
Ultra-High-Performance Concrete (UHPC) [11–14], which are promising in the construction of underground infrastructures with high 
performance and long-term durability. 

Engineered cementitious composite (ECC) is a high-performance cement-based material featuring tensile strain-hardening and 
multiple-cracking characteristics [15–17]. ECC is also known as strain-hardening cementitious composites (SHCC) [18,19] or 
ultra-high toughness cementitious composites (UHTCC) [20,21]. For ordinary ECC materials, the compressive strength ranges from 20 
to 80 MPa and the tensile strain capacity ranges from 1% to 6% [22–24]. Typically, the tensile crack of ECC is smaller than 100 µm and 
the autogenous healing of fine cracks can be observed in ECC materials [25–27]. The structural performance of ECC materials have 
been comprehensively investigated (e.g., [28–32]), and it was found that ECC can enhance the mechanical and durability performance 
of concrete members. In addition, no explosive spalling was observed in ECC during fire tests, and the mechanical performance of 
fire-damaged ECC is similar to or better than that of ordinary concrete materials [33–35]. 

Ultra-high performance concrete (UHPC) is a cement-based material featuring ultra-high compressive strength (typically ≥ 120 
MPa [36]), high tensile strength, and excellent durability [11,12,36,37]. The addition of steel fibers in UHPC can achieve multiple 
cracking prior to crack localization and considerable energy absorption before fracture failure [12]. Additionally, UHPC shows sig
nificant lower water and chloride permeability compared to ordinary concrete materials. On the basis of the aforementioned excellent 
performance, UHPC can be employed as an exterior protective layer for reinforced concrete structures to improve both the mechanical 
performance and long-term durability. 

Obviously, both ECC and UHPC have great potential in the application of high-performance and durable underground concrete 
structures. However, the costs of both materials are significantly higher than that of ordinary concrete. Hence, a cost-effective utili
zation of ECC and UHPC is critical for the widespread practical applications. On the basis of the concept of functionally-graded 
structures, the authors proposed a novel type of UHPC-Concrete-ECC underground utility tunnel (Fig. 1a) to address the durability 
and fire-resistance concerns [38]. In this design, UHPC is used as an exterior layer to protect the tunnel from the penetration of water 
and corrosive agents in soil environment; ECC is used as an interior layer to improve the crack-control capacity and fire resistance for 
the internal space; and ordinary concrete is used to fill the space between the two layers to minimize the thicknesses of ECC and UHPC. 
Perforated steel plate system (Fig. 1b) is applied to reinforce the three-layer functionally-graded structure. During the casting of 
concrete layers, ECC, UHPC and ordinary concrete can pass through the holes of steel plates and form “shear connectors” after 
hardening so as to ensure good composite performance between the steel plate and concrete materials. Additionally, such a reinforcing 
system forms a cage to ensure the integrity of the three-layer structure. It should be pointed out that the composite utility tunnel can be 
prefabricated for better quality control. In the previous study [38], the flexural performance of UHPC-concrete-ECC composite beam 
reinforced by perforated steel plate was experimentally investigated by the authors. It has been proven that the composite beam shows 
higher load capacity and superior crack-control capacity compared to the ordinary concrete one. 

In this study, a UHPC-concrete-ECC composite utility tunnel was first fabricated, and its mechanical performance was experi
mentally investigated. A direct tension test was conducted to evaluate the composite performance of perforated steel plate-reinforced 

Fig. 1. Schematic of (a) UHPC-concrete-ECC composite utility tunnel and (b) perforated steel plate reinforcing system.  
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ECC, which was mainly under tension during the structural test. Digital image correlation (DIC) technique was used to monitor the 
strain field and to analyze the crack development during the tests. Furthermore, finite element (FE) modeling was carried out to 
reproduce the results of structural and tension tests for a comprehensive understanding of the mechanical performance of the com
posite utility tunnel. 

