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Damage and failure mechanism of concrete-filled CFRP box beams Bishnu Prasad Gautam1



Abstract A beam structure composed of CFRP box with infill concrete is studied for an application under transverse and axial loads. In a previous experimental study, the beams had failed near loading plate and away from mid span. This paper highlights the damage and failure mechanism of the beams by performing finite element analysis. Concrete is modeled as an isotropic material capable of cracking and crushing with a confinement model for compression. CFRP is modeled as an orthotropic material with linear constitutive relation. Failure analysis is performed using Tsai-Wu failure theory. A failure location similar to that in the experiment is observed in the numerical study. The final failure is resulted by the failure of CFR on and near the top flange. The failure is contributed mostly by longitudinal compressive stress and in-plane shear stress; longitudinal compression contributing approximately 60-80% and the rest by in-plane shear stress.
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1. Introduction FRP-concrete hybrid beam was first proposed by Fardis and Khalili (1981) as a concrete beam encased with FRP sheets. Thereafter, many studies on beam applications have been carried out especially for glass fiber reinforced polymer (GFRP) composites. A popular application has evolved in the form of concretefilled FRP tube CFFT. Mirmiran et al. (1995) studied a CFFT box beam as an alternative to a reinforced concrete beam-column. These structural systems avoid need of steel reinforcement. The FRP tube/box acts as a stay in place formwork for fresh concrete and confining medium for hardened concrete. This leads to reduction in the formwork and labor cost and accelerates the construction process. Being inspired by these results and also benefiting from the extremely high strength to weight ratio of carbon fiber reinforced polymer (CFRP), a hybrid concrete-CFRP beam has been conceptualized. The beam is envisaged for a particular application where a slim but strong beam section was necessary. It consists of a CFRP box filled with concrete and will act under transverse and axial loads for a large scale structural application as a modular unit (Gautam 2007). The novel concrete-filled CFRP box beam needs a detailed understanding of damage and failure mechanism before it can be realized in a practical application. A recent paper by Gautam and Matsumoto (2008) describes about the shear and interface behavior of the concrete-filled CFRP box beams. The beams suffered from interface slippage and resulted in very high shear deformation of CFRP at web locations. However, it does not present any information regarding beam failure. A study on an empty FRP box beam by Hayes and Lesko (2007) presents a failure analysis of a hybrid composite beam. The beam was composed of GFRP with some layers of CFRP attached at the flange. In their preceding experimental studies, failure had been consistently observed at top flange near load patch. The failure was suspected as a delamination failure possibly caused by interlaminar stresses. Thus, they performed FE analysis for failure investigation. They employed maximum stress failure criterion, but only at the topmost CFRP lamina and only for compressive stress with a presumption that the failure occurs by compression. They concluded the top flange failure was due to the compression failure of carbon plies. However, the input 1
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strength of a CFRP lamina which they term as “relatively low” is not a direct measurement and appears very low compared to that of typical CFRP laminas. Moreover, the beam was not filled with concrete and could not represent the scenario of concrete-CFRP box beam. A similar location of failure i.e. near loading plate had been observed in the beam studied by Fardis and Khalili (1981). Similarly, a beam column structure made of a CFFT box filled with concrete possessed similar failure location i.e. near loading plate, away from mid span (Mirmiran et al. 1999). The failure location was mentioned but the mechanism of failure remained untouched. From the above studies it can be said that the failure mechanism of a concrete-filled CFRP box beam remains little known among researchers. This study is devoted to the study of failure mechanism of concrete-filled CFRP box beams.



