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Abstract 9 

Membrane actions commonly exist in reinforced concrete (RC) elements under flexural deformation, which 10 

could significantly increase the ultimate flexural load-bearing capacity and potentially influence the damage 11 

mode of the RC element. Most design codes only treat membrane actions as a “hidden” safety factor without 12 

considering its influence on the resistance functions and failure modes. In this paper, an experimental 13 

investigation is conducted to study the membrane actions on the resistance behaviors of restrained RC beams. 14 

It is found that compressive membrane effect occurred at early stage of a fully restrained RC beam, which leads 15 

to amplified flexural bending resistance capacity. Diagonal shear crack is developed since the designed shear 16 

resistance is lower than the amplified flexural bending capacity. Under membrane actions, the damaged beam 17 

with shear crack could still carry the imposed load and develop further tensile membrane action until eventual 18 

failure. The resistance function of the restrained beam under combined membrane and shear damage is 19 

significantly altered as compared to the un-restrained reference beam that failed in flexural bending. A modified 20 
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theoretical resistance function is proposed to consider both the membrane effects and diagonal shear damage. 21 

Comparison with testing data shows that the proposed model could accurately describe the resistance of fully 22 

restrained RC beams under combined shear and membrane actions.  23 

Keywords: reinforced concrete; restrained beam; membrane effects; diagonal shear; resistance function 24 

1. Introduction  25 

Deliberate terrorist bombing attacks, accidental explosions, vehicle and ship impacts on structures and facilites 26 

have been frequently reported, which impose substantial threats to the safety of people and property. For 27 

example, the 2014 accidental gas explosion in New York City [1] levelled two apartment buildings and caused 28 

8 deaths and over 70 injuries; the 2020 Beirut explosion [2] caused at least 218 deaths, 7000 injuries, and billions 29 

of dollars of property damages. Thus, there is imminent demand for proper design and analysis of civilian 30 

structures to resist blast and impact loadings [3]. The current design analysis is based primarily on an equivalent 31 

single-degree-of-freedom (SDOF) model [4-7], in which the nonlinear response is modelled by load-deflection 32 

curve associated with the failure mechanism of the structure [8-12]. The accuracy of SDOF analysis strongly 33 

depends on the equivalent parameters, namely equivalent mass, stiffness, and load, which are determined from 34 

the actual structural and loading parameters and the expected structural deformation shape under the applied 35 

load. Most design codes, such as UFC 3-34-02 [13], assume a flexural dominant deformation mode and the 36 

nonlinear structural responses is modelled by a simplified bilinear elastic-perfectly-plastic resistance function, 37 

which nevertheless have been often demonstrated not always yielding accurate structural response predictions 38 

because both field and laboratory tests found the responses of a structural component may not necessarily be 39 

dominated by flexural response mode, but by shear or combined shear and flexural bending response mode. 40 

Furthermore, the bilinear elastic-perfectly-plastic resistance function neglects strain hardening and the 41 



membrane effect existing in restrained structures, which could significantly underestimate the structural load-42 

resistance capacities [14-17]. Therefore, to more accurately predict the structural responses, it is necessary to 43 

generate more accurate resistance function (load-deflection curve) for design analysis.  44 

Previous studies found the ultimate load-bearing capacity of restrained RC beams/columns against 45 

transverse loading and their response limit can be significantly enhanced by membrane effect [18-21]. Take a 46 

RC beam as an example without losing generality, compressive membrane action could be developed at early 47 

stage. When the beam deflects under the imposed transverse loading, initial longitudinal deformation would 48 

cause the beam edges to move outward and react against the stiff boundaries. An in-plane compressive 49 

membrane force is therefore induced. Because of the high axial stiffness, despite beam deformation is tiny, a 50 

considerable compressive force would be introduced, which increases the flexural strength of the beam sections 51 

at the yield lines. Thus, the ultimate load-bearing capacity of the beam would be substantially improved as 52 

compared to that without membrane effect. As the deformation grows, concrete cracks would gradually 53 

penetrate through the whole depth of the beam until its edges begin to move inward. If the edges of the beam 54 

are properly restrained, tensile membrane forces will be induced that enable the beam to carry much more load 55 

by the catenary action of the reinforcements. A typical load-deflection relationship for a restrained RC element 56 

considering membrane effects is illustrated in Fig. 1 [12].  57 



 58 
Fig. 1 Typical load-deflection relationship for fully restrained RC members considering compressive and tensile 59 

membrane effects. 60 

To understand membrane effects on RC elements, some theoretical and experimental studies have been 61 

conducted [14, 20-24]. Ockleston [21] tested uniformly loaded full-scale reinforced concrete slab-and-beam 62 

floors on an existing multistorey dental hospital in Johannesburg. It was found that considerable compressive 63 

membrane action can be enforced by the stiffness of surrounding beams and panels. The ultimate loads of the 64 

three tested panels were more than twice of the ultimate loads predicted by yield line theory. Woodson [20] 65 

tested 16 one-way restrained RC slabs with uniformly distributed static pressure. It was observed that 66 

compressive membrane forces increased the ultimate capacities of the slabs for approximately 1.2 to 4.0 times 67 

of the computed yield-line resistance. It was demonstrated that the principal reinforcement significantly affects 68 

the membrane behaviors of one-way slabs. Chen et. al [24] carried out an experimental study on the membrane 69 

effects of hybrid fiber reinforced-lightweight aggregate concrete (HFR-LWC) beams, and discussed the 70 

influences of constraint stiffness, reinforcement ratio and fiber content on membrane actions. Generally, all the 71 

testing and analytical results have demonstrated that because of compressive membrane effect the ultimate load-72 

bearing capacity of the slabs could be significantly (many times) higher than that predicted by the yield line 73 