2. Experimental programs 

2.1. Structural test of UHPC-concrete-ECC utility tunnel 

2.1.1. Specimen dimensions 
To evaluate the mechanical performance of the proposed utility tunnel, one model with a hollow rectangular section (Fig. 2) was 

fabricated and tested, with the outer dimensions of 2000 mm × 1500 mm × 300 mm (length × height × depth) and the wall thickness 
of 200 mm3 was fabricated and tested. It should be pointed out that the dimensions of the model utility tunnel were determined 
according to the available test equipment in the laboratory. The detailed dimensions of the specimen are presented in Fig. 2. The 
dimensions of the specimen section were 300 × 200 mm2. The thicknesses of UHPC, concrete, ECC and perforated steel plate were 
50 mm, 100 mm, 50 mm and 1 mm, respectively. The diameter of the holes of the steel plates was 50 mm. Four longitudinal perforated 
steel plates were welded to form the external loop reinforcement (2 A+ 2 C) and inner loop (2B+2D) reinforcement, respectively (see 
Fig. 2), and a series of transverse perforated steel plates (12E+10E) were connected through welding with the two loops to form a three 
dimensional cage of reinforcement of the tunnel, which four corners were also enhanced with four diagonal plates (4 F) (see Fig. 2). All 
the longitudinal perforated steel plates had an opening area of 24% [i.e., (A), (B), (C), and (D) of Fig. 2]. For all the steel plates, the 
smallest width of perforated section (i.e., excluding the hole width) was the same, which was 50% of that of the section without any 
holes. It should be pointed out that the longitudinal steel plates were located in the middle of the UHPC and ECC layers and their cover 
thickness was 25 mm. 

2.1.2. Fabrication process 
The fabrication process of the utility tunnel specimen includes five steps (Fig. 3). First, timber formworks were prepared for the 

outer and inner perimeters of the tunnel. The welded cage of reinforcement system was then fixed in the timber formwork. Second, 
form boards were used to fill in the gap between two loop reinforcements. Third, the UHPC and ECC layers were cast into the formwork 
and cured for 14 days. Fourth, the fillers between UHPC and ECC layers were removed. Finally, C30 commercial concrete was cast into 
the formwork and cured for 28 days, and the timber formwork was then removed. 

2.1.3. Testing methods 
The test setup for the utility tunnel specimens is presented in Fig. 2. Three hydraulic actuators were used in the test. Two actuators 

were located at the center of two side walls of the utility tunnel to simulate the soil pressure. The last actuator was used to exert flexural 
load on the top wall through a transfer beam, with a 300 mm constant moment zone. The load steps during the structural test are listed 
in Table 1, and the loads applied by the two lateral actuators were the same. In addition, the loads of the actuators are graphically 
represented in Fig. 4 for better understanding. It should be pointed out that the load at step No. 7 corresponds to the design load, which 
was estimated upon the condition that the thickness of covering soil is 3000 mm (from the top surface of tunnel to the ground) and 
traffic loads are assumed to be 100 kN/m2 according to Chinese Standard GB50009-2019 [39]. After the design load, the applied loads 
increased until the failure occurred. The holding time was 3 min for Load step No. 1–7, and was 5 min for step No. 8–26. As presented 
in Fig. 2, linear variable differential transformers (LVDTs) were used to monitor the displacements at different positions of the tested 
utility tunnel based on the principle of symmetry. 

Digital Image Correlation (DIC) Analysis. As an optical-based non-contact method, DIC can measure the displacement and strain 
fields on the specimen surface. DIC analysis has been successfully applied in the monitoring of the cracking process of ECC materials 
[40,41] and ECC-strengthened concrete members [42,43]. In the structural test of the utility tunnel, DIC was used to monitor the 
central part of the top wall with an area of 500 × 200 mm2 (see Fig. 2), in which speckle pattern was applied onto the surface. During 
the test, two light sources were used to highlight the patterned area, and a digital camera was used to take digital photographs at the 
end of each load step (see Table 1). In the digital photographs, the resolution of the patterned area was 855 × 342 pixels corresponding 
to 500 × 200 mm2 on physical scale. In DIC post-processing, a subset size of 60 pixels and a step size of 15 pixels was used. 

2.2. Tensile test of perforated steel plate-reinforced ECC (ST-ECC) 

According to the moment distribution of the tested utility tunnel, the UHPC layer was in compression and the ECC layer was in 
tension at the central parts of the top and side walls. In such a case, the tensile failure of the ECC layer is prior to the compressive failure 
of the UHPC layer, owing to the ultra-high compressive strength of UHPC. Thus, an experimental investigation on the tensile per
formance of perforated steel plate-reinforced ECC (ST-ECC) is essential and helpful to understand the structural performance of the 
utility tunnel. 