2. Carbon fiber reinforced polymer (CFRP) as an alternative material Fiber reinforced polymer (FRP) material is sometimes hailed as a new generation of construction materials, following steel and concrete. FRP is a high performance composite material consisting of reinforcing fibers of high strength and modulus such as glass and carbon fibers embedded in or bonded to a polymeric matrix such as epoxies and polysters. Carbon fibers are the main high strength and high modulus reinforcing material for FRP composites. FRP with carbon fiber as the reinforcing fiber is called CFRP. CFRP was invented as a high performance material for aircraft application around 1950s. CFRP is a very light material with specific gravity of about 1.6. High performance is possible under a range of stiffness and strength. It can have extensional modulus comparable to that of steel and tensile strength in the range of 1-2 GPa or higher. CFRP can be said as an ideal material for the applications necessitating high performance material. (Mallick 1993). Manufacturing of a CFRP composite starts with the incorporation of a large number of carbon fibers into a thin layer of matrix to form a lamina or ply as shown in Figure 1. A ply is a very thin planar structure with thickness in the range of 0.13 to 0.25 mm (Mallick 1993). The most common form in which fiber reinforced composite is used in structural applications is called a laminate. A laminate is obtained by bonding a stack of laminas in a specified sequence. While fibers in a lamina are almost always oriented in one direction, fibers in a laminate can have same or different orientations.



Figure 1: A CFRP lamina with unidirectional carbon fiber impregnated in thermoset resin (Source: Nippon graphite fiber corporation)



2.1 Stress‐strain relationship of CFRP  While an isotropic material contains an infinite number of planes of material property symmetry, an anisotropic material has no plane of material property symmetry. Fiber reinforced composites, in general, contain three orthogonal planes of material property symmetry, and are classified as orthotropic materials. The axes of intersection of these three planes of symmetry are called material principal directions (Mallick 1993). It is customary to denote the three axes as 1, 2 and 3 as shown in Figure 2, where direction 1 is longitudinal direction with the highest extensional modulus of all directions. Direction 2 is
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often regarded as in-plane transverse direction as it lies in the plane of lamina. The third direction denoted by 3 is out-of-plane transverse direction, with the extensional modulus lowest of all the three directions.



Figure 2: Stresses on an element of an orthotropic material Nine independent elastic constants are required to characterize an orthotropic material in a 3D domain as considered in this study. Stress vector ( σ ) and strain vector ( ε ) can be related by a stiffness matrix (C) by the generalized Hooke’s law as σ = C.ε . Alternatively, it can be written as ε = S.σ , where S is the inverse of the stiffness matrix and known as compliance matrix. When the reference system of coordinates is chosen along principal planes of material symmetry (Figure 2), the compliance matrix (S) can be expressed in terms of familiar engineering constants depicting the strain-stress relationship as:
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where, E1 , E 2 and E 3 are extensional moduli in three principal material directions. G12 is the in-plane shear modulus. G23 and G13 are out-of-plane shear modulus in the planes 2-3 and 1-3 respectively. µ12 , µ 23 and µ13 are Poisson’s ratios for the three planes 1-2, 2-3, and 1-3 respectively.



3. Experimental program and beam details This work is part of a collaborated study project between the University of Tokyo, and joint researchers (Shimizu Corporation and Toray Industries, Incorporated) to investigate the response of concrete-filled CFRP box beams subjected under transverse and axial loads. An experimental study has been performed by the joint researchers. One empty beam (Figure 4) and one filled beam were tested under four point bending load. Next three concrete-filled beams were subjected to axial load in addition to transverse load.
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This paper highlights the failure mechanism of the four concrete-filled beams (F). Depending upon the ratio of mid span bending moment to axial load, which was maintained constant during the entire range of loading for a beam, filled beams are classified as F-∞, F-32, F-16 and F-04 with the ratio as ∞, 0.32, 0.16 and 0.04 respectively. The geometry of the beams is shown in Figure 3. CFRP box is composed of 5 mm thick cross-ply CFRP laminate.



Figure 3: Longitudinal and cross-section of a concrete-filled CFRP box beam In the experiment, all the beams were tested under four point bending and the failure was expected at mid span. However, failure occurred far from mid span. It mostly occurred near loading plate on the side opposite to mid span. The mechanism of failure of beams in the experiment remained unknown. A numerical study was deemed necessary to understand the failure mechanism of these beams. Therefore, a finite element analysis was employed to clarify the failure mechanism of those beams. Experimental consequences of failure are explained in this paper in association with the results from the finite element analysis performed for the five beams as tested in the experiment.