theory. This is particularly apparent when the restraint at slab boundary is stiff and the reinforcement ratio is 74 
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small. By considering the geometric compatibility and force equilibrium, Park and Gamble [18] proposed an 75 

equation to estimate the peak compressive membrane force. But their method requires a predefined mid-span 76 

deflection at the peak load to obtain the load-deflection relationship. Chen et al. [25] improved this equation by 77 

identifying three phases in the compressive membrane domain based on the flow theory, and derived the 78 

compressive membrane resistance curve without predetermining the deflection at peak load. Compared to the 79 

compressive membrane behavior that can increase the initial load-bearing capacity, tensile membrane behavior 80 

can be a significant factor in limiting the catastrophic failure and progressive collapse [26-29]. The increase in 81 

the load resistance capacity in the tensile membrane domain is often called reserve capacity. A reserve capacity 82 

could be very useful in the design of civilian structures against low probability but high consequence blast 83 

loading scenario, especially when it sustains large deflections with moderate-to-severe structural damage [7]. 84 

Park [30] developed an equation for describing the tensile membrane behavior, which assumes the load is carried 85 

mainly by reinforcing bars acting as tensile membranes when concrete cracks penetrate through the beam depth. 86 

But that equation is a straight line through the origin. In reality, as illustrated in Fig. 1 the tensile membrane 87 

behavior is activated from point B. Cui et al. [12] unified the compressive and tensile membrane actions, and 88 

modified the compressive membrane formulations and the transition into the tensile membrane domain to 89 

propose an improved analytical resistance model including both the compressive and tensile membrane 90 

behaviors. By employing the improved resistance model, a complete load-deflection curve (resistance function) 91 

can be depicted and adopted for structural dynamic analysis based on SDOF approach.  92 

As described above, membrane effects comprise of both tensile membrane action when the structural 93 

component develops a large deformation (2nd effect), and also compressive membrane action when the 94 

component only experiences small deformation (non-secondary effect). Owing to the latter action, the ultimate 95 



flexural capacity of a RC beam could increase 1.5 to 2 times comparing to the design capacity without 96 

considering membrane action [7], which might lead to the flexural bending capacity higher than the shear 97 

capacity for a normally designed RC beam. In this case, shear failures might occur before flexural failure which 98 

is undesirable since shear failures normally exhibit fewer significant signs of distress and thus provides much 99 

less warnings than flexural failures [31, 32]. For most beams, the shear stresses may be below the direct shear 100 

strength of element, while diagonal shear failures are more prone to occur under the combined action of flexural 101 

and shear stresses. It is observed that for a simply supported beam, after the yielding of transverse 102 

reinforcements, the final diagonal shear failure of the beam follows either by splitting (dowel) failure or by 103 

compression zone failure [33]. However, such situations might not be devastating for elements with fully 104 

restrained boundary conditions since tensile membrane action could be induced to mitigate the total collapse of 105 

elements as long as their longitudinal reinforcements are adequately anchored and the integrity of support is not 106 

jeopardized [7]. This could make membrane effects much more attractive but more complex for analysis. There 107 

is no such study available yet.  108 

Overall, despite the known benefits of membrane effects on increasing structural resistance capacity, 109 

existing studies are mainly focused on either the compressive membrane action or tensile membrane action. 110 

There are very limited studies available covering both the compressive and tensile membrane effects to fully 111 

depict the resistance function. And there is no study yet taking into account of the combined membrane effect 112 

and potential shear damage. This paper is devoted to performing an experimental study of the compressive and 113 

tensile membrane actions for better understanding the performances of fully restrained RC beams. Four RC 114 

beams are designed and fabricated, among which three beams are fully restrained to achieve membrane actions 115 

and one laterally unrestrained (reference) beam without membrane action. All beams are designed with 116 



longitudinal reinforcements extended and anchored into heavily reinforced concrete footings to achieve fully 117 

fixed boundary conditions. To ensure membrane effects, the footings of the three fully restrained beams are 118 

clamped to the strong floor to resist their longitudinal, transitional and rotational movements. For the reference 119 

beam, the longitudinal movement at the supports are not restrained. Three-point bending tests are performed to 120 

inspect the membrane effect and failure modes of the beams. Their influences on the load-bearing capacity of 121 

the beams are studied. Based on testing results and previous studies, a modified theoretical resistance function 122 

considering both membrane actions and combined shear damage mode is proposed.  123 

2. Experimental Program 124 

2.1. Specimen design 125 

Four identical RC beams as shown in Fig. 2 are designed and fabricated following AS 3600 [34]. The beams 126 

are 2000mm long with cross section of 150mm×150mm. The longitudinal reinforcement in the beams consists 127 

of four N12 (12 mm diameter) steel rebars which are arranged symmetrically in the cross section of beam with 128 

concrete covering thickness of 20mm. It corresponds to a tension reinforcement ratio of 𝜌𝜌 = 1.32%  (𝜌𝜌 =129 

𝐴𝐴𝑠𝑠/𝑏𝑏𝑏𝑏, where 𝐴𝐴𝑠𝑠 is the area of tensile reinforcement, b is the width of beam cross-section, d is the distance from 130 

extreme compression fiber to the centroid of tension reinforcement). The longitudinal reinforcements are 131 

continuous through the beam end into the two heavily reinforced concrete footings with the dimension of 132 

750mm (height) × 500mm (length) × 300mm (width) and are bent and protruded through the top face of the 133 

footing and anchored using steel plates to provide sufficient anchorage. The transverse reinforcements having a 134 

diameter of 10 mm are spaced uniformly along the beam length with a spacing of 200mm.  135 