2.2.1. Specimen preparation 
Two identical specimens with dimensions of 480 × 100 × 50 mm3 were prepared for the direct tension test (see Fig. 5) to assess the 

tension stiffening effect of ST-ECC. This testing method has been successfully utilized for the monotonic and cyclic tensile tests of ECC 
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materials [24]. For the perforated steel plate in Fig. 5, the smallest section (50% of the section without hole), opening area (24%), and 
thickness (1 mm) are the same with those of the steel plates (A)~(D) in Fig. 2. The thickness of ECC (50 mm) is also the same with that 
in Fig. 2. To evaluate the composite effect of ST-ECC, direct tension tests were also conducted on the perforated steel plate and ECC 
individually (see Fig. 5). 

2.2.2. Testing methods 
The tensile tests were conducted using a 1000-kN INSTRON™ system. The loading rate was the same for all the specimens 

(0.5 mm/min), and LVDTs were used to measure the tensile displacement with a gauge length of 320 mm. 

2.2.3. Digital image correlation (DIC) analysis 
The central parts of the ST-ECC and ECC specimens were monitored using DIC and the speckle pattern was applied (see Fig. 5). 

During the test, a digital photograph was taken every 3 s. The resolution of the patterned area was 755 × 118 pixels corresponding to 
320 × 50 mm2 on physical scale. In DIC post-processing, GOM Correlate Software [44] was used with a subset size of 80 pixels and a 
step size of 5 pixels. 

2.3. Material properties 

In this section, the mechanical properties of ECC, UHPC, ordinary concrete and perforated steel plate will be briefly presented and 
more details about the raw materials can be found in the authors’ previous work [38]. 

2.3.1. ECC 
The matrix proportion of ECC was as follows (kg/m3): cement: silica fume: sand: water: super-plasticizer = 912: 228: 342: 467: 5. 

Polyethylene (PE) fiber (1.5 vol%) was used in the preparation of ECC. The 28-day compressive strength and modulus of ECC were 
54.0 MPa and 18 GPa, respectively. The 28-day tensile strain capacity of ECC cuboid specimen (Fig. 5) was 2.4% with the tensile 
strength of 3.0 MPa. 

2.3.2. UHPC 
The matrix proportion of UHPC was as follows (kg/m3): cement: silica fume: sand: water: super-plasticizer = 1160: 290: 435: 290: 

20. Steel fiber (2.0 vol%) was used in the preparation of UHPC. The 28-day compressive strength and modulus of UHPC were 
125.0 MPa and 39 GPa, respectively. The 28-day tensile strain capacity of UHPC was 0.5% with the tensile strength of 7.5 MPa. 

2.3.3. Ordinary concrete 
In this study, C30 commercial concrete was used and the diameters of its coarse aggregates were smaller than 10 mm, so as to 

Fig. 3. Fabrication process of the utility tunnel specimen.  

Fig. 2. Dimensions and test setup of the UHPC-concrete-ECC composite utility tunnel.  
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ensure the concrete could easily pass through the holes (diameter of 50 mm) of the steel plates. The 28-day cylinder compressive 
strength of the concrete material was 22.8 MPa. 

2.3.4. Perforated steel plate 
For all the perforated steel plate in this study, the thickness was 1 mm and the diameter of the holes was 50 mm. The yield stress of 

steel plate was 190 MPa with the yield strain of 0.1%, and the ultimate strength was 310 MPa with the strain of 25%. 

3. Results on tensile performance of ST-ECC 

The tensile performance of the perforated steel plate, ECC cuboid, and ST-ECC are presented in Fig. 6a, b, and c, respectively. It 
should be pointed out that the average strain is calculated based on the deformations within the 320-mm test length between two 
clamping ends in Fig. 5, and the stress is the average stress of the specimen sections (50 ×1 mm2 for steel plate, and 100 ×50 mm2 for 
ECC cuboid and ST-ECC). 

