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Abstract 

The punching shear strength of isolated footings varies 
considerably for different codes, partly due to varying amounts 
of soil reaction considered when calculating the punching shear 
resistance. The present study aimed to investigate the punching 
shear behavior of reinforced concrete isolated footings reinforced 
with GFRP rebars, taking into account soil-structure interaction. 
Full-scale specimens were divided into two groups based on the 
type of foundation support and were tested separately. One 
group was supported on a bed of elastic springs to simulate an 
elastic foundation based on Winkler-type soil reactions, while the 
other was supported on a rigid support to examine the effect of 
soil-structure interaction on the punching shear behavior. The 
specimens were tested to investigate the load-carrying capacity, 
failure mode, subgrade reaction, crack development, footing slab 
deflection, and rebar strain distribution. Results from the tests 
showed that the elastic spring system maintained a constant k 
value despite the vertical settlement. Both tested specimens 
failed in punching shear failure mode, and the specimen 
supported by the elastic spring system had a little higher 
punching shear resistance than the one supported on a rigid 
support. Additionally, the resistance of the specimens exceeded 
the calculated value according to the ACI code, suggests that the 
code is reliable and perhaps more conservative. 

Keywords: Punching Shear, GFRP Rebar, Footing, Reinforced 
Concrete, Elastic Foundation 

1. Introduction 

Reinforced concrete structures have gained widespread 
popularity due to their strength, durability, and comparatively 
low construction cost when compared to other types of 

structures. However, the corrosion of steel reinforcement within 
these structures has emerged as a significant concern in the 
modern construction industry [1]. The corrosion of steel 
reinforcement bars in reinforced concrete structures exposed to 
harsh marine environments is caused by chloride ions, which can 
reduce the load-carrying capacity of the elements by decreasing 
the diameter of the corroded bars and affecting their flexural and 
bond strength. Researchers have suggested various solutions, 
including using different types of steel reinforcing bars and 
improving concrete quality. However, the high cost of repairing 
corrosion damage has led to the development of a new 
reinforcing material, FRP bars, which have high strength and 
corrosion resistance and can replace steel reinforcement in 
reinforced concrete structures. Using FRP bars in reinforced 
concrete footings, which are in direct contact with soil and 
difficult to repair, is particularly important for improving the 
performance of the structures and avoiding expensive repair cost. 

To transfer the weight of a structure to the ground, footings 
resting on soil are used. However, the pressure of the soil 
beneath the footings depends on the type and stiffness of the 
soil, making it difficult to predict the behavior of the footings. 
Additionally, if concrete footings fail due to punching shear, it can 
cause the entire structure to collapse in a brittle manner [2,3]. 
Consequently, researchers have conducted numerous 
experiments and theoretical studies to understand the punching-
shear behavior of concrete-column footings. 

Hegger et al. [4,5], Siburg and Hegger [6], Bonić and Folić [7], 
and Bonić et al. [8] conducted punching shear tests on RC 
footings using real sand. While Kevi et al. [9], Oskouei et al. [10], 
and Saleh et al. [11] investigated the punching behavior of GFRP 
footings on real soil support. The test result shows that the 
capacity and shear crack in footings is affected by the a/d ratio. 
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Shear reinforcement can enhance punching capacity, while 
concrete strength has a greater influence than the reinforcement 
ratio. GFRP-reinforced concrete footings have lower capacity and 
wider cracks compared to steel-reinforced footings. 

Talbot [12], Lee et al. [13], and Truong et al. [14] performed 
punching shear tests on RC footing and ground slab using elastic 
springs to simulate an elastic foundation based on Winkler-type 
soil reactions. According to the test results, the elastic spring 
system was consistent throughout the test, and the test 
participants' behavior on it was comparable to the other support 
systems. 

For this present study, the punching shear behavior of 
reinforced concrete isolated footings reinforced with GFRP rebars 
considering soil-structure interaction was investigated. In this 
study, an elastic steel spring system that simulates the elastic 
foundation based on Winkler-type soil reactions was used to 
support the test specimen compared with a rigid support. 
Moreover, the test results were compared with the punching 
shear resistance predictions from the ACI code.  