 136 
Fig. 2 Geometry and reinforcement arrangement of concrete beam specimens (unit: mm) 137 

2.2. Reaction frame and test setup 138 

As observed by other researchers [18, 20], the compressive membrane effect is sensitive to the lateral 139 

restraint stiffness. Considering the unavoidable discrepancies of specimen dimensions during manufacturing, 140 

the variation in lateral restraint stiffness in test setup (designed to be the same) as well as other uncertainties, in 141 

this test program, three replicated specimens (named as SM1, SM2, SM3) are prepared and tested to evaluate 142 

the compressive and tensile membrane actions. And a reference specimen (reference beam SC1) will be only 143 

restrained against rotational movements only therefore no membrane actions are expected.  144 

In order to provide sufficient restraint, particularly in the longitudinal direction, for beams SM1, SM2 and 145 

SM3 to induce membrane forces, a reaction frame is specially designed and fabricated. Fig. 3 (a) shows the 146 

schematic view of the reaction frame. The left footing of the specimen is clamped on the strong steel reaction 147 
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frame (100-ton capacity) in the laboratory by two rectangular hollow steel (RHS) beams 148 

(150mm×100mm×9mm RHS). The footing on the other side is restrained by a strong support made of heavy 149 

UB sections which are fully anchored onto the strong floor in the laboratory. Besides, four 20mm diameter 150 

Reidbars are introduced to connect these two strong supports along the longitudinal direction of the beam. As a 151 

result, the inward and outward longitudinal movements of the specimen are restrained. Two RHS beams are 152 

used to bolt the footings down to the strong floor through steel rods to restrain the rotational movement and 153 

uplifting. Additionally, to prevent the pull-out of longitudinal reinforcements as a result of the anticipated large 154 

tensile forces in the tensile membrane action, the longitudinal reinforcements are extended into the concrete 155 

footing and bent upwards. The protruding ends of the reinforcement are threaded and anchored using a 10mm 156 

steel plate (as shown in Fig. 3b). During the testing setup, all the above components of the reaction frame are 157 

fastened as strong as possible using a torque wrench. For the reference non-restrained beam SC1, the 158 

longitudinal restraint is set free by removing the end support from one end and the Reidbars as shown in Fig. 3 159 

(c) and (d). As a result, the longitudinal movement of this reference beam is enabled. Thus, there is no restraint 160 

to induce compressive or tensile membrane forces to the beam.  161 

  

(a) (b) 



  

(c) (d) 

Fig. 3 Test set-up and support conditions 162 

2.3. Material properties 163 

Table 1 lists the material properties of all reinforcements and Reidbars provided by suppliers. Both rebars 164 

have a yielding strength of 500MPa and an elastic modulus of 200GPa.  165 

Table 1 Material properties of reinforcements and Reidbar 166 

Material Diameter (mm) Yield strength (MPa) Elastic modulus (GPa) 
N10 10 500 200 
N12 12 500 200 
N16 16 500 200 

Reidbar 20 500 200 

Eight concrete cylinders (d=50mm, h=100mm) are prepared to measure its compressive strength and elastic 167 

modulus. The cylinders and the concrete beams are cured under ambient conditions. At 49 days when the formal 168 

test begins, the average compressive strength and elastic modulus of the concrete are found to be 41.37 MPa 169 

and 27.98 GPa, respectively. Five 100×100×500 mm concrete samples are also casted for determining the 170 

flexural tensile strength of concrete through four-point bending test. The obtained average flexural tensile 171 
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strength of concrete is 4.02 MPa.  172 

2.4. Test instrumentation 173 

During the test, a concentrated static load is applied to the midspan of the beam by a hydraulic jack with a 174 

capacity of 200 kN. The loading rate is controlled at 2mm/min until the beam completely collapses. A load cell 175 

is instrumented to measure the applied force at mid-span of the beam. Five LVDTs (Linear Variable Differential 176 

Transformers) are installed along the top face of the beams to measure the deflections along the beam. Fig. 4 177 

shows the layout of the LVDT (1-5), which are distributed along half of the span of the beam to depict the 178 

deflection shape. Besides, an additional LVDT (6) is used to record the longitudinal movement of the footing. 179 

A high-definition camera is set up in front of the tested beam to film its deformation-to-failure process under 180 

static loading. Because of the symmetry, only half of the beam is monitored. The video is post-processed using 181 

Digital Image Correlation (DIC) technique through the preprinted speckles on the specimens.  182 

 183 
Fig. 4 Layout of LVDTs on the beam  184 

3. Results and Discussions 185 

All specimens are tested under concentrated transverse compression at mid-span until the total failure of 186 

the beam. The total failure of each beam is determined by the rupture of longitudinal reinforcements, which 187 

indicates no further tensile membrane force can be resisted by the reinforcements.  188 
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3.1. Damages of specimens 189 

Fig. 5 shows the photos of the tested beams after the tests. As can be seen, the reference specimen SC1 190 

without membrane effect fails by bending at both midspan and near the footings illustrating a three-hinged 191 

mechanism. Large vertical cracks appear at the bottom face of midspan and the upper face of supports, along 192 

with the concrete crushing in their opposite faces. In comparison, specimens SM1-3 exhibit combined shear and 193 

bending failures. Flexural cracks can be seen at midspan of the beam. Also, major diagonal shear cracks are 194 

developed near the supports of the beams. The reason why shear cracks are developed only on one side of the 195 

beam SM1 and beam SM2 might be because of the unavoidable manufacturing discrepancy 196 

Based on the design parameters of the specimens and according to conventional design analysis without 197 

considering the membrane effect [35, 36], the failure of the beams should be governed by flexural bending with 198 

the predicted ultimate load corresponds to the flexural capacity of 46.7kN, and the shear capacity is around 199 