In Fig. 6a, it can be observed that most of the deformation is attributed to the weak region around the holes of the steel plate. The 
tensile performance of ECC cuboid is presented in Fig. 6b, and ECC-avg means the average response of two specimens with the strain 
capacity of 2.4% and strength of 3.0 MPa. In Fig. 6c, the tensile curves of ST-ECC are shown and ST-ECC-avg represents the average 
response. The estimated tensile curve (gray solid line in Fig. 6c) is obtained by directly superimpose the tensile curve of steel plate in 
Fig. 6a and ECC-avg in Fig. 6b. It can be found that the estimated tensile curve is significantly higher than the tested one. This 
phenomenon will be explained in the following. In Fig. 6d, the estimated tensile behavior of ECC in ST-ECC is presented, which is 
obtained by subtracting the tensile curve of steel plate in Fig. 6a from ST-ECC-avg in Fig. 6c. It can be seen that the curve of ECC in ST- 
ECC is significantly lower than the average tensile curve of ECC cuboid (i.e., ECC-avg Fig. 6d). Actually, the in-situ tensile contribution 
of ECC is strongly influenced by the mechanical interaction between the ECC and the perforated steel plate and the strain localization 
of the latter influences the stress development in the former. In addition, the strain capacity of ST-ECC corresponding to the peak 
tensile stress in Fig. 6c is governed by the deformability of ECC, as the ultimate strain of the steel plate is much larger than that of ECC. 
The above arguments will be further proven based on the DIC results in the following. 

The DIC results of the ECC cuboid and ST-ECC at three tensile strain levels (0.1%, 1.0%, and 2.0%) are presented in Fig. 7. It should 
be pointed out that the strain field around relatively large cracks could not be analyzed by DIC. For ECC cuboid in Fig. 7a, the fine 
cracks uniformly distributed along the tensile direction and the major crack could not be distinguished from the multiple cracks. For 
ST-ECC in Fig. 7b, significant strain localization can be observed, especially around the holes of the steel plate (marked by the dashed 
lines). The strain localization resulted in the fact that compared to ECC cuboid (Fig. 7a), saturated cracking of ECC in ST-ECC (Fig. 7b) 
could not be achieved and the in-situ tensile strength of ECC layer would be lower than its material strength, which explains why the 
tested tensile performance of ST-ECC was lower than the estimated one (Fig. 6c). This experimental finding is important for the 
adjustment of in-situ tensile constitutive model of the ECC layer in Section 6. 

4. Experimental results of composite utility tunnel 

4.1. DIC results and failure process 

The mid-span load-deflection curve of the top wall of the utility tunnel is shown in Fig. 8. Five load steps of the top hydraulic 
actuator (0, 36 kN, 52 kN, 64 kN, and 82 kN) are marked in Fig. 8, which correspond to point A, B, C, D, and E, respectively. At the 
ultimate stage (point E), the load of the top hydraulic actuator was 82 kN. On the basis of DIC analysis, the strain field of point A to D 
are presented in Fig. 8. However, as the load capacity of the utility tunnel was much higher than the estimation prior to test, the battery 
of DIC camera ran out after load step No. 17 (64 kN, point D). Hence, the cracks of the top wall at the ultimate stage (point E) were 
drawn based on the photographs recorded by another camera. In Image B (36 kN) of Fig. 8, the cracks can be observed in the ECC layer 
and along the steel plates. As the load increases, more significant cracking behavior can be observed in these regions (see Image C and 
D of Fig. 8). At the ultimate stage (Image E), multiple cracking of the ST-ECC layer can be clearly observed, and the ECC/concrete and 
UHPC/concrete interface cracks can be also seen. It should be noted that the failure of the top wall was governed by the shear failure of 
the concrete layer. According to the DIC result, the tensile strain of the steel plate in ECC at point E was approximately 0.08% (not 

Table 1 
Load steps of the structural test.  

Load step & actuators Load (kN) 

Load step No.  0  1  2  3  4  5  6  7  8 
Top actuator  0  6.0  12.0  18.0  23.0  28.0  32.0  36.0  40.0 
Lateral actuators  0  4.0  8.0  12.0  16.0  19.0  21.0  23.0  25.0 
Load step No.  9  10  11  12  13  14  15  16  17 
Top actuator  43.0  46.0  49.0  52.0  54.0  56.0  58.0  62.0  64.0 
Lateral actuators  26.5  28.0  29.5  31.0  32.0  33.0  34.0  36.0  37.0 
Load step No.  18  19  20  21  22  23  24  25  26 
Top actuator  66.0  68.0  70.0  75.0  75.0  77.0  80.0  82.0  71.0 
Lateral actuators  38.0  39.0  39.0  39.0  39.0  39.0  39.0  39.0  39.0  
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yielded). 

