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Abstract:



In recent years, load-bearing exterior sandwich wall boards have been adopted in civil engineering. The exterior walls of structures are often exposed to low velocity impacts such as stones, tools, and windborne debris, etc. The ultimate loading capacity, deformation, and ductility of sandwich walls are weakened by impact loads. In this study, the sandwich wall boards consisted of glass fiber reinforced plastic (GFRP) face sheets and a web-foam core. The core of wall boards was not the isotropic material. There was no doubt that the mechanical performance was seriously influenced by the impact locations. Therefore, it is necessary to carry out an investigation on the impact and post-impact performance of exterior wall boards. A comprehensive testing program was conducted to evaluate the effects of impact locations and impact energies on the maximum contact load, deflection, and contact time. Meanwhile, the compression after impact (CAI) performance of wall boards were also studied. The results indicated that the impact location significantly affects the performance of wall boards. Compared with an un-damaged wall board, the residual ultimate loading capacity of damaged wall boards reduced seriously, which were not larger than 50% of the designed ultimate loading capacity.
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1. Introduction


As the load-bearing components, sandwich wall boards have been widely adopted in civil engineering because of their advantages of large strength to weight ratio, excellent anti-corrosion ability, and thermal insulation property. Sandwich wall panels, consisting of two thin, fiber-reinforced plastic face sheets and light-weight core material such as polystyrene foam, could be fabricated to obtain a high ultimate strength [1].



In the past 10 years, a lot of studies of the performance of sandwich wall boards have been carried out [2,3,4,5,6,7,8,9,10]. Shipsha and Zenkert [11] conducted an experimental study on compression after impact (CAI) strength of foam-cored sandwich panels. The impact damage was mainly foam core crushing accompanied by a permanent indentation in the face sheet. Meanwhile, residual dent growth was observed by digital speckle photography analysis. CAI strength of sandwich panels decreased with increasing impact damage size. Moreover, a finite element model was developed to predict the CAI strength. Zhao et al. [12] carried out an investigation to evaluate the influence of low velocity impact on honeycomb-cored sandwich structures. The test results indicated that the impact damage led to a change in failure modes; in the meantime, the compressive failure strength decreased by 10%. A finite element model was also established to evaluate the CAI behavior of specimens. The simulation results showed that the failure process of the un-damaged and damaged specimens under compressive loading was similar in experimental phenomena. Vaidya et al. [13] evaluated the low-velocity impact response of sandwich wall boards. The results showed that the rear face sheet of the wall board can be observed to be un-damaged when exposed to impact loading. Meanwhile, the proposed wall boards can prevent blunt object projectile penetration when the impact velocity is less than 135 m/s. Schubel et al. [14] investigated impact and post-impact performance of sandwich wall boards. The CAI tests were conducted compared with un-damaged specimens. The test results showed that the compressive strength of specimens decreased by 50% due to the delamination damage. Kenny and Torre [15] proposed a new corrugated sandwich wall panel. The test results showed that this panel can absorb impact energy around 35% more than that of traditional material, but a large number of tests have to be conducted to obtain reliable material properties before conducting the design of composite sandwich wall panels. In our companion paper [16,17,18], authors developed a new sandwich wall board made of glass fiber reinforced plastic (GFRP) face sheets and web-foam, as shown in Figure 1a. The interfacial delamination can be avoided by using GFRP webs. A large number of tests were conducted to evaluate the mechanical properties of this new wall board. The test results demonstrated that, compared to normal foam-cored sandwich wall boards, the ultimate axial strength increased roughly by 140%.


Figure 1. Composite sandwich wall board.
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However, the core of developed wall boards in this study was not the isotropic material. Besides the fact that the ultimate strength of sandwich wall boards was significantly affected by impact loading, there was no doubt that the failure mode and post impact performance were seriously influenced by the impact locations. Li et al. [19] used composite sandwich wall boards strengthened by both T-shaped and I-shaped stiffeners to conduct on-edge impact testing. The test results indicated that the impact damage of wall boards impacted on the free edge was more serious than that of wall panels impacted on face sheets, because the edge-impacted region lacked surrounding constraints. Besides the studies conducted by Li, hardly any references have been collected that evaluate the effects of impact location on the behavior of sandwich wall boards. Therefore, it is necessary to evaluate the low-velocity impact response and the residual axial load capacity of composite sandwich wall boards with different impact locations. This is the reason why we conducted this investigation. In this study, a test program was carried out to study the effects of impact locations, impact energies, and foam densities on the maximum contact force, deflection, and contact time. In the meantime, the CAI tests were also conducted to study the residual strength of the composite sandwich wall boards.




