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Abstract. The structural behavior of fiber-reinforced polymer (FRP) reinforced autoclaved aerated 

concrete (AAC) panels has been investigated. Four FRP/AAC panels and two non FRP AAC panels 

were prepared for testing. The panels were tested under four-point bending test to investigate their 

strength and displacement of mid-span responses using a bending pressure testing machine. 

Experimental results showed that FRP laminates increased the bearing capacity of AAC panels. A 

theoretical analysis was conducted to predict the strength of the FRP/AAC member, and the results 

found were in good accordance with the experimental results. 

Introduction 

Because of their high stiffness and strength, fiber reinforced polymers (FRPs) have been widely 

applied in civil engineering. It has been proved that FRP strengthening method is effective to 

enhance the load carrying capacity of masonry constructions. Currently, reinforced AAC elements 

have been widely used in panelized constructions, such as roof panels, floor decks, exterior or 

partitional wall panels, etc. Many studies on FRPs reinforced AAC elements have been conducted 

[1-3].  

Contrast to normal concrete panels, the failure mechanics of FRP reinforced AAC (FRP/AAC) 

panels is complex, which is not completely solved [4]. Shear bearing capacity and failure mode of 

FRP reinforced AAC panels are affected by many factors, studies on which are relatively less than 

the studies on bending failure. Because of the complexity of the problem and the research results 

are relatively limited, puts forward a practical and reliable design model is more difficult. Five 

FRP/AAC panels and two plain AAC panels have been investigated. As observed in the experiment, 

the failure modes of FRP/AAC panels in experiment were shear damage. The damage course of the 

panels using varieties of wrapping methods was analyzed.   

Objectives 

Table 1 lists the mechanical properties of the AAC panels used as the base material. The 

mechanical properties of carbon fibers sheet, basalt fibers sheet, and epoxy resin used in this 

research are listed in Table 2.  

In order to investigate the panels applied in practical engineering, the AAC external wall panels 

produced by Nanjing Asahi New Building Materials Co., Ltd. were chosen as the specimen. Fig. 1 

shows the reinforcement drawing of these AAC panels. Each AAC panel was measured 

1200mm×600mm×100mm, and 18 steel bars within it (9 bars in each row). The diameter of each 

bar is 5mm. 
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Table 1. Mechanical Properties of the AAC Panels 

Compressive 

Strength 

Tensile 

Strength 

Shear 

Strength 

Elasticity Modu

lus 

Densit

y 

4MPa 0.5MPa 0.5MPa 1.8GPa 
525kg/

m
3
 

Table 2. Mechanical Properties of epoxy resin FRPs composite 

Property epoxy resin CFRP BFRP 

Tensile Strength 72.4MPa 3.4GPa 2.8GPa 

Elasticity Modulus 3.17GPa 241GPa 100GPa 

Thickness  0.167mm 0.171mm 

Density  1780 kg/m
3
 2320 kg/m

3
 

 

        

Fig. 1 Reinforcement Drawing of AAC panels 

The main objectives for this research were (1) to assess the AAC panels’ performance under a 

four-point bending test and discuss results in terms of load, mid-span displacement, ultimate 

strength, and failure mode; (2) to compare four types of FRP wrapping AAC panels: unidirectional 

CFRP lamina, bidirectional CFRP lamina, unidirectional BFRP lamina, and bidirectional BFRP 

lamina; (3) to propose and validate a theoretical formulas appropriated for analyzing FRP/AAC 

panels. 

Experimental Researches 

Panel Prototypes  

In this research, four types of AAC panels have been made: (1) two panels wrapped by 

unidirectional FRP laminate for Flexural Reinforcement (F3 BFRP, F5 CFRP); (2) two panels 

wrapped by bidirectional FRP for Flexural and Shear Reinforcement (F4 BFRP, F6 CFRP); Besides, 

two plain AAC panels without FRP wrapping (F1, F2) were prepared for comparison. 

All of the testing panels were prepared through labor intensive hand lay-up process. The flexural 

reinforcement FRP wrapping panels (F3, F5) were sandwiched by top and bottom unidirectional 

fiber lamina. While the flexural and shear reinforcement FRP wrapping panels (F4, F6) were 

wrapped by top and bottom fiber lamina for flexural reinforcement and then wrapped by lamina for 

shear reinforcement. The wrapping methods are shown in Fig. 2. 