4.2. Deflection of composite utility tunnel 

The deflection of the composite utility tunnel at different load levels (top hydraulic actuator) are presented in Fig. 9, which were 
measured by the LVDTs at various locations. It should be noted that the right and bottom axes of Fig. 9 represent the deflections of the 
top wall and one side wall, respectively. As the load increased, the deflection of the composite utility tunnel increased. At the design 
load (load step No. 7, 36 kN), the mid-span deflection of the top wall (0.66 mm, measured by LVDT 1) was 1/1894 of the net span 
(1250 mm), and the maximum deflection of the side wall (0.29 mm, measured by LVDT 3) was 1/2586 of the net span (750 mm). At 
the load step No. 23 (77 kN), the mid-span deflection of the top floor (2.96 mm) was 1/422 of the net span, and the maximum 
deflection of the side wall (1.08 mm) was 1/694 of the net span. In summary, the deflection of the composite utility tunnel was 
relatively small. It should be pointed out that after 77 kN, LVDT 2–4 were removed for safety reason and only LVDT 1 kept working. 

4.3. Crack width development 

According to the method provided in [42], the crack widths of concrete member can be measured based on DIC analysis. For the top 
wall of the composite utility tunnel, the development of the maximum crack width is plotted in Fig. 10. In addition, the section of a 
reinforced concrete (RC) member (C30 concrete) is also presented, whose dimensions and tension reinforcement ratio (0.25%, 3Φ8) 
are the same with those of the composite utility tunnel. For the sake of comparison, the development of the maximum crack width of 
the RC member is calculated under the same loading and support conditions with that of the composite utility tunnel, according to 
Chinese Standard GB50010-2010 [45]. It can be seen that compared to the RC member with the same section and reinforcement ratio, 

Fig. 4. Loads of the top and lateral actuators during the structural test.  

Fig. 5. Test setup for ECC panel reinforced with perforated steel plate.  
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the maximum crack width of the UHPC-concrete-ECC member in the utility tunnel is smaller at all the load levels. As mentioned in 
Section 1, the maximum allowable crack width of the concrete layer of utility tunnels needs to be strictly controlled (i.e., 200 µm for 
mild environment [4] and 150 µm for severe corrosive environment [5]). These two limit values are also plotted in Fig. 10. It can be 
seen that for the case of 150 µm, the load of RC member is around 36 kN (the design load in this study), while the corresponding load in 
the composite utility member is around 42 kN (17% higher compared to the RC member). For the case of 200 µm, the load of RC 
member is around 50 kN, while that of the composite utility member is around 61 kN (22% higher compared to the RC member). Thus, 
in terms of crack-control (durability) performance, the proposed composite utility tunnel is superior to conventional RC utility tunnel 
with the same dimensions and reinforcement ratio, and it can be used in severe corrosive environment. 

5. Finite element (FE) analysis 

A three-dimensional (3D) FE analysis was conducted based on the general-purpose FE software ABAQUS [46] to simulate the 
mechanical behavior of the ST-ECC and composite utility tunnel, aiming to facilitate a better understanding on their structural per
formance and to propose a general model for further investigation. Details of the FE models and the analysis results are presented in the 
following. 

5.1. Material constitutive models 

The steel plate was modeled using the isotropic material with Von Mises yield criteria and a bi-linear model [47] was used [i.e., Eq. 
(1)]. The yield strain (εy) and yield strength (fy) are 0.1% and 190 MPa, respectively; the ultimate strain (εu) and ultimate strength are 
25% and 310 MPa, respectively; and the Poisson’s ratio is 0.30. 

σs =

{
Esε

(
0 ≤ ε ≤ εy

)

fy + Eu
(
ε − εy

)(
εy < ε ≤ εu

) (1) 

The damage plasticity model was used for ECC, UHPC, and ordinary concrete. For the compressive behavior of ECC, the constitutive 

Fig. 6. Tensile performance of (a) perforated steel plate, (b) ECC cuboid specimen, (c) perforated steel plate-reinforced ECC (ST-ECC), and (d) ECC 
layer in ST-ECC. The in-situ tensile strength of ECC layer in ST-ECC is lower than that of ECC cuboid. 
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model proposed by Zhou et al. [22] (Fig. 11a) was used to model the stress-strain relationship [i.e., Eq. (2)]. 