2. Materials and Methods


2.1. Specimens


70 specimens, manufactured by a vacuum-assisted resin infusion process, were tested, with five replicates for each condition. The face sheets were made by the E-type glass fiber fabric with density of 800 g/m2 and the unsaturated polyester resin. The specimens were filled polyurethane foams with different densities (40, 60 and 100 kg/m3). The width (w = 100 mm), length (d = 200 mm), and face sheet thickness (t = 2.4 mm) of all wall boards were identical.



Specimens 0D1E0 and L0D1E0 were control specimens, which did not subject to the low-velocity impact. They were used to prove the axial compressive behavior of the “perfect” sandwich wall panels. Specimens 0D1E2, 0D1E5, 0D1E8, 0D4E8, and 0D6E8 were control wall boards without webs to show the low-velocity impact response of the foam-cored sandwich wall boards. The other wall boards were reinforced with webs with different impact location (L), foam density (D), and impact energy (E). Figure 1b shows the dimension of specimens with web-foam core. Table 1 summarizes the specimen details.

	
Impact location with either skin, web, or cross of webs, designated as L0, L1, and L2, respectively, as shown in Figure 2.


Figure 2. Impact locations.
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Foam density with either 40, 60, and 100 kg/m3, designated as D4, D6, and D1, respectively.



	
Impact energy with either 27, 54, or 81 J, designated as E2, E5, and E8, respectively.







Table 1. Material properties of foams.





	
Group

	
Specimen

	
Foam Density (kg/m3)

	
Impact Location

	
Impact Energy (J)






	
A

	
0D1E0

	
100

	
-

	
0




	
0D1E2

	
100

	
-

	
27




	
0D1E5

	
100

	
-

	
54




	
0D1E8

	
100

	
-

	
81




	
0D4E8

	
40

	
-

	
81




	
0D6E8

	
60

	
-

	
81




	
0D1E8

	
100

	
-

	
81




	
B

	
L0D4E8

	
40

	
L0

	
81




	
L0D6E8

	
60

	
L0

	
81




	
L0D1E0

	
100

	
-

	
0




	
L0D1E2

	
100

	
L0

	
27




	
L0D1E5

	
100

	
L0

	
54




	
L0D1E8

	
100

	
L0

	
81




	
C

	
L1D1E2

	
100

	
L1

	
27




	
L1D1E5

	
100

	
L1

	
54




	
L1D1E8

	
100

	
L1

	
81




	
D

	
L2D1E2

	
100

	
L2

	
27




	
L2D1E5

	
100

	
L2

	
54




	
L2D1E8

	
100

	
L2

	
81











2.2. Material Properties


Tensile and compressive properties of GFRP face sheets were tested according to ASTM D3039/D3039M-08 [20] and ASTM D695-10 [21], respectively. The thickness of coupons was equal to the thickness of face sheet. During the tests, the displacement control was adopted. The displacement rate was 2 mm per min. The material properties of face sheet are summarized in Table 2. Six foam cubics with the identical dimensions (50 mm × 50 mm × 50 mm) were tested according to ASTM D1621-10 [22] to obtain the material properties. The displacement control was adopted. The displacement rate was 0.5 mm per min. The material properties of foam core are summarized in Table 3.


Table 2. Material properties of GFRP face sheets.










	
	Face Sheet
	Web





	Compressive strength (MPa)
	162.8
	165.7



	Compressive modulus (GPa)
	6.26
	6.13



	Compressive modulus (GPa)
	301.5
	322.3



	(GPa)Tensile modulus (GPa)
	6.61
	6.57








Table 3. Material properties of foams.





	Foam Density (ρ) (kg/m3)
	Yield Strength (fy) (MPa)
	Young’s Modulus (Ef) (MPa)





	40
	0.171
	5.02



	60
	0.366
	9.87



	100
	0.637
	15.17










2.3. Test Set-Up for Low Velocity Impact


The drop tower device with a free-falling mass (4.5 kg) was adopted to impact with the wall boards (see Figure 3). The device can provide a range of 25–2000 J impact energy. Impact loads were measured by a loading transducer. Upon release, the falling mass could fall along two guide rails, and through the center hole of a thick plate to impact on the setting location. Multiple impacts were avoided due to the presence of a rebound brake.