Figure 4: A CFRP box beam



4. Finite element analysis (FEA) A general purpose FEA software Marc was utilized in this study for the analysis of concrete-filled CFRP box beams. Marc can perform linear and nonlinear stress analysis for static and dynamic problems (MSC.Sotware 2001). A graphical user interface called Mentat was utilized for mesh generation, graphics, and post processing. Only one quarter of a beam was modeled taking advantage of symmetry in two mutually perpendicular vertical planes (Figure 5). 8-node 3D solid elements with tri-linear interpolation were utilized both for concrete and CFRP. Gautam and Matsumoto (2008) have shown that the concrete-filled CFRP box beams suffer from interface slippage. All the beams were therefore,
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modeled as a contact problem so as to simulate the interface slip. Separate nodes were assigned for concrete and CFRP at the same location to achieve this condition.



Figure 5: Finite element model of an empty CFRP box beam



4.1 Failure analysis and Tsai‐Wu failure criterion  Failure analysis relies on the comparison of stress (or strain) due to applied loads with the allowable strength (or strain capacity). Tsai-Wu failure theory is one of the most popular and widely used failure theories in the field of fiber reinforced composites. It considers interaction among stresses, takes account of different material axis symmetries, multi-dimensional space and multi-axial stresses (Tsai and Wu 1971), and is considered in this study. This theory assumes that there exists a failure surface in the stressspace, which for a specially orthotropic material (loaded along material principal directions) can be expressed as: 2



2



F1 σ 1+F2 σ 2+F3 σ 3+ F11 σ 1 + F22 σ 2 +F33 σ 3



2



2



2



2



+2 F12 σ 1 σ 2+2 F23 σ 2 σ 3+2 F13 σ 3 σ 1+F44 τ 23 +F55 τ 13 +F66 τ 12 = 1



2
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F12 , F23 and F13 are strength interaction parameters. F12 can be calculated (Mallick 1993) as:
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F12 = -0.5 F11.F22
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F23 and F13 could also be calculated in a similar manner. Notations σ i and τ ij for i, j = 1,2,3 are the stress tensors. With superscripts “T”, “C” and “F”, tensor notations also indicate the strength in tension, compression and shear respectively. A number of failure criteria can be employed in Marc either from built-in functions like Tsai-Wu, or user defined criterion. Material failure is checked by applying the criterion at every integration point of a finite element. If the criterion is satisfied, the material at that location is considered as failed. Failure is indicated in the form of failure index.



5. Material properties and modeling The materials used in the analysis consist of carbon fiber reinforced polymer (CFRP) and concrete. MARC material library consists of several models for material constitutive relationships; suitable models for concrete and orthotropic material, the CFRP, can be selected. The details are described below.



5.1 Concrete and confinement model  A bi-linear confinement model of concrete as proposed by Samaan et al. (1998) was utilized in this analysis for concrete in compression. The model has been found reasonable to simulate the concrete inside a CFRP box beam (Gautam and Matsumoto 2008). The material model in MARC chosen for concrete is capable of cracking and crushing. Concrete was modeled as linearly elastic in tension up to cracking and, then, tension softening to a strain of 5000 micron. Concrete properties are as shown in Table 1. Elastic modulus, Poisson’s ratio and compressive strength were obtained from a concrete test. The tensile strength was calculated based on the ACI code (ACI 318-95 1999) as: ft = 0.53 √f´c0
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Table 1: The input properties of concrete Properties



Value



Modulus of Elasticity, MPa



28480



Poisson’s ratio



0.174



Compressive strength, MPa



31.7



Tensile strength, MPa



3.0



Tension softening modulus, MPa



614



5.2 CFRP  CFRP was modeled as a linearly elastic orthotropic material up to failure. The material library in MARC was utilized to input nine independent mechanical properties in three mutually perpendicular directions. Material properties for CFRP are shown in Table 2 and Table 3. In-plane properties were obtained from material test data., while the out-of-plane properties were suitably assumed from various literature.
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Table 2: In-plane material properties for CFRP laminate