65.2kN (1.4 times the flexural capacity). However, because of the activation of the membrane effect, the flexural 200 

capacity of SM1-3 is found to be greatly enhanced but their shear capacity is not increased significantly. As a 201 

result, diagonal shear cracks are developed in the fully restrained beams, and the failure modes of SM1-3 shift 202 

from flexural bending failure to combined shear and bending failure.  203 

 
(a) SC1 

 
(b) SM1 



 
(c) SM2 

 
(d) SM3 

Fig. 5 Images of the tested beams.  204 

3.2. Load-deflection curves 205 

Fig. 6 shows the recorded load-deflection curves at midspan of the four specimens. Very apparent difference 206 

can be observed on the load-deflection curves between the fully restrained and unrestrained beams. For the 207 

reference specimen SC1, the load-deflection curve gradually rises with the applied concentrated loading to a 208 

peak of 56.62 kN with the corresponding midspan deflection of 24.52 mm. Afterwards, the load gradually 209 

decreases with further increased midspan deflection until the load suddenly drops due to the snap of the 210 

longitudinal reinforcement at midspan. The corresponding load is 41.56 kN. For the fully restrained specimens 211 

(SM1, SM2, SM3), the load-deflection curves rise much more rapidly than that of SC1 indicating much larger 212 

initial stiffness. The ultimate loads of SM1, SM2 and SM3 reach 70.9kN, 71.1kN and 69.1kN, with the 213 

corresponding midspan deflections of 13.8mm, 12.2mm and 15.9mm, respectively. Some discrepancies can be 214 

observed in the corresponding midspan deflections indicating variation in the stiffness of the ascending parts 215 

for SM1-3. This is because of the difference in the lateral restraint stiffnesses for these three beams that are 216 

unavoidable during installation. As derived by Cui et al.  [12], the stiffness of lateral restraint could significantly 217 

influence the compressive membrane effect. The resistant loads then descend abruptly with a small displacement 218 

for all three specimens. It is also noted that very similar peak loads are achieved for SM1-3 since the diagonal 219 

shear failure occurs before it reaches the anticipated ultimate load owing to the compressive membrane action. 220 



This phenomenon usually signifies the failure of the RC beam because of the loss of loading stability. 221 

Interestingly, these restrained specimens do not lose their bearing capacity completely after the occurrence of 222 

major shear cracks but maintain to resist a medium level load-resistance capacity for a long period, and then 223 

starts to increase again at large displacement. This is an indication that tensile membrane forces are developing 224 

within the beams. Overall, the load-deflection curves of SM1, SM2, and SM3 are very similar to each other. 225 

Specimen SM2 fails completely before the ultimate failure of the other restrained specimens. This could be 226 

attributed to the pre-existing defects in the longitudinal rebars as a result of grinding on the surface for placing 227 

the strain gauges. It leads to the early rupture of the reinforcement but as can be seen in the load-deflection 228 

curve this imperfection does not influence the initial behavior and the compressive membrane effect in the beam. 229 

 230 
Fig. 6 Load-deflection curves at midspan of different specimens  231 

Table 2 Summary of load-deflection data from experiment 232 

Specimen No. SC1 SM1 SM2 SM3 
Ultimate load Ru (kN) 56.5 70.9 71.1 69.1 

Def. at ultimate load Du (mm) 24.9 13.8 12.2 15.9 
Failure load Rf (kN) 41.5 62.8 48.1 59.6 

Def. at failure load Df (mm) 137 137.4 105.3 136.9 
Ref. resistance Rr (kN) 46.7 46.7 46.7 46.7 

Ru/Ru, SC1 1.00 1.25 1.26 1.22 
Ru/Rr 1.20 1.52 1.52 1.48 

Note: Ref. resistance Rr is the reference resistance predicted following CSA A23.3-2004 [36]. 233 

As can be seen from Fig. 6 and Table 2, the ultimate loads of the fully retrained beams (SM1-3) are 234 
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significantly higher (+26%) as compared to the unrestrained reference beam. The enhancement of load-bearing 235 

capacity in this stage is attributed to compressive membrane action. Following CSA A23.3-2004, the ultimate 236 

load-bearing capacity of the RC beams with fully fixed supporting conditions is predicted to be 46.7kN (shown 237 

as the reference resistance Rr in Table 2). In comparison, the average loading capacity of the tested restrained 238 

beams is 51% higher than the code predicted ultimate load-bearing capacity, which implies that the commonly 239 

used design standards could significantly underestimate the load-bearing capacity of fully clamped RC beams 240 

when the transitional and rotational movements at the supports are restrained. It is also noted that the load-241 

bearing capacity of the unrestrained reference beam is also 20% greater than the predicted resistance Rr. This is 242 

possibly because the vertical boundary restraint on the footings seem to not only provide rotational and vertical 243 

restrains, but also cause significant friction between the concrete footing and the strong floor which leads to 244 

additional longitudinal resistance. It can be seen in Fig. 5 (a) that there is some spalling of concrete near the 245 

bottom of the right footing of SC1. These resistances induce axial compressive forces in the beam, which as a 246 

result increases the flexural capacity of the reference beam. This observation and data coincident with Park and 247 

Gamble’s observation [18] that even very small support stiffness can provide unignorable compressive 248 

membrane enhancements of the structural element.  249 

3.3. Deformation-to-failure process 250 

To further investigate the response of fully restrained RC beams with membrane effects and combined 251 

flexural bending and shear failure, the deformation-to-failure processes of the beams are analyzed with the DIC 252 

results. Typical load-deflection curve for the fully restrained beam SM1 and the unrestrained beam SC1 are 253 

compared.   254 



 
(a) 

 
Stage A (13.8mm, 50.7kN) 

 
Stage B (24.5 mm, 56.6kN) 

 
Stage C (67.0mm, 47.9kN) 

 
Stage D (110.0mm, 44.8kN) 

(b)  
Fig. 7 Load-deflection curve with major strain contour of the reference beam SC1  255 