Figure 3. The drop tower apparatus.
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2.4. Test Set-Up for Compression after Impact (CAI) and Instrumentation


Figure 4 shows the CAI testing set-up. The boundary conditions of specimen are fixed at both ends. A compressive load was applied by a 50 tons capacity hydraulic actuator. The specimen was tested under a displacement control. The displacement rate was 1 mm per min. To measure the axial shortening of the specimen under edgewise compression, two linear variable displacement transducers were employed to record deformation, and another one was placed at the middle height of the specimen to record lateral deformation. For each specimen, the strain gauges were pasted on face sheets to record the longitudinal strain distribution.


Figure 4. CAI test set-up.
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3. Impact Test Results and Discussion


3.1. Effects of Impact Energy


The side views of specimens 0D1E2 (E = 27 J), 0D1E5 (E = 54 J), and 0D1E8 (E = 81 J), respectively, are shown in Figure 5. For Specimen 0D1E2, the damage region was concentrated with the damage radius of 10 mm, and trace depth was uniform. The GFRP skin was well connected to the foam core; for Specimen 0D1E5, its damage shape was approximate an ellipse. The impact trace was obvious at the impact point, while the peripheral impact traces became blurred. Interfacial fracture cracks were generated. The damage length and width were about 42 mm and 25 mm, respectively; for specimen 0D1E8, a cross-shaped damage region appeared. The length of damage region was over 50 mm. It can be found that the extrusion deformation of foam core occurred, and the shear failure of the foam core appeared. In the meantime, the interfacial delamination occurred. Hence, it can be concluded that impact damage region enlarged with increasing impact energy; moreover, the larger impact energy can lead to the occurrence of interfacial fracture delamination. The impact test results are summarized in Table 4. Compared to Specimen 0D1E2 (v = 2.91 m/s, F = 3.77 kN), the impact velocity (v) and maximum contact fore (F) of Specimen 0D1E5 increased by 44.3% and 41.1%, respectively, which were 4.20 m/s and 5.32 kN; the impact velocity (v) and maximum contact force (F) of Specimen 0D1E8 increased by 78.4% and 72.7%, respectively, which were 5.19 m/s and 6.51 kN. Compared to Specimen L0D1E2 (v = 2.86 m/s, F = 7.84 kN), the impact velocity (v) and maximum contact fore (F) of Specimen L0D1E5 increased by 47.9% and 19.9%, respectively, which were 4.23 m/s and 9.40 kN; the impact velocity (v) and maximum contact force (F) of Specimen L0D1E8 increased by 82.9% and 34.4%, respectively, which were 5.23 m/s and 10.54 kN. Compared to Specimen L1D1E2 (v = 2.89 m/s, F = 11.35 kN), the impact velocity (v) and maximum contact fore (F) of Specimen L1D1E5 increased by 45.7% and 7.0%, respectively, which were 4.21 m/s and 12.15 kN; the impact velocity (v) and maximum contact force (F) of Specimen L1D1E8 increased by 81.0% and 26.9%, respectively, which were 5.23 m/s and 14.40 kN. Compared to Specimen L2D1E2 (v = 2.88 m/s, F = 15.62 kN), the impact velocity (v) and maximum contact fore (F) of Specimen L2D1E5 increased by 45.8% and 13.0%, respectively, which were 4.20 m/s and 17.65 kN; the impact velocity (v) and maximum contact force (F) of Specimen L2D1E8 increased by 80.6% and 33.4%, respectively, which were 5.20 m/s and 20.83 kN. Hence, the larger impact energy can generate a larger impact velocity, and a larger contact force can also be achieved. When the impact energy was double, the impact velocity and larger contact force increased by roughly 40% and 10%, respectively; when impact energy was three times larger, the impact velocity and larger contact force increased by roughly 80% and 30%, respectively.


Figure 5. Impact damage with different impact energy.
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Table 4. Impact test results.