Property σ 1T Value 1790 Unit MPa



σ 1C



σ 2T



σ 2C



F τ 12



-515 MPa



295 MPa



-173 MPa



72 MPa



E1



E2



110800 20900 MPa MPa



G12



µ12



3500 MPa



0.13 -



Table 3: Out-of-plane material properties for CFRP laminate



Property σ 3T Value 62 Unit MPa



σ 3C



F τ 23



F τ 13



-173 MPa



32 MPa



32 MPa



E3



G 23



G13



µ 23



µ13



8500 MPa



3200 MPa



3200 MPa



0.460 -



0.432 -



6. Results This section presents the results of failure analysis of 4 concrete-filled CFRP box beams. Comparison is made between the experiment and the analysis. Figure 6 shows the failure of a concrete-filled CFRP box beam in the experiment. Failure was consistently observed near loading plate on the side opposite to mid span for the beam subjected under four point bending.



Figure 6: Failure of beam near loading plate away from mid span



Damage details of the beams in the analysis are illustrated in detail with typical snapshots of a concretefilled beam as shown in Figure 7 and Figure 8. The range of principal maximum cracking strain in concrete, and concrete compressive strain in the figures are selected as (0.005 to 0.05), and (-0.002 to 0.02) respectively. Failure location and pattern of failure are shown in Figure 9. The color bands in the figures indicate failure index distribution as calculated by Tsai-Wu criterion. The range of failure index is chosen from 100% to 120% in the figures. All the beams failed in the upper portion of a beam near loading plate. It is noted that the failure location was observed in coherence with an experiment. The damage sequence of concrete-filled beams can be basically summarized as: Stage 1: Cracking of concrete in tension took place at very early stage of loading. Concrete crack started, without any exception, at the lower part of a beam just along the transverse load axis. Cracking of concrete was suppressed until relatively higher load in the case of highly axial loaded beams. Stage 2: Concrete crack grew gradually in extent and number in the lower part of beam at various locations between loading axis and support axis. Compressive strain in concrete gradually increased to a strain level of 2000 micron (0.002 mm/mm) which is equivalent to a typical unconfined compressive strain of concrete. This condition mostly occurred at a load level of 40 to 60% of the load at which failure of CFRP would just initiate. CFRP was intact at this stage.
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Stage 3: Concrete cracking continued to extend on the lower half of a beam approximately within the middle third of a beam span. Compressive strain in concrete in the upper part of the beam also grew gradually in magnitude and extent. However, with a confinement model, concrete did not fail in compression and continued to take load. In the meantime, CFRP failure was observed in the beam. Failure occurred at one or few nodes at this stage. Failure initiated mostly at web or web-flange junction just below a loading plate. Stage 4: With further increase in load, CFRP failure grew to a stage where beam stiffness changed abruptly and the failure in CFRP became significant. Even though computation was seen to continue after this stage, the results are not essentially reliable. This is, firstly, because a failed element of CFRP is still alive in the sense that it can bear load. Secondly, the confinement model of concrete used in this study is dependant on CFRP. Once CFRP fails, the assumption of concrete confinement becomes invalid. The fourth stage could be approximated as ultimate failure of beam.



Stage 1 (Load 9 kN): Concrete cracking starts.



Stage 2 (Load 46.3 kN): Concrete cracking extends to beam center.



Stage 3 (Load 103.9 kN): Cracking strain in concrete becomes considerable on the lower part of middle third span.



Stage 4 (Load 111.1 kN): Concrete crack is still not so severe. Figure 7: F-16 beam: Concrete cracking strain at various stages
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Stage 2 (Load 46.3 kN): Concrete compressive strain reaches 2000 µ.



Stage 3 (Load 103.9 kN): Compressive strain in concrete exceeds 2000 µ over a considerable area.



Stage 4 (Load 111.1 kN): Compressive strain in concrete is quite considerable. Figure 8: F-16 beam: Concrete compressive strain at various stages



Stage 3 (Load 103.9 kN): CFRP failure starts.