In Fig. 7 the load-deflection curve of the unrestrained beam SC1 is highlighted at critical stages, with the 256 

corresponding strain contours from DIC analysis. At stage A prior to reaching the peak load of the curve, flexural 257 

bending cracking begins to initiate from the bottom tensile region of the beam at midspan. At stage B of 24.4mm 258 

deflection, more flexural cracks at midspan can be observed, which widen and quickly extend upwards, with 259 

associated flexural microcracks becoming more visible near the support. At stage C major flexural cracking 260 

penetrates the full depth of the specimen at midspan with the vertical deflection of 67.0 mm. Additionally, 261 

crushing and spalling of the concrete can be observed on the top side of the midspan and the bottom of the beam 262 

at the supports. Prior to the complete failure of the beam, at stage D more severe cracking and crushing of the 263 

concrete at midspan can be seen corresponding to a large vertical deflection of 110.0 mm. It can be seen from 264 

the DIC analysis, there is no sign of shear cracks throughout the loading process. The DIC in conjunction with 265 

the corresponding load-deflection curve of SC1 illustrates the typical flexural tension failure of the fixed-end 266 
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beam with the boundary unrestrained. This verifies the assumed failure mode in design code AS3600. The 267 

crushing and spalling of the concrete in these images evidence the occurrence of concrete softening, resulting 268 

in the gradual decrease in load resistant capacity after the peak in the load-deflection curve.  269 

 
(a)  

 
Stage A (9.1mm, 56.6kN) 

 
Stage B (13.8mm, 70.9kN) 

 
Stage C (15.6mm, 69.6kN) 

 
Stage D (18.2mm, 46.8kN) 

 
Stage E (67.0mm, 44.1kN) 

 
Stage F (110.0mm, 53.3kN) 

(b) 

Fig. 8 Load-deflection curve with major strain contour for the fully restrained beam SM1 270 

Comparing to the unrestrained beam, the response of the fully restrained beam SM1 is more complex due 271 

to the membrane effect. It can be seen from Fig. 8 that at Stage A as load reaches 56.6kN, concrete crack begins 272 

to initiate on the tensile face at midspan of the beam. Comparing the crack patterns between SC1 and SM1, it is 273 
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apparent that the crack width and length in beam SC1 are much larger than those in SM1. Right before reaching 274 

the peak load at point B concrete cracks in the beam gradually extend. Initiation of diagonal shear crack is 275 

captured by DIC near the support. At stage C, right after reaching the peak load, the shear crack quickly 276 

propagates along the diagonal direction. Then, the shear crack penetrates the entire depth of beam SM1, and the 277 

load declines drastically within a very short displacement. At stage D, the load decreases to 46.8kN and the 278 

major shear crack is developed. As the beam SM1 is further loaded, flexural cracks at midspan and the diagonal 279 

shear crack near the support further increase, but the load only fluctuates without noticeable decrease or increase 280 

until point E when the load begins to increase again at about 67mm midspan deflection. Severe crack is 281 

developed at stage F with a midspan deflection of 110mm shortly before the complete failure of the specimen. 282 

In summary, in the initial loading state, the stiffness of the restrained beam SM1 is a lot larger than the control 283 

beam because of the existence of compressive membrane force, hence there are less and smaller cracks in SM1 284 

under the same load. After the initiation of diagonal shear cracks in SM1, the number and size of vertical flexural 285 

cracks begin to increase quickly indicating that during stage D and E the deformation in the middle part of beam 286 

SM1 is still flexural dominant. After stage E, tensile membrane behavior is induced, flexural cracks in SM1 do 287 

not change much. Interestingly, there are more flexural cracks in SM1 than that in SC1. In other words, it implies 288 

that the deformation shape of SM1 differs from that of SC1 where a plastic hinge is formed at the mid-span 289 

section of the beam. This observation is helpful in studying the deformation shape function of beams under 290 

combined flexural and shear damage.  291 

3.4. Support movement 292 

Since the restraint at supports provide compressive and/or tensile membrane forces to the deformed 293 



specimens, the movement of supports could also be used to analyze the membrane actions. Fig. 9 shows the 294 

relationship between the longitudinal movement of the right hand-side support versus the measured beam 295 

midspan deflection during tests. Both the restrained and unrestrained specimens are presented for comparison, 296 

where positive and negative displacement referring to the outward and inward movement of the support, 297 

respectively. It can be seen that for the unrestrained reference beam SC1, the concrete footing moves outward 298 

as far as 4mm with the deflection of the beam. This is because at small transvers deflection, concrete cracking 299 

will cause the projection length of beam in the longitudinal direction to increase which pushes the unrestrained 300 

footing to move outwards. As transvers deflection increases beyond a certain value, the projection length begins 301 

to decrease, so the concrete footing moves inwards. It is evident that much smaller lateral movements are found 302 

on the restrained beams (SM1-3) where the measured maximum footing movements are all less than 0.5mm 303 

outwards. It can also be noticed that with reference to Fig. 6, the peak longitudinal movement of the footings 304 

for the fully restrained beams directly correlate to the instance of reaching the peak ultimate loads or the 305 

occurrence of shear damage. This is expected because the longitudinal movement of the concrete footing is 306 

mostly depending on the flexural deformation of the beam, while the major shear cracks greatly interfere the 307 

bending behaviors of the beam. Through comparing the maximum longitudinal movement of footings of the 308 

restrained beam with that of the unrestrained reference beam, it can be found that the designed reaction system 309 

works well in restraining support movement and thus inducing membrane actions.  310 



 311 

Fig. 9 Comparison of longitudinal movements of the right hand-side supports between the restrained and 312 

unrestrained beams 313 

 314 

4. Modified Resistance Function 315 

As discussed above, because of the membrane effect the flexural bending resistance of the RC beams is 316 

amplified which outweighs the shear capacity, the failure of the RC beam therefore changes from flexural failure 317 

to a combined flexural bending and diagonal shear failure. Conventionally designed RC components neglecting 318 

membrane effect would lead to a very conservative prediction of the member flexural resistance capacity, which 319 

in the meanwhile could lead to a different failure mode. Therefore, a proper resistance function model (load-320 

deflection curve) is needed for properly and accurately prediction of the response of RC components.  321 