	
Group

	
Specimen

	
Velocity (m/s)

	
Max. Contact Force (kN)






	
A

	
0D1E0

	
-

	
-




	
0D1E2

	
2.91

	
3.77




	
0D1E5

	
4.20

	
5.32




	
0D4E8

	
5.24

	
3.23




	
0D6E8

	
5.21

	
3.84




	
0D1E8

	
5.19

	
6.51




	
B

	
L0D4E8

	
5.22

	
5.73




	
L0D6E8

	
5.22

	
7.86




	
L0D1E0

	
-

	
-




	
L0D1E2

	
2.86

	
7.84




	
L0D1E5

	
4.23

	
9.40




	
L0D1E8

	
5.23

	
10.54




	
C

	
L1D1E2

	
2.89

	
11.35




	
L1D1E5

	
4.21

	
12.15




	
L1D1E8

	
5.23

	
14.40




	
D

	
L2D1E2

	
2.88

	
15.62




	
L2D1E5

	
4.20

	
17.65




	
L2D1E8

	
5.20

	
20.83











3.2. Effects of Foam Density


Figure 6a shows the influences of foam density on impact damage and failure behaviors of specimens without webs. For Specimen 0D4E8, damage region was larger than that of Specimens 0D6E8 and 0D1E8. The upper skin was complete fracture. A large region of interfacial delamination can be found. For Specimen 0D6E8, the upper skin was partial fracture. Interfacial delamination also occurred. For Specimen 0D1E8, a cross-shaped damage region can be found, while interfacial delamination did not occur. Figure 6b shows the influence of foam density on impact damage and failure behaviors of specimens with impact location of L0. For Specimens L0D4E8, L0D6E8, and L0D1E8, the whole damage regions were almost identical, because the two-direction webs restrict the expansion of fiber fracture of upper skin, but the impact region and depth at the impact point decreased with the increase in foam density. Thus, foam density has great effect on resistance to impact damage. The greater foam density, the larger resistance to impact damage.


Figure 6. Impact damage with different foam densities.
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Table 4 shows the test results of specimens with different foam densities. Compared to Specimen 0D4E8 (F = 3.23 kN), the value of F of Specimen 0D6E8 increased by 18.9%, which was equal to 3.84 kN, and the value of F of Specimen 0D1E8 increased by 101.5%, which was equal to 6.51 kN. Compared to Specimen L0D4E8 (F = 5.73 kN), the value of F of Specimen L0D6E8 increased by 37.2%, which was equal to 7.86 kN, and the value of F of Specimen L0D1E8 increased by 83.9%, which was equal to 10.54 kN. Hence, the larger foam density can alleviate the impact damage, since the foam core can provide much more supporting resistance to the face sheets. Meanwhile, increasing the foam density can lead to a greater contact force. When the foam density was 1.5 times larger, the contact force at least increased by 19%; when impact energy was 2.5 times larger, the contact force at least increased by 84%.




3.3. Effects of Impact Location


Figure 7 shows the impact damage of specimens with impact location of L0. For all the wall boards, the impact damage region was a square region that was surrounded by the webs. The damage depth of Specimen L0D1E2 was smallest due to the minimum impact energy. For specimen L0D1E5, a cross-shaped impact damage can be found in the damage region. For specimen L0D1E8, the fiber breakage and the penetration of upper skin occurred due to the maximum impact energy. Figure 8 shows the impact damage of specimens with impact location of L1. The damage region and failure behavior of specimens in this group were relatively concentrated. The damage region was small, mainly in the form of dent and crack. With increasing impact energy, cross-shaped impact damage was generated. Figure 9 shows the impact damage of specimens with impact location of L2. For Specimen L2D1E2, the impact surface was flat, and there were almost no dents traces; for Specimen L2D1E5, the impact dent can be found. The damage region had a tendency to spread along the longitudinal and transverse webs; for specimen L2D1E8, the cross-shaped impact damage was generated; and in the meantime, the skin fracture occurred along the directions of the webs. In addition, for all web-foam core specimens, owing to the use of webs, the interfacial delamination did not occur.


Figure 7. Impact damage at Location L0.



[image: Materials 11 01714 g007]





Figure 8. Impact damage at Location L1.
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Figure 9. Impact damage at Location L2.
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Compared to Specimen L0D1E2, the impact force was 7.84 kN. When impact location become L1 and L2, the corresponding impact forces were 11.35 kN for Specimen L1D1E2 and 15.62 kN for Specimen L2D1E2, which increased by 44.8% and 99.2%, respectively. Compared to Specimen L0D1E5, the impact force was 9.40 kN. When impact location become L1 and L2, the corresponding impact forces were 12.15 kN for Specimen L1D1E5 and 17.65 kN for Specimen L2D1E5, which increased by 29.3% and 87.8%, respectively. Compared with L0D1E8, the impact force was 10.54 kN. When impact location become L1 and L2, the corresponding impact forces were 14.40 kN for Specimen L1D1E8 and 20.83 kN for Specimen L2D1E8, which increased by 36.6% and 97.6%, respectively.