2. Experimental program 

2.1 Test specimens 

In this study, two square footings with a square stub column 
were constructed. The size of the tested footings was chosen to 
be approximately equal to the size of common footings usually 
used in residential buildings. Both specimens had the same 
dimensions of 1,000 x 1,000 x 200 mm, with a square stub column 
prepared at the center of the footing with dimensions of 150 x 
150 x 150 mm. The main reinforcement consisted of 4 DB20 mm 
(SD40T) steel bars, and 4 RB9 mm (SR24) steel bars stirrups were 
used as transverse reinforcement for both specimens. All tested 
footings had the same reinforcement ratio of 0.62% and the same 
concrete compressive strength of 25 MPa. The specimens were 
divided into two groups: the first group (F1) was supported by a 
bed of elastic springs to simulate an elastic foundation based on 
Winkler-type soil reactions, while the other (F2) was supported 
by a rigid support to examine the effect of soil-structure 
interaction. Table 1 and Fig. 1 provide full details of the tested 
specimens.  

Table 1 Summary of experimental program 

Footing ID l (mm) b (mm) h (mm) d (mm) Φ (mm) ρ (%) Support 

F1 1,000 1,000 200 150 13 0.62 Spring 

F2 1,000 1,000 200 150 13 0.62 Rigid 

 
Fig. 1 Dimensions and detail of specimens F1, and F2 (Unit: mm) 

2.2 Material properties 

2.2.1 Reinforcement bars 
The tested footing specimens were reinforced with ribbed 

bars of Glass Fiber Reinforced Polymer (GFRP bars) that were 13 
mm in diameter and met the Thai Industrial Standards (TIS. 2973-
2562) [15]. To determine the ultimate tensile strength, ultimate 
strain, and modulus of elasticity of the bars, GFRP bar specimens 
were tested following ASTM D7205/D7205M-06 [16]. The 
measured ultimate tensile strength, ultimate strain, and modulus 
of elasticity of GFRP bars with 13 mm diameter were 942 MPa, 
0.021, and 45,187 MPa, respectively. The steel ribbed bars and 
round steel bars, supplied according to the Thai Industrial 
Standards SD40T (TIS. 24-2559) [17] and SR24 (TIS. 20-2559) [18], 
respectively were used for stub columns.    

2.2.2 Concrete 
For all tested specimens, commercial-ready mixed concrete 

was used. The concrete mixture was designed to reach a 
standard cylinder sample (Φ150x300 mm) strength of 
approximately '

cf =  25 MPa on the day of testing. To assess 
the strength of the standard cylindrical samples, ASTM 
C39/C39M-14 [19] was followed.   

2.3 Test setup 

A hydraulic actuator with a capacity of 2,000 kN was used to 
apply a concentrated axial load through a stub column to each 
isolated footing. The test setup of the isolated footing tests is 
shown in Fig. 4 and Fig. 5. To support the reaction forces from 
the hydraulic actuator, a robust main steel frame was built on a 
sturdy floor.    
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To simulate an elastic foundation based on Winkler-type soil 
reactions, the F1 specimen was tested while being supported by 
nine elastic springs. Each of these steel springs has dimensions 
of 45 mm in diameter, 200 mm in outer diameter, and 620 mm 
in height. The modulus of soil reaction was estimated to be 
0.010 N/mm3, which represents the medium-dense sand [20]. 
Within the elastic limit of deformation of 186 mm, the spring 
stiffness remains constant at 1.074 kN/mm. 

In accordance with Fig. 3, the F2 specimen was tested using 
supporting beams that has a clear span of 750 mm in both 
directions. 

 
  (a) Plane 

 
 
 
 
 
 

  (b) Elevation 
Fig. 2 Elastic spring system (Unit: mm) 

 
 
 
 
 
 
 
 
 
 
   

Fig. 3 Rigid support (Unit: mm) 

 
Fig. 4 Test setup on the elastic spring system 

 
Fig. 5 Test setup on the rigid support 

2.4 Measurement instrumentations 

For both tested footings, nine LVDTs with an accuracy of 
0.01 mm were used to measure the footing displacement. The 
positions of transducers are shown in Fig. 6. At nine locations, 
D1 to D9 displacement transducers were placed in both 
directions on top of the footing. Strain measurements on 
longitudinal reinforcing GFRP were taken at different locations as 
shown in Fig. 7. All strain gauges were placed on the 
undersurface of the reinforcement, with “B” and “T” referring 
to the bottom layer and top layer, respectively. The strain 
gauges were all made by KYOWA, type KFGS-2-120-C1-11 L5M2R 
for reinforcement bar with a gauge length is 2 mm and 120.4Ω 
± 0.4% gage resistance. The strain gauges B1, B2, B3, T1, T2, and 
T3 were bonded to the GFRP bars. 