 

                

(a)                                                                     (b) 

Fig. 2 Schematic diagrams for the panels used in the experimental work; (a) unidirectional FRP 

wrapping, (b) bidirectional FRP wrapping. 
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Method 

F1 F2 F3 

F4 F5 F6 

Fig. 3. Photos of Specimen’s Failure 

The four-point bend tests were used to investigate the structural response of the specimen. 50kN 

WYW-50 bending machine made by Hualong Test Instrument Company was used in the test. An 

electronic displacement gauge was placed at the mid-span of the panel to automatically record the 

mid-span displacement by computer. The four-point test is shown in Fig. 3. The span length of 

specimen is 1100mm. The space of the two loading point is 550mm, which is at the quarter point of 

the specimen. The testing environment is 25℃ and with humidity 70%. 

Experimental Results and Discussion 

As shown in Fig. 3, all of the panels were broken (underwent failure) due to shear. In general, the 

failure mode of the specimen was the sudden cracking of AAC in shear zone. As observed in the 

test, the plain AAC panels without FRP wrapping (F1, F2) failed immediately at one maximum 

shear zone. In order to compare values of the specimen, the average ultimate load of F1 and F2, 

33.96kN, was used to be the standard ultimate load of plain AAC panel. 

As for the unidirectional FRP wrapping panels (F3, F5), the failure mode was the cracking of 

AAC in shear zone followed by end debonding of FRP. As shown in Fig. 4(a, b), two main steps 

could be observed: Firstly, the wrinkling of FRP in compression occurred at load of 10.47 kN, and 

24.11 respectively. Secondly, followed at once by FRP end debonding, the AAC panel cracked at 

the maximum shear at 40.87 kN, and 42.67 respectively. The broken of the bonding layer between 

AAC and FRP is the reason for failure.  

 

(a) Step 1, Wrinkling of FRP                          (b)  Step 2, Shear cracks of AAC 

 

(c, d) Step 3, FRP debonding 

Fig. 4. Schematic Diagram for Failure Steps 
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Table 3. Testing results for the specimen 

Panel 

No. 

Ultimate 

Load(kN) 

Final mid-

deflection (mm) 
FRP wrapping 

Load Bearing 

Enhancing Ratio 

F1 34.92 6.02 No FRP wrapping 2.83% 

F2 32.99 5.63 No FRP wrapping -2.86% 

F3 40.87 7.15 
unidirectional 

BFRP 
20.3% 

F4 44.08 9.12 bidirectional BFRP 29.8% 

F5 42.67 7.61 
unidirectional 

CFRP 
25.6% 

F6 above 50 - bidirectional CFRP Over 47.2% 

 

As for the bidirectional FRP wrapping panels (F4, F6), the ultimate failure mode was the AAC 

shear cracking followed by FRP shearing out. The schematic diagram for FRP shearing out was 

shown in Fig. 4(c, d). As observed, there was an obvious increase of deflection at mid-span. The 

shearing out of FRP occurred nearly the same time as the cracks of AAC. Furthermore, the failure 

of FRP/AAC panels is an instant failure rather than a progressive one. But the bearing capacity 

remained at a high level during the expanding of the deflection of the panels ranging from 44.08kN 

to over 50 kN.  As the load of F6 was beyond the measuring range of the instrument, the mid-span 

displacement of F6 was failed to be measured. 

The testing results of the specimen presented in Table 3. Because of the strengthening of FRPS, 

the load bearing capacity and the toughness of the FRP AAC panels have been increased. The load 

bearing capacity enhancing of unidirectional FRP strengthening panels is less than that of 

bidirectional FRP strengthening panels. The latter ones are 29.8% (bidirectional BFRP), and over 

47.2% (bidirectional CFRP) respectively. While the former ones increased ductility of the panels. 

Analyses 

The current calculating formula for ultimate bearing capacity of FRP strengthening panel is under 

the assumption as: tensile failure of FRP, or pressure crushing of concrete. Stripping failure of FRP 

is the common failure of FRP strengthening AAC, but the current formula is not applicable. The 

expected failure mode is the FRP tensile failure or concrete pressure crushing after reinforcement 

yielding. 

Tensile Shear Damage 

According to sandwich theory, the shearing force of FRP/AAC panel is, 

V=Vc+Vfrp+Vs                                                                                                                               (1) 

Where Vc, Vfrp, Vs are the shear provided by concrete, FRP, and steel reinforcement, respectively.  

Proposed by Chen & Teng, [5] 

Vfrp=2 Vfrp, etfrpwfrp[hfrp,e(sinβ+cosβ)]/sfrp                                                                                       (2) 

ffrp,e is average stress in crossing area of FRP and shearing crack, tfrp is the thickness of FRP,  wfrp 

is the width of FRP stripe,  sfrp is the FRP stripes’ spacing, β is the horizontal angle of FRP fiber,  

hfrp,e is effective height of FRP stripes.                                  