According to the impact time history curves, as shown in Figure 10, the impact time of specimens without GFRP webs were usually completed within 5 ms. When an impact event occurred, the impact force reached its maximum value in a short period of time, then fluctuated with decreases step by step. The larger the impact energy, the less the subsequent fluctuations. When the impact location was at L0, as shown in Figure 11, the impact force decreased sharply once it reached the peak value. When the impact location was at L1, the impact forces reached the peak values in a short period, as shown in Figure 12. A fluctuation of impact force emerged in the rapid rise and decline stages, respectively, but the time was short-lived. When the impact location was at L2, the impact forces usually reached the peak values in 0.5 ms, while the decline stages were slow, as shown in Figure 13. It can be concluded that from the perspective of the duration of the impact tests, the duration of specimens impacted on location L2 were fastest, while the duration of specimens without GFRP webs were longest. The reason was that the support of impact location L2 was stiffer than those of impact locations L0 and L1.


Figure 10. Impact load-time histories of specimens without webs.
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Figure 11. Impact load-time histories of specimens with impact location L0.
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Figure 12. Impact load-time histories of specimens with impact location L1.
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Figure 13. Impact load-time histories of specimens with impact location L2.
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The core material can be represented by a spring with a stiffness of K [18]. The web and foam are assumed to have perfect bonding through the resin. Consider a foam-GFRP web core (WFC) element cut out of the panel, as shown in Figure 14; the length and width are a and b, respectively. The Young’s modulus of core material in the z-direction (Ec) can be written as Equation (1) [17].


[image: ]



(1)




in which Ef and Ew are the Young’s modulus of foam and GFRP web, respectively; γf and γw are the volume ratio of foam and GFRP web, respectively.


Figure 14. Spring model of core material with different impact locations.
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According to the dimension of core elements, the Ec of Element I, II, and III can be expressed as Equations (2)–(4), respectively.


[image: ]



(2)
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(3)
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(4)







Then, the predicted Young’s modulus of core material can be calculated by Equations (2)–(4), which were 15.17 MPa, 309.36 MPa, and 588.11 MPa, respectively. It can be found that the stiffness of Element III was the largest, while the stiffness of Element I was the lowest. Hence, the impact force of specimens with impact location of L2 was larger than those of specimens with impact location of L0 and L1 under the same conditions of impact energy and foam density.





4. CAI Testing Program


4.1. Intact Wall Board Compression


Two un-damaged specimens (Specimens 0D1E0 and L0D1E0) were tested under axial compressive loading. Two strain gauges were attached on both face sheets of each board to record the axial deformation. The compressive failure of both face sheets occurred together. Two strain gauge readings were very similar until they ultimately failed; hence, the flexible behavior can be ignored. The ultimate compressive loadings of Specimens 0D1E0 and L0D1E0 were 48.62 kN and 103.92 kN, respectively.




4.2. Damaged Wall Panel Compression


The test results are shown in the Figure 15. Specimen 0D1E8 appears on the impact point as the center of the crack; both sides of the crack are white, until extended to both sides of the edge. For Specimen L0D1E8, the crack occurred near the edge with crushable tendency. For specimen L1D1E8, the crack occurred at the point of impact, the GFRP face sheet is broken into two parts, and the foam is crushed. Specimen L2D1E8 is similar to specimen L1D1E8, the closer to the impact point, the more serious damage was.


Figure 15. CAI test results.
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4.3. CAI Test Results and Discussion


Four damaged specimens, namely, 0D1E8, L0D1E8, L1D1E8, and L2D1E8, were tested under the axial compressive loading. Compared to the intact specimens, the damaged boards failed only in the impact damaged face sheet. Due to the impact damage, the stiffness of damaged face sheet was lower, which led to the presence of an additional bending moment. Moreover, the strain gauges readings proved that the un-damaged GFRP face sheet continued to apply resistance to the axial compressive loading once the damaged face sheet failed.



Table 5 lists the axial strength of all wall boards. As shown in Figure 16, compared to undamaged specimens, all damaged specimens exhibited a sharp decrease in ultimate strength, from 14.1% to 47.0%. For Specimen 0D1E8, the ultimate axial strength was 25.77 kN, compared to 48.62 kN for Specimen 0D1E0, corresponding to a reduction of 47.0%. For Specimens L0D1E8, L1D1E8, and L2D1E8, the ultimate axial strength was 64.83 kN, 77.64 kN, and 89.28 kN, respectively, compared to 103.92 kN for Specimen L0D1E0, corresponding to a reduction of 37.6%, 25.3%, and 14.1%, respectively. Therefore, under the same conditions of impact energy and foam density, the residual axial strength of a specimen with impact location of L2 was largest, while that of a specimen with impact location of L0 was smallest, which was only 28.9% of the residual axial strength of a specimen with impact location of L2. This may be because the area of damage for the region of specimens with impact location of L2 was smallest.