Stage 4 (Load 111.1 kN): Significant CFRP failure takes place. Beam stiffness also changes abruptly. Figure 9: F-16 beam: CFRP failure index at various stages
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7. Discussions The ultimate failure of beam generally occurred due to the failure of CFRP. Cracking of concrete started at a very early stage of loading for all beams on the bottom part of the beam at the loading section as shown in Figure 7. The compressive strain in concrete was lower than that in adjacent FRP layer due to slip and hence, contribution of concrete to the strength of beam was not pronounced. Crushing of concrete was not substantial and did not govern the failure of the beams. Ultimate failure location in the analysis was almost always observed at the upper portion of beam near loading plate and opposite to mid span, quite similar to the experiment. The comparison implies that analysis results could simulate the experimental scenario. Failure of CFRP initiated at the web location just below the loading plate and away from the mid span. The web of a CFRP box became the primary location to be acted by almost total shear load. It should be noted that CFRP laminates in this study are cross-ply laminates and possess very low shear strength and shear modulus. Also, CFRP laminates are significantly weaker in longitudinal compression than in tension. Moreover, a combination of high shear stress with high compressive stress became possible in the web just near a loading plate (Figure 10, Figure 11). Therefore, the region became a consistently critical location for the beams. Hence, failure of CFRP mostly occurred by a combination of longitudinal compression and in-plane shear stress. However, contribution of each stress varied for different beams.



Figure 10: In-plane shear stress in L9T1 beam at 96.7 kN



Figure 11: Longitudinal compressive stress in L9T1 beam at 96.7 kN



A failure envelope by Tsai-Wu criterion for a 3D stress state is an interaction polynomial of 6 stress components. However, contributions of stresses other than longitudinal compression and in-plane shear are not pronounced. Most of the time, they were negligibly small and could be ignored safely. The envelope as presented in Figure 12 is for all other stresses as zero except longitudinal stress and in-plane shear stress. The stress state shown in the figures is referred from selected node that generally became the failure initiation location of CFRP. Roughly speaking, beams failed with a contribution of about 60~80% by longitudinal compressive stress, and the rest by shear stress. Thus, the beams did not utilize their compressive strength fully. Nevertheless, the role of compressive stress to cause the failure of beams increased with an increase in axial load.
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Figure 12: Stress state in the beams before failure



The failure propagated to the flange after the failure of CFRP at web. Immediately after the web failure, a significant portion of compressive load, previously shared by the top portion of web was released and the top flange became the ultimate location to fail before the beam finally would fail to carry further load. Even before web failure, it was common to observe compressive stress in the top flange similar or more near loading plate than at mid span as shown in Figure 11. From the damage observation of many beams, it can be said that the top flange failure followed the web failure. The flange failure in the experiment must have occurred as a follower failure. Thus, web failure was the controlling damage mode and the top flange failure was the resulting secondary effect. Stress release in the experiment should have been sudden unlike in the analysis, thus the damage appeared suddenly in the experiment.



8. Conclusions This study investigated the damage and failure of concrete-filled CFRP box beams. The hybrid beam has been conceptualized for a large scale application to work as a modular unit and envisages utilizing the high performance CFRP in a civil engineering application. In an experimental study, the beams had failed near loading plate and away from mid span when tested under four point bending. An FE analysis was performed on the beams to investigate the damage and failure mechanism. The beams were modeled using a commercial FEM software. Concrete was modeled as an isotropic material capable of crushing and cracking. A confinement model was applied for concrete in compression. CFRP was modeled as an orthotropic material with linear constitutive relation. Failure analysis was performed using a well established Tsai-Wu failure theory. Also, the interface between concrete and CFRP was modeled as a contact problem with capability of slippage. A failure location similar to that in the experiment was observed in the numerical study. Once the failure was simulated convincingly, the mechanism of damage and failure was investigated. The initiation of damage was in the form of concrete cracking in the lower portion of beams near load application sections. As the concrete in the upper portion of beams was confined, crushing of concrete did not occur. The final failure was resulted by the failure of CFR on and near the top flange. Stress components in CFRP were carefully examined at the regions of failure. The stress components were plotted in the under failure envelope. Resulting contribution of the components were assessed. The final failure was contributed mostly by longitudinal compressive stress and in-plane shear stress; longitudinal compression contributing approximately 60-80% and the rest by in-plane shear stress.
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