 
Fig. 6 Layout of displacement measurement (Unit: mm) 
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Fig. 7 Layout of rebar strain gages (Unit: mm) 

3. Test results 

3.1 Mode of failure, crack pattern, and failure load 

Both tested footings failed due to punching shear with no 
signs of flexural failure observed. The crack pattern at the end 
of the testing is depicted in Fig. 8 and Fig. 9. 

 
Fig. 8 Bottom surface crack patterns at failure of F1 

  
Fig. 9 Bottom surface crack patterns at failure of F2 

Specimen F1 showed a little higher punching shear 
resistance than specimen F2 as shown in Table 2. 

Table 2 Load capacity of test specimens 

Footing ID Pexp (kN) PACI (kN) Pexp/PACI 

F1 450.20 92.62 4.86 

F2 430.30 92.62 4.65 

 

3.2 GFRP bar strains 

Fig. 10, and Fig.11 show the longitudinal GFRP bar strain of 
specimens F1, and F2, respectively. Under a given load, tensile 
strain occurred in the specimen rebars because of the bending 
moment on the footing slab. In both figures, at maximum load, 
all the GFRP rebars did not reach their ultimate strain. This result 
indicates that both specimens did not fail in flexural failure 
mode.  

 
 
 
 

 
 
 
 
 
 
 

 

 
Fig. 11 Load-GFRP bars strain relationship of F2 

3.3 Effect of different support types 

Fig. 12 shows the experimentally measured load-
displacement relationship with the reactions from nine springs. 

0

100

200

300

400

500

0.000 0.002 0.004 0.006 0.008 0.010

Lo
ad

 (k
N)

Strain (mm/mm)

B1

B2

B3

T1

T2

T3

0

100

200

300

400

500

0.000 0.002 0.004 0.006 0.008 0.010

Lo
ad

 (k
N)

Strain (mm/mm)

B1

B2

B3

T1

T2

T3

Fig. 10 Load-GFRP bars strain relationship of F1
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Fig. 12 Load-displacement relationship of F1 

 
Fig. 13 Load-deflection relationship of F1 

 
Fig. 14 Load-deflection relationship of F2 

 

 

      

 
Fig. 15 Deflection of F1 in different stages of loading 

 

 

      

 
Fig. 16 Deflection of F2 in different stages of loading 
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The results obtained from Fig. 15 and Fig. 16 demonstrate 
that the foundation's stiffness significantly affects the footings' 
structural response. Specimen F1, which was supported by a 
bed of elastic springs, exhibited smaller structural deflection 
than specimen F2, which was supported by a rigid support. This 
can be corresponded to the fact that the rigid support allowed 
more movement of the footing, resulting in larger deflections 
under the applied loads. Both footing specimens initially 
experienced slight bending upon loading, but when they 
approached collapse, rapid deflection occurred. 

4. Conclusions 

Two full-scale reinforced concrete isolated footings 
reinforced with GFRP rebar specimens with the same structural 
dimensions and reinforcement ratio were tested to investigate 
the punching shear behavior of footings. The support types were 
examined. The results obtained from the experimental tests led 
to the following primary findings: 

4.1 The elastic spring system remains consistent on its k 
value even when subjected to vertical settlement during the 
experiment, regardless of any different levels or confining 
factors. 

4.2 Both specimens subjected to testing failed due to 
punching shear failure without showing any signs of one-way 
shear or flexural failures. There was no evidence of concrete 
crushing at the footing compression face at the column footing 
contact area, but instead of that, a brittle failure was observed 
with a sudden drop in the loaded area. 

4.3 Specimen F1, supported by a bed of elastic springs 
showed wider cracks while specimen F2, supported by a rigid 
support showed larger structural deflection. 

4.4 The maximum punching shear resistance for F1 
specimen with an elastic spring system was greater than the 
ultimate capacity of F2 specimen with a rigid support by 4.62%. 

4.5 The theoretically calculated value according to ACI 
CODE-440.11-22 [21] for punching shear resistance was 92.62 kN. 
The real value of punching shear resistance of specimens F1 and 
F2 according to tested results was 450.20 kN and 430.30 kN, 
respectively. In this case, the real resistance of specimens F1 
and F2 was higher than the calculated value with 4.86 and 4.65 
times, respectively. This means that ACI code is more reliable. 
The previous evidence supports that the punching shear 

resistance design based on the ACI code is extremely safe, 
possibly even more conservative. 
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