Figure 16. Load-displacement curves at different impact locations.



[image: Materials 11 01714 g016]





Table 5. CAI test results.





	Specimen Number
	Impact Energy (J)
	Impact Location
	Maximum Contact Force (kN)





	0D1E0
	0
	None
	48.62



	L0D1E0
	0
	None
	103.92



	0D1E8
	81
	-
	25.77



	L0D1E8
	81
	L0
	64.83



	L1D1E8
	81
	L1
	77.64



	L2D1E8
	81
	L2
	89.28











5. Conclusions


This study exhibits an experimental investigation on sandwich wall boards with GFRP face sheets and a web-foam core exposed to low-velocity test and compression after impact. The experimental and analytical findings are as follows:

	(1)

	
For all specimens, the larger impact energy can generate a larger impact velocity and a larger contact force. For the specimens without webs, the impact damage region enlarged with increasing impact energy, and the larger impact energy can lead to the occurrence of interfacial fracture delamination. For foam-web core specimens, the impact damage region cannot be enlarged due to the restriction of GFRP webs.




	(2)

	
The larger foam density can alleviate the impact damage, because the foam core can provide much more supporting resistance to the face sheets. Meanwhile, increasing the foam density can lead to a greater contact force. When the foam density was 1.5 times larger, the contact force at least increased by 19%; when impact energy was 2.5 times larger, the contact force at least increased by 84%.




	(3)

	
The impact damage of web-foam core wall boards was affected by the impact locations. For location L0, the damage region usually was a square area surrounded by the webs; for location L1, the failure mode of specimens behaved in the form of dent and crack; and for location L2, the cross-shaped impact damage, as well as the skin fracture along the directions of the webs, can be found.




	(4)

	
An analytical model was proposed to predict the Young’s modulus of core material. The values of Young’s modulus of core materials were 15.17 MPa, 309.36 MPa, and 588.11 MPa when the impact locations were L0, L1, and L2, respectively. Hence, it can be concluded that the impact force of specimens with impact location of L2 was larger than those of specimens with impact locations of L0 and L1 under the same conditions of impact energy and foam density. Moreover, the duration of specimens with impact locations of L2 were fastest, while the duration of specimens without GFRP webs were longest.




	(5)

	
The residual axial strength of damaged wall boards was evaluated by comparing the control wall boards. With the identical impact energy and foam density, the residual axial strength of a specimen with impact location of L2 was largest, while that of a specimen with impact location of L0 was smallest, which was only 28.9% of the residual axial strength of a specimen with impact location of L2. The reason was that the area of damage region of specimens with impact locations of L2 was smallest.













Author Contributions


Y.X., X.L. and Y.P. conducted experiments; M.L. modified the language; and L.W. conceived the idea and wrote the paper.




Funding


This research was funded by the National key research and development program of China (Grant No. 2017YFC0703001) and National Natural Science Foundation of China (Grant No. 51678297).




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Hollaway, L. A review of the present and future utilization of FRP composites in the civil infrastructure with reference to their important in-service properties. Constr. Build. Mater. 2010, 24, 2419–2445. [Google Scholar] [CrossRef]

	2. 
Azzam, A.; Zhou, B.; Md, H.; Wang, Q.; Akampumuza, O.; Li, W. Experimental study on the effects of stacking sequence on low velocity impact and quasi-static response of foam sandwich composite structures. Adv. Struct. Eng. 2015, 18, 1789–1805. [Google Scholar]

	3. 
Shawkat, W.; Honickman, H.; Fam, A. Investigation of a novel composite cladding wall panel in flexure. J. Compos. Mater. 2008, 42, 315–330. [Google Scholar] [CrossRef]

	4. 
Ugale, V.; Singh, K.; Mishra, N.; Kumar, P. Experimental studies on thin sandwich panels under impact and static loading. J. Reinf. Plast. Comp. 2013, 32, 420–434. [Google Scholar] [CrossRef]

	5. 
Sharma, S. Low-Velocity Impact Response of Polyurethane Foam Composite Sandwich Structures. J. Reinf. Plast. Comp. 2004, 23, 1869–1882. [Google Scholar] [CrossRef]