Recently, Cui et al. [12] proposed an improved theoretical resistance function considering both the 322 

compressive and tensile membrane actions (as shown in Fig. 10a). Through comparing with previous testing 323 

data, this model was proved to be capable of accurately depicting the whole membrane behaviors of RC 324 

component. However, this model was established based on flexural failure mode where shear deformation was 325 

not considered. For fully restrained RC beams with combined flexural bending and diagonal shear failures, there 326 
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is a sudden drop of load-bearing capacity on the load-deflection curve because of the diagonal shear failures. 327 

From the testing data and analysis in chapter 3, the load-deflection curve for RC component with membrane 328 

effect and combined flexural bending and shear failure modes can be modified and depicted as illustrated in Fig. 329 

10b. Due to shear damage the full compressive membrane effect on load-carrying capacity may not be achieved, 330 

i.e., if the shear capacity of the beam is lower than the amplified flexural capacity of the beam with compressive 331 

membrane effect, the beam would fail by shear with a sudden drop in the load-resistance function. As the 332 

deflection and damage continue to increase, the load resistant capacity would maintain with further deformation 333 

and concrete damage until the tensile membrane action coming into effect. Then, the load resistant capacity 334 

starts to increase again as the deflection further increases. Accordingly, a modified theoretical resistance 335 

function accounting for diagonal shear effect can be sketched with a piecewise curve OAsBsCsDs as shown in 336 

Fig. 10b.  337 

 
(a) 

 
(b) 

Fig. 10 (a) Compressive-tensile membrane resistance model proposed by Cui et al. [12]; and (b) the modified 338 

resistance model accounting for both membrane effect and diagonal shear damage 339 

4.1. Modified compression field theory (MCFT) and determination of point As 340 

As discussed before, the load of point As is correlated to the diagonal shear capacity of the RC element. It 341 

is worth noting that although determining the shear strength of RC beams has been discussed for decades, the 342 
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predictions of shear strength by different design standards for a particular beam section can still vary by factors 343 

of more than 2 [33]. There are two major shear strength prediction models, i.e. the truss model adopted by ACI 344 

318-14 [37] and the Modified Compression Field Theory (MCFT model) [35] adopted by the Canadian code 345 

CSA A23 [36]. The truss model assumes that after concrete cracking, the behavior of a RC element is similar to 346 

that of a truss with a top longitudinal concrete chord, a bottom longitudinal steel chord (consisting of 347 

longitudinal reinforcement), vertical steel ties (stirrups), and diagonal concrete struts inclined at 45o. It assumes 348 

that the diagonally cracked concrete cannot resist tension and the shear force is resisted by transverse steel, 349 

commonly referred to as the steel contribution (Vs) and the uncracked concrete contribution (Vc). Unlike the 350 

truss model, the MCFT model assumes that a diagonal compression field carries the shear force after concrete 351 

cracking. The cracked concrete can be treated as a new material with empirically defined stress-strain behavior. 352 

The stresses and strains used in the stress-strain relationships are average stresses and strains. That is the 353 

combined effects of stresses and strains at cracks, between cracks, interface shear on cracks and dowel action 354 

are considered simultaneously. Besides, the MCFT model uses the strain conditions in the web to determine the 355 

inclination angle 𝜃𝜃 of the diagonal compressive stresses. These assumptions allow the MCFT model to consider 356 

the combined efforts of flexure, shear, axial load (compression or tension), and torsion, which is thus more 357 

suitable to current situation. Fig. 11 gives the equations of the MCFT model employed to predict the diagonal 358 

shear capacity (point As) for RC beams. The computer code Response-2000 [35] is employed in this study to 359 

quickly calculate the value, in which the design parameters and the combinations of the axial load, moment and 360 

shear force are used as inputs. The ratio between moment and shear stress can be easily determined, and the 361 

ratio between the moment and axial stress can be estimated by the membrane model proposed by Cui et. al [12]. 362 



 363 
Fig. 11 Equations for determination of diagonal shear capacity from the MCFT model [35]. 364 

In Cui et al.’s model, the compressive membrane force-deflection relationship can be expressed as  365 

𝑏𝑏𝑑𝑑
𝑏𝑏𝑑𝑑

=
(𝜂𝜂𝑆𝑆 + 𝜂𝜂𝑀𝑀)ℎ 1

0.5𝐿𝐿 − 𝑑𝑑 1
0.5𝐿𝐿

1
𝑆𝑆𝑛𝑛

+ 0.5𝐿𝐿
𝐸𝐸𝑐𝑐𝑏𝑏ℎ+ 𝐸𝐸𝑠𝑠(𝐴𝐴𝑠𝑠 + 𝐴𝐴𝑠𝑠𝑠𝑠)

 (16) 

in which 366 

𝜂𝜂𝑆𝑆ℎ = 0.5ℎ− 𝑥𝑥𝑛𝑛𝑆𝑆   and   𝜂𝜂𝑀𝑀ℎ = 0.5ℎ− 𝑥𝑥𝑛𝑛𝑀𝑀 (17) 

where 𝑑𝑑 represents the compressive membrane force; 𝑑𝑑 is the mid-span deflection of the beam; 𝑆𝑆𝑛𝑛 is the lateral 367 

stiffness of supports; 𝜌𝜌  is the reinforcement ratio; 𝐸𝐸𝑐𝑐  and 𝐸𝐸𝑠𝑠  are the elastic modulus of concrete and 368 

reinforcements; 𝑥𝑥𝑛𝑛𝑆𝑆 and 𝑥𝑥𝑛𝑛𝑀𝑀 are the depth of the neutral axis (depth of compressive zone) of the cross sections at 369 

supports and midspan, respectively; 𝐴𝐴𝑠𝑠  and 𝐴𝐴𝑠𝑠𝑠𝑠  are the area of reinforcements in tension and compression 370 

respectively; 𝐿𝐿, ℎ, 𝑏𝑏 are the length, depth and width of the beam; 𝐼𝐼𝑎𝑎 is the averaged moment of inertia of the 371 

beam. Therefore, the membrane force 𝑑𝑑 can be obtained by solving this integration equation. Known the 372 



relationship between compressive membrane force and deflection, the following force equilibrium equation 373 

must be fulfilled at each instant  374 

𝑑𝑑 + 𝜎𝜎𝑠𝑠𝐴𝐴𝑠𝑠 − 𝜎𝜎𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠 −�𝜎𝜎𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐 = 0
𝑐𝑐=𝑛𝑛