σE =

⎧
⎪⎪⎨

⎪⎪⎩

EEε (0 ≤ ε ≤ εEc1)

EEε[(1 − aEEε)/σEc2 + b] (εEc1 < ε ≤ εEc2)

(σEc2 − σEc3)(ε − εEc2)/(εEc2 − εEc3) + σEc2 (εc2 < ε ≤ εc3)

(σEc3 − σEc4)(ε − εEc3)/(εEc3 − εEc4) + σEc3 (εEc3 < ε ≤ εEc4)

(2)  

where EE is the elastic modulus of ECC (18 GPa); a and b are constant parameters, which are taken as 0.308 and 0.124, respectively; 
εEc1, εEc2, εEc3 and εEc4 are 0.120%, 0.465%, 0.698%, and 4.186%, respectively; and σEc1, σEc2, σEc3 and σEc4 are 21.6 MPa, 54.0 MPa, 
27.0 MPa and 0, respectively. The Poisson’s ratio of ECC is 0.17. 

The stress-strain relation of ECC, UHPC and concrete in tension was assumed to be linear elastic before cracking. The crack-bridging 
constitutive relation can be used in the modeling of their post-cracking tensile behavior. In this study, the tri-linear model as shown in 
Fig. 11b was used to simplify and model the crack-bridging constitutive relation of ECC. The parameters of this constitutive relation are 
listed in Table 2, which are determined based on the experimental results reported in the relevant literature [48,49]. Remember that 
the in-situ tensile strength of ECC was lower than its material strength, which was mentioned in Section 4. Thus, the peak stress (i.e., 
σEt2 in Fig. 11b) is set to the same value as the in-situ tensile strength of ECC (i.e., 2.1 MPa, see Fig. 6d). Note that the validity of such an 
adjustment will be proven by the FE result in the following. 

The compressive stress-strain model of UHPC is presented in Fig. 6c, which was proposed by Association Française du Génie Civil 

Fig. 7. DIC results of (a) ECC cuboid and (b) ST-ECC. The existing of perforated steel plate results in more significant crack localization of ST-ECC 
compared to ECC cuboid. 

Fig. 8. Mid-span load-deflection curve and failure process of the top wall of the composite utility tunnel. The failure of the top floor is governed by 
the shear failure of concrete layer. 
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(AFGC) [50]. The first linear-elastic part is determined by the compressive strength and modulus of UHPC (εUc1 = 0.32% and εUc1 =

125.0 MPa). For the tested utility tunnel, the tensile failure of ECC was prior to the compressive failure of UHPC, owing to the 
ultra-high compressive strength of UHPC. Hence, the plastic plateau and softening stage in Fig. 6c were not considered in the FE 
analysis. The post-cracking tensile behavior of UHPC was modeled by the tri-linear crack-bridging relation (Fig. 6d), because the UHPC 
in this study also showed tensile strain-hardening behavior. The parameters of this tri-linear relation are listed in Table 2, which are 
determined based on the results in this study and the relevant literature [47,49]. The Poisson’s ratio of UHPC is 0.22. 

The compressive behavior of ordinary concrete was modeled with the Hognestad parabola curve (Fig. 6e), which can be expressed 
as Eq. (3) [51]. 

σc = σCc1

[

2
(

ε
εCc1

)

−

(
ε

εCc1

)2
]

(3) 

where σCc1 is the compressive strength of ordinary concrete (22.8 MPa) and εCc1 (0.19%) is the strain at σCc1. The value of εCc1 is 
determined based on the suggestions in the relevant literature [51]. The post-cracking tensile behavior was modeled with the bi-linear 
model in Fig. 6e and the parameters are listed in Table 2, which are determined based on the suggestions in the relevant literature [51]. 
The Poisson’s ratio of concrete is 0.20. 

For the other parameters of ECC, UHPC and concrete, the material dilation angle, the shape factor for the yield surface, the ec
centricity parameter, and the ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive yield stress were taken 
as 30◦, 0.667, 0.1, and 1.16, respectively [52]. 

Fig. 9. Deflections of top floor and side walls at different load levels.  