	6. 
Borsellino, C.; Calabrese, L.; Valenza, A. Experimental and numerical evaluation of sandwich composite structures. Compos. Sci. Technol. 2004, 64, 1709–1715. [Google Scholar] [CrossRef]

	7. 
Li, Z.; Zheng, Z.; Yu, J.; Yang, J. Indentation of composite sandwich panels with aluminum foam core: An experimental parametric study. J. Reinf. Plast. Comp. 2014, 33, 1671–1681. [Google Scholar] [CrossRef]

	8. 
Zangani, D.; Robinson, M.; Gibson, A. Energy absorption characteristics of web-core sandwich composite panels subjected to drop-weight impact. Appl. Compos. Mater. 2008, 15, 139–156. [Google Scholar] [CrossRef]

	9. 
Jamshid, F.; Maryam, A. Multiobjective crashworthiness optimization of multi-layer honeycomb energy absorber panels under axial impact. Thin Wall Struct. 2016, 107, 197–206. [Google Scholar]

	10. 
Umar, F.; Peter, M. Finite element simulation of damage and failure predictions of relatively thick carbon fibre-reinforced laminated composite panels subjected to flat and round noses low velocity drop-weight impact. Thin Wall Struct. 2016, 104, 82–105. [Google Scholar]

	11. 
Shipsha, A.; Zenkert, D. Compression-after-impact strength of sandwich panels with core crushing damage. Appl. Compos. Mater. 2015, 12, 149–164. [Google Scholar] [CrossRef]

	12. 
Zhao, W.; Xie, Z.; Li, X.; Yue, X.; Sun, J. Compression after impact behavior of titanium honeycomb sandwich structures. J. Sandw. Struct. Mater. 2018, 20, 639–657. [Google Scholar] [CrossRef]

	13. 
Vaidya, A.; Uddin, N.; Vaidya, U. Structural characterization of composite structural insulated panels for exterior wall applications. J. Compos. Constr. 2010, 14, 464–469. [Google Scholar] [CrossRef]

	14. 
Schubel, P.; Luo, J.; Daniel, I. Impact and post impact behavior of composite sandwich panels. Compos. Part A–Appl. 2007, 38, 1051–1057. [Google Scholar] [CrossRef]

	15. 
Kenny, J.; Torre, L. Impact testing and simulation of sandwich structures. In Proceedings of the Evolving and Revolutionary Technologies for the New Millennium, Long Beach, CA, USA, 1999; pp. 2368–2381. [Google Scholar]

	16. 
Wang, L.; Liu, W.; Wan, L.; Fang, H.; Hui, D. Mechanical performance of foam-filled lattice composite panels in four-point bending: Experimental investigation and analytical modeling. Compos. Part B–Eng. 2014, 67, 270–279. [Google Scholar] [CrossRef]

	17. 
Wang, L.; Liu, W.; Fang, H.; Wan, L. Behavior of sandwich wall panels with GFRP face sheets and a foam-GFRP web core loaded under four-point bending. J. Compos. Mater. 2015, 49, 2765–2778. [Google Scholar] [CrossRef]

	18. 
Wu, Z.; Liu, W.; Wang, L.; Fang, H.; Hui, D. Theoretical and experimental study of foam-filled lattice composite panels under quasi-static compression loading. Compos. Part B–Eng. 2014, 60, 329–340. [Google Scholar] [CrossRef]

	19. 
Li, N.; Chen, P. Experimental investigation on edge impact damage and compression after impact (CAI) behavior of stiffened composite panels. Compos. Struct. 2016, 138, 134–150. [Google Scholar] [CrossRef]

	20. 
American Society for Testing and Materials D3039/D303039M-08. Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials; ASTM international: West Conshohocken, PA, USA, 2008. [Google Scholar]

	21. 
American Society for Testing and Materials D695-10. Standard Test Method for Compressive Properties of Rigid Plastics; ASTM international: West Conshohocken, PA, USA, 2010. [Google Scholar]

	22. 
American Society for Testing and Materials D1621-10. Standard Test Method for Compressive Properties of Rigid Cellular Plastics; ASTM international: West Conshohocken, PA, USA, 2010. [Google Scholar]



















