As for plain AAC panel, shear provided by AAC is [6] 
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 Vc= 0.7ftbh0                                                           (3) 

Shear provided by AAC was 17.33kN. 

For FRP strengthened AAC panel, the crack of AAC occurred before the shear failure of the 

sandwich panels. Then the presence of high-strength FRP materials on the tension side of concrete 

beams leads to an increase in tensile and shear stresses in the concrete cover within the shear span. 

As this concrete layer is not confined by internal steel shear reinforcement, the tensile force from 

the bonded FRP reinforcement cannot be transferred to the internal concrete core and, as a result, 

the beams fail when the shear capacity of the equivalent unreinforced concrete element is exceeded 

by the applied loading. [7]. In the inelastic zone, AAC becomes crushed and the strength 

contribution of the AAC to the FRP/AAC composite panel is not significant. Therefore, in nonlinear 

range the contribution of AAC in compressive forces is considered none. [8] 

So the equilibrium equation becomes 

V= Vfrp                                                                                                                                           (4) 

Shear provided by CFRP is 26981.9. Shear provided by BFRP is 22752.6. 

Plate-end Debonding Failure 

Interface debonding between concrete and FRP is the main failure mode of FRP strengthened 

structures. Ultimate shear strength and normal stress both occurred at the end of beam, that’s why 

end stripping damage occurs [9]. According to Oehlers model, the shearing force at the end of the 

panel is given by [10]: 

Vdb,end=η[1.4-d/2000] bcd[ρsfc′]
1/3 

                                                                                                 (5) 

Where, d = effective depth of section, bc= width of section,ρs= ratio of tensile steel reinforcement, 

fc′= cylinder compressive strength of concrete. 

As for shear damage coefficientη, Smith and Teng proposed 1.4, based on experimental data
[11]

. 

The suggestedη for AAC is 1.3, then 

 Vdb,end=1.3[1.4-d/2000] bcd[ρsfc′]
1/3                                                                                                                                              

(6) 

Validation of the Prediction 

As analyzed above, the failure modes of plain AAC panel and bidirectional FRP wrapping panels 

are tensile shear damage. The nominal shear strength for them can be calculated by Chen & Teng 

model using Eq. (3) and Eq. (4) respectively. While the failure mode of unidirectional FRP 

wrapping panels is plate-end debonding failure. Eq. (6) can be used to predict the shear strength, 

which is based on revised Oehlers model. 

Table 4 summarizes the nominal and experimental shear strength of specimen. The difference 

between the nominal and experimental shear strength is 0.8% and 4.8% for plain AAC panels, 3.3% 

and 7.8% for unidirectional FRP wrapping AAC panels, 3.1% and 7.3% for bidirectional FRP 

wrapping AAC panels. The close convergence illustrates the accuracy of the proposed model.   
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Table4. Comparison between experimental and calculated value 

Panel 
FRP 

wrapping 

Experimental 

shear strength 

(kN) 

Failure Model 
Nominal shear 

strength (kN) 
Difference 

F1 
No FRP 

wrapping 
17.46 

Tensile shear 

damage of AAC 
17.33 0.8% 

F2 
No FRP 

wrapping 
16.50 

Tensile shear 

damage of AAC 
17.33 4.8% 

F3 
unidirection

al BFRP 
20.44 

Plate-end 

debonding failure 
19.79 3.3% 

F4 
bidirectiona

l BFRP 
22.04 

Tensile shear 

failure of FRP 
22.75 3.1% 

F5 
unidirection

al CFRP 
21.34 

Plate-end 

debonding failure 
19.79 7.8% 

F6 
bidirectiona

l CFRP 
Over 25 

Tensile shear 

failure of FRP 
26.98 

About 

7.3% 

Conclusions 

(1) Since the low strength of AAC, the modes of failure for all of the panels are brittle shear 

damage. While FRP wraps enhance the bearing capacity of AAC by 20.3% to 47.2% over the 

unwrapped panels. 

(2) For unidirectional FRP wraps, the failure mode is tensile shear failure of FRP. The formula 

proposed by Chen & Teng can be used to predict the ultimate bearing capacity.  

(3) The failure mode of bidirectional FRP wrapping AAC panels is plate-end debonding failure. 

Oehlers model is revised and proposed to calculate the nominal bearing capacity for FRP/AAC 

panels. The clear convergence between the nominal and the experimental values emphasizes the 

validity of the equations proposed for obtaining the shear capacities for FRP/AAC panels. 
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