Fig. 10. Crack width development of the top wall of the composite utility tunnel. At the same load level, the maximum crack width of the composite 
utility tunnel is smaller than that of conventional concrete utility tunnel with the same dimensions and reinforcement ratio. 
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5.2. Perforated steel plate-reinforced ECC 

The 3D FE model of ST-ECC is presented in Fig. 12. Eight-node brick element with reduced integration (C3D8R) was used to model 
the ECC and clamping ends, and four-node general-purpose shell element (S4R) was used to model the perforated steel plate. The 
adopted element size is 10 mm based on a convergence study, which can ensure a quick computation and continuous strain contour. It 
should be pointed out that the clamping ends were assumed to be linear elastic. The perforated steel plate was constrained in the ECC 
by using the “embedded region” function in ABAQUS, for which a perfect bond between the concrete and steel plate was assumed. A tie 
constraint was employed to make the translational and rotational motions equal for the surfaces of ECC and clamping ends. The nodes 
of the clamping ends at the right side were restrained in all translational degrees of freedom. For the clamping ends at the left side, all 
translational degrees of freedom were coupled to a reference point A (Fig. 12). The static analysis mode was used and the tensile load 
was applied at point A in a displacement control manner. 

The results of FE analysis for tensile performance of ST-ECC are presented in Fig. 13. The simulated tensile stress-strain curve is 
close to that of the tested one (Fig. 13a). The FE model can provide reasonably accurate prediction of the initial stiffness and the load 
capacity, which validates the effectiveness of the peak-stress adjustment of the ECC tensile model (i.e., σEt2 in Fig. 11b) according to the 
in-situ tensile strength of ECC. It should be pointed out that if such an adjustment was not conducted, the predicted load response of ST- 
ECC would be significantly higher than the tested one. The principal strain fields at the average strain of 2% are shown in Fig. 13b. For 
the ST-ECC, the strain concentration can be observed in the FE result and the simulated failure mode is similar to the tested one. 
Additionally, the deformation of the perforated steel plate in ST-ECC is also close to the experimental observation (Fig. 6a). The above 
FE results indicate that the employed model can be applied to predict the tensile behavior of ST-ECC. 

Fig. 11. Constitutive models of ECC, UHPC and concrete in FE analysis.  

Table 2 
Parameters in tensile post-cracking models of ECC, UHPC and concrete.  

ECC Values UHPC Values Concrete Values 

Modulus 18 GPa Modulus 39 GPa Modulus 26 GPa 
δEt1 0 δUt1 0 δCt1 0 
σEt1 1.0 MPa σUt1 5.0 MPa σCt1 1.6 MPa 
δEt2 0.18 mm δUt2 0.05 mm δCt2 0.02 mm 
σEt2 2.1 MPa σUt2 7.5 MPa σCt2 0.53 MPa 
δEt3 1.1 MPa δUt3 2.00 mm δCt3 0.11 mm 
σEt3 0.50 mm σUt3 3.0 MPa σCt3 0 
δEt4 1.50 mm δUt4 6.50 mm / / 
σEt4 0 σUt4 0 / /  
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5.3. Composite utility tunnel 

The 3D FE model in Fig. 14 is a quarter of the composite utility tunnel, which is symmetrical about the xy-plane and yz-plane. The z- 
dimensional thickness of the FE model is 150 mm (half of the tested utility tunnel depth, 300 mm). Eight-node brick element (C3D8R) 
was used to model the ECC, UHPC, concrete and loading pads [53], and four-node shell element (S4R) was used to model the 
perforated steel plates. The loading pads were assumed to be linear elastic. The x- and z-directional mesh lengths were 35 mm and the 
y-directional mesh lengths were 25 mm. The above mesh lengths were determined based on the simulation results and suggestions in 
the relevant literature [51,54]. According to the aforementioned FE result of ST-ECC, the perforated steel plate was also constrained in 
the ECC, UHPC, and concrete by using the “embedded region” function in ABAQUS. A tie constraint was employed to make the 
translational and rotational motions equal for the surfaces of ECC and loading pads. The nodes of the bottom of the model were 
restrained in all translational degrees of freedom. Symmetry constraints were used for the xy- and yz-planes. The static analysis mode 
was used in the FE analysis. The load on the side wall was applied in a force control manner, while the load on the top wall was applied 
in a displacement control manner and the analysis was terminated after the reaction force reached the peak value. 