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
—— L2D1E2
-O-L2D1ES
—8- L2D1E8






media/file8.jpg
. -
ODIE2
Partial
lamination
ODIES
- ‘ B

OD1E8





media/file27.png
—— L2D1E2
—(O— L2D1ES5
—— L2D1ES8

Time/ms






media/file34.jpg
Load/ kN

100 —=— LODIE0

—e— ODIES
—A— ODIE0

80 —v— LODIES
—o— LIDIES
—— L2DIES

60

40

20

b,

0 20 40 60 80
Displacement/mm





media/file13.png
Foam density = 60 kg/m? Foam density = 100 kg/m?
LOD4ES8 LOD6ES LOD6ES

(b)





media/file18.jpg
Impact energy =27 Impact energy =54 ] Impact energy =81
L2D1E2 L2DIES L2D1ES





media/file9.png
OD1E2

Partial

lamination

OD1E5

0D1ES8





media/file14.jpg
Impact energy =27 ] Impact energy =54 Impact energy = 81)
LODIE2 LODIES LODIES






media/file35.png
L.oad/ kN

100

80

60

40

20

—&— LODIEO
—o— ODIES
—&— (0D1EO
—v— LOD1ES
——— L1DI1ES
—=— L2DI1ES8

60 80 100
Displacement/mm





media/file20.jpg
Load/ kN

—— 0DIE2
—O— 0DI1ES
—&— 0DIES






media/file23.png
l.oad/ kKN

12

10

—— LOD1E2
—O—LOD1ES
—— LODI1ES

Time/ms






media/file5.png





media/file15.png
Impact energy =27 ] Impact energy =54 ] Impact energy =81 ]
LOD1E2 LOD1Eb5 LOD1ES8






media/file32.png
=
:
a
:
14
3
E

LODI1EO






media/file19.png
Impact energy =27 ] Impact energy =54 ] Impact energy =81 ]
L2D1E2 L2D1Eb5 L2D1E8





media/file28.jpg
>
Element I

(Impact location L0)

Element 11

(Impact location L1)

HT

Element I1I
(Impact location L2)






media/file11.jpg
Foam density = 100 kg/m*
LODGES






media/file36.png





media/file2.jpg
L1

L2

Lo





nav.xhtml


  materials-11-01714


  
    		
      materials-11-01714
    


  




  





media/file6.jpg





media/file24.jpg
Load/ kN

16

12

LID1E2

—O— LIDIES
—&— L1DI1E8






media/file29.png
R
Element |

- (Impact location LO)

.

.,

Element I1

N

(Impact location L1)

e

=

=
| ¥

T
e 8

2

N Element I11

(Impact location L2)





media/file1.png
Face sheet
Web
Foam

Upper skin————=

150

T C

HH._,H HﬁHH HH~ ) o _uJ mu_.n R

b
LIT XX CIT Y

HHHHHHHhHHHun

-:Hmwunmﬂ
LI ITLTI H{Hpnhmuun

Sesassenesss

XL XXX XXX

ZALIOLOOE

EeBE8e8s0088 S

K00S0

:_:.:._:L.,:

H.ﬂ LT LLL

HNHHHHN X Hm_ !

L X _.H_.HHHuu
H“_. L ._.A._”.
g Y Y

:
£
S
)]
<

150

)

b

(





media/file10.jpg
Foam density = 60 kg/m. Foam density = 100 kg/m®
OD4ES. 0D6ES ODIES
(a)





media/file7.png





media/file33.png
oam Crush
LOD1ES L1D1ES8 L2D1ES8






media/file16.jpg
D

Impact energy =27 Impact energy =54] Impact energy =81
LIDIE2 LIDIE5 LIDIES






media/file31.jpg
‘oam Crush
LODIES L2DIE8






media/file12.png
Foam density = 60 kg/m?. Foam density = 100 kg/m?
0D4ES8 O0D6ES O0D1ES8

(a)





media/file3.png
L2

g

L0





media/file22.jpg
Load/ kN

12

10

—— LODIE2
—O—LODIES
—8— LODIES

Time/ms






media/file17.png
Impact energy =27 ] Impact energy =54 ] Impact energy =81 ]
L1DI1E2 L1D1E5 L1D1E8






media/file4.jpg





media/file30.jpg
LODIEO





media/file25.png
Load/ kN

16

L1D1E2
—O— L1D1ES

—i#— L1DI1ES8






media/file0.jpg
Face sheet

Web
Foam
Le——
R
; e
© 1
Y2550 50 25 O laf’b’
it . 25,50 50 257 ¢
> T
Botom sin
— P
e

(b)





media/file21.png
Load/ kN

—— 0D1E2
—O— 0D1ES
—i— (OD1ES

Time/ ms