𝑐𝑐=1

 (18) 

where the concrete is discrete into numbers of layers for analysis, and the tensile strength of concrete is neglected; 375 

𝑛𝑛 is the number of concrete layers in compression; 𝜎𝜎𝑐𝑐𝑐𝑐 is the compressive stress of the i th layer of concrete; 𝐴𝐴𝑐𝑐𝑐𝑐 376 

is the area of the i th layer of concrete; 𝜎𝜎𝑠𝑠 and 𝜎𝜎𝑠𝑠𝑠𝑠 are the stresses in the tensile and compressive reinforcements. 377 

Taking moment about the neutral axis, the resultant moment 𝑀𝑀𝑅𝑅 can be calculated as 378 

𝑀𝑀𝑅𝑅 = 𝜎𝜎𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠𝑠𝑠(
ℎ
2
− 𝑏𝑏𝑐𝑐) + 𝜎𝜎𝑠𝑠𝐴𝐴𝑠𝑠(ℎ0 −

ℎ
2

) + �𝜎𝜎𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐𝑦𝑦𝑐𝑐𝑐𝑐

𝑐𝑐=𝑛𝑛

𝑐𝑐=1

 (19) 

where 𝑏𝑏𝑐𝑐 is the depth of the concrete cover; ℎ0 is the effective depth; and 𝑦𝑦𝑐𝑐𝑐𝑐 is the distance from the i th layer 379 

of concrete to the neutral axis. For a restrained beam under concentrated load, the load-carrying capacity q can 380 

be computed by 381 

𝑞𝑞 =
8
𝐿𝐿2

(𝑀𝑀𝑅𝑅
𝑆𝑆 + 𝑀𝑀𝑅𝑅

𝑀𝑀 − 𝑑𝑑𝑑𝑑) (20) 

where 𝑀𝑀𝑅𝑅
𝑆𝑆  and 𝑀𝑀𝑅𝑅

𝑀𝑀  are the resistant moments at supports and midspan. Therefore, the resistance curve 382 

considering compressive membrane action only (curve OAB or OAB’) can be derived through equations 383 

(16)~(20), as shown in Fig. 10a. If the predicted shear capacity is larger than the calculated enhanced flexural 384 

capacity, the beam would be flexural dominant, and the resistance curve would be OABC or OAB’C’ that can 385 

be derived using Cui et al’s model in reference [12]. If the predicted shear capacity is smaller than the enhanced 386 

flexural capacity, the original resistance curve would be replaced by curve OAsBsCsDs. The determination of 387 

points points Bs, Cs, and Ds will be discussed in the next section. 388 

4.2. Determination of points Bs, Cs, and Ds 389 

The transition point B (B’) represents the instance when the membrane force changes from compression to 390 



tension. It is determined to be the intersection point between the pure tensile membrane line and the descending 391 

branch of the compressive membrane curve or the lowest point of the compressive membrane curve if they do 392 

not intersect. The expression for the pure tensile membrane line is  393 

 𝑞𝑞𝑇𝑇 = 4𝑇𝑇𝑦𝑦𝑑𝑑 𝐿𝐿⁄  (21) 394 

where Ty is the yielding force of the reinforcement per unit width; and L is the clear span length. It is a straight 395 

line OBC as shown in Fig. 10a, which will shifted from the transition point B to B’ to form the tensile membrane 396 

line B’C’ if it does not intersect with the compressive membrane curve at B’. Compared to Cui et al.’s model, 397 

point Cs in the modified resistance model in Fig. 10b also signifies the beginning of tensile membrane action. 398 

It is reasonable to consider that point Cs coincides with point B (B’). Since point Bs in the modified resistance 399 

model shares the same load-bearing capacity of point Cs, and it is considered to have the same deflection as 400 

point As, after the determination of point As and Cs, point Bs can be determined automatically. 401 

The determination of points Bs and Cs can be justified by the analysis of experimental observations. After 402 

point As, despite the major diagonal shear crack, the beam still maintains a good integrity and continues to resist 403 

the imposed load providing that the longitudinal reinforcements are properly anchored into the footing. 404 

Therefore, the shear force and bending moments can still be transmitted along the beam length through the 405 

longitudinal and multiple cohesive stress from transverse reinforcements, aggregates and uncracked concrete 406 

[38]. However, the major diagonal shear crack on concrete would significantly influence the transmitting of 407 

axial compression. Thus, the compressive membrane action will be released quickly. As evidenced in Fig. 9, 408 

when shear crack occurs, the outward movement of support suddenly plumets, and then begins to gradually 409 

move inward. This phenomenon indicates that the compressive membrane force drops when diagonal shear 410 

crack develops. The sudden loss of the large compressive membrane force would greatly alter the stress 411 



distribution at the cross section and thus reduce the load-bearing capacity of the beam as illustrated in Fig. 6. 412 