The traction-separation constitutive model in Fig. 15 were used to simulate the interface cohesive behavior between concrete and 
ECC/UHPC. This bi-linear traction-separation model assumes linear elastic behavior up to the maximum traction and the traction starts 
to decrease afterwards. In Fig. 15, τn0, τs0 and τt0 are the maximum tractions in normal, shear and tangent directions, respectively. The 
interface behavior before the damage initiation can be expressed as follows. 

T =

⎡

⎣
τn
τs
τt

⎤

⎦ =

⎡

⎣
κnn 0 0
0 κss 0
0 0 κtt

⎤

⎦

⎡

⎣
δn
δs
δt

⎤

⎦ = Κδ (4)  

where τn, τs and τt are the traction (T) components in normal, shear and tangent directions, respectively; knn, kss and ktt are their elastic 
stiffnesses (K); and δn, δs and δt are the corresponding interface deformations (δ). It should be noted that very limited information on 
the interfacial behavior between concrete and ECC/UHPC was available. Therefore, in this study, δf (the maximum slip in Fig. 15) was 
assumed to be 20 mm according to the suggestion in [54]. knn, kss, and ktt were assumed to be equal [55] and the value was 

Fig. 12. FE model of ST-ECC.  

Fig. 13. Results of FE analysis for tensile performance of ST-ECC: (a) Tensile stress-strain curve and (b) principal strain fields at the average strain of 
2%. The FE results show good agreement with the test results. 
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Fig. 14. FE model of composite utility tunnel.  

Fig. 15. Traction-separation constitutive law of the ECC/concrete and UHPC/concrete interface.  

Fig. 16. Results of FE analysis for composite utility tunnel: (a) Mid-span load-deflection curve of top floor and (b) principal strain field at the peak 
load. The FE results show good agreement with the test results. 
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8000 N/mm3, which fell within the suggested range in [56]. τn0, τs0 and τt0 were assumed to be equal [56] and the value was 22 MPa. 
These assumptions aimed to achieve a quick convergence in FE analysis. 

The results of FE analysis for the composite utility tunnel are presented in Fig. 16. The simulated load vs. mid-span deflection curve 
of top wall is close to the tested one (Fig. 16a). The FE model captures well both the stiffness, strength, and the full-range behaviors. 
The simulated strain field at the peak load is shown in Fig. 16b as compared to the experimentally observed cracking mode of the top 
wall (i.e., half of Image E in Fig. 8). A significant diagonal crack can be observed in the concrete layer, which coincides with the 
experimental finding that the failure of the top wall was governed by the shear failure of concrete at the ultimate state (before steel 
yielding). Additionally, in the FE result, the strain of ECC layer is relatively large at the top wall. It also agrees with the test result that 
the multi-cracking of ECC layer was observed (see the cracking mode in Fig. 16b). The above results indicate that the FE model and the 
implemented constitutive laws can be applied to predict the mechanical behavior of the UHPC-concrete-ECC composite utility tunnel. 

6. Conclusions 

The mechanical behavior of UHPC-concrete-ECC composite utility tunnel reinforced by perforated steel plate has been experi
mentally and numerically investigated. Direct tensile test and DIC analysis have been conducted to understand the composite action 
between perforated steel plate and ECC. It was found that the in-situ tensile strength of ECC is lower than its material strength, and this 
needs to be considered for the tensile constitutive model of ECC in FE analysis. The failure of the tested composite utility tunnel was 
founded to be governed by the shear failure of the concrete layer of the top wall, and the multi-cracking behavior of the ECC layer was 
observed. According to the DIC result and theoretical estimation, it was found that the crack-control (durability) performance of the 
composite utility tunnel is superior to that of conventional concrete utility tunnel with the same dimensions and reinforcement ratio, 
and the composite utility tunnel can be used in severe corrosive environment. The constitutive laws proposed for ECC, UHPC, concrete 
as well as the interface have been also validated through comparisons between the FE predictions and the experimental load-deflection 
relations and the failure modes. 

This study has demonstrated the potential of the proposed composite utility tunnel in urban underground engineering and provided 
good knowledge for the design of its short-term mechanical performance. It is noted that the flexural performance of the UHPC- 
concrete-ECC composite beam reinforced with perforated steel plates can be found in the previous work of the authors [38]. Future 
studies are needed to verify the fire performance and long-term durability of the UHPC-concrete-ECC composite utility tunnel towards 
practical applications. 
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