Therefore, the bearing capacity at this stage (Bs) should be close to the transition point where the compressive 413 

membrane force becomes zero. As beam deflection further increases, the bearing capacity would not change 414 

significantly because of stress redistribution until concrete crushes and cracks penetrate through the entire depth 415 

of the beam section. At this instance, concrete is completely out of work. Due to the large bending curvature of 416 

the longitudinal reinforcements, the plane-section assumption is no longer valid. The load-bearing mechanism 417 

changes from the Bernoulli beam mechanism into the catenary mechanism. Afterwards, the load-bearing 418 

capacity of the beam increases with the growth of beam deflection as a result of tensile membrane effect. 419 

Therefore, point Cs can be regarded as the transition point of compressive membrane effect into tensile 420 

membrane effect. 421 

The failure point Ds depends on the ductility of the longitudinal reinforcement. Based on UFC3-340-02 422 

[13], if sufficient lateral restraint is provided, the mid-span deflection corresponding to support rotations of 8 423 

degree is considered as the limiting deflection of beams under tensile membrane action. Assuming it is a straight 424 

line between the beam end and its midspan, the limiting mid-span deflection flim (deflection of point Ds) can be 425 

estimated by 426 

  𝑑𝑑𝑙𝑙𝑐𝑐𝑙𝑙 = 𝐿𝐿/2 ⋅ (8𝜋𝜋/180) (22) 427 

Therefore, the complete modified resistance model can be derived following the procedure discussed above.  428 

Fig. 12 illustrates the flow chart for determining the resistance functions of a restrained RC element considering 429 

both the compressive and tensile membrane effects, as well as the potential shear damages.  430 



 431 

Fig. 12 Flow chart for determining the resistance functions of restrained RC beams  432 

 433 

4.3. Model verification 434 

To verify the accuracy of the modified resistance function model, the testing results in this study is 435 

employed to compare with the prediction using the proposed theoretical model. Based on the design parameters 436 

of the RC beams as detailed in chapter 2, the resistance function can be derived as shown in Fig. 13. The pink 437 

dashed-dot line is the resistance function considering membrane effects predicted using Cui et al.’s model. The 438 

modified resistance function considering both the membrane effect and the combined flexural bending and shear 439 

failure mode is shown as the black dashed line. Based on the MCFT, the peak resistance load (As) in the modified 440 

model is 75.6 kN corresponding to a deflection of 11.3mm, of which the load is slightly higher (+7.4%) than 441 

the averaged ultimate load 70.4 kN obtained from the tests. The predicted deflection is -20.3% smaller than the 442 
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averaged deflection of 14.0 mm from the test. This is probably because of the unavoidable support movement 443 

(0.5mm) in the tests which leads to a smaller compressive membrane force and larger deflection of beam. 444 

 445 
Fig. 13 Comparison of the modified resistance function and the testing results 446 

In the modified resistance function model, the valley load (Bs) after the peak is 42.1 kN which is almost 447 

the same as the averaged tested value of 42.9 kN. The resistance maintains constant until reaching the predicted 448 

transition point (Cs) to tensile membrane domain which is around the deflection of 87 mm. The average load 449 

recorded in the test at this deflection is about 46.4 kN, which is 10.2% higher than the prediction of the modified 450 

resistance function model. Finally, the predicted ultimate load and the limiting deflection of Ds are 53.9kN and 451 

140.5mm respectively, which are only -11.9% lower and +2.6% higher than the testing result. Table 3 compares 452 

the model prediction and testing results. Overall, from the above comparison, it can be found that the modified 453 

resistance function model could closely predict the resistance function of the fully restrained RC beam with 454 

consideration of both compressive and tensile membrane effects, as well as the combined diagonal shear and 455 

flexural bending failure modes.  456 

Table 3 Test and model predicted results 457 

Items Peak load 
(kN) 

Def. at peak 
load (mm) 

Valley load 
(kN) 

Load of the 
transition point 

(kN) 

Ultimate 
load (kN) 

Limiting Def. 
(mm) 

Averaged test 
result 70.4 14.0 42.9 46.4 61.2 137.0 

Modified 75.6 11.3 42.1 42.1 53.9 140.5 
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resistance model (+7.4%) (-20.3%) (-1.9%) (-10.2%) (-11.9%) (+2.6%) 
Note: value in parenthesis is the prediction error with respect to the test result 458 

5. Conclusion 459 

In this study, experimental study is carried out to investigate the response of RC beams with compressive 460 

and tensile membrane actions. Three-point bending tests are conducted on four RC beams. Comparing to the 461 

reference unrestrained beam which develops typical flexural bending failure mode, three fully restrained beams 462 

develop a combined diagonal shear and flexural bending failure mode, and evident compressive and tensile 463 

membrane actions are observed. Analysis on testing data shows that compressive membrane action increases 464 

the beam bending capacity which outweighs their shear capacity and results in the formation of diagonal shear 465 

damage in the restrained RC beams. Nevertheless, because of the proper anchorage of longitudinal 466 

reinforcements in the restrained beams, they still maintain a considerable load capacity after the shear damage 467 

and continue to develop significant tensile membrane action with extra reserve capacity.  468 

The test results show that for a normally designed RC beam (strong in shear and weak in bending) without 469 

considering the membrane effects, its bending capacity can be overly underestimated. Besides, a flexural 470 

governed beam may suffer shear damage because the membrane effects could amplify flexural capacity of the 471 

beam that outweighs its shear capacity. Even if the brittle shear damage occurred, as long as the RC element is 472 

properly anchored, its resistance could still possibly maintain and develop reserved load-bearing capacity due 473 

to tensile membrane action.  474 

To better describe the resistance behavior of the RC beam under the combined effects of membrane actions 475 

and shear damage, a modified theoretical resistance function model is proposed based on the analysis of 476 

experimental observations and previous studies. Through comparing with the testing results obtained in this 477 

study, it is found that the proposed model can provide accurate predictions of the resistance function of the 478 



restrained RC beams with membrane actions and potential shear damages.  479 
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