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Abstract: This paper discusses the calibration of a concrete lattice discrete particle model 

(LDPM), and its preliminary validation for the case of shear failure in scaled glass fiber reinforced 

polymer (GFRP) reinforced concrete (RC) beams without stirrups. First, the model parameters were 

defined based on: (a) the design of the concrete mixture that was used to fabricate scaled beam 

specimens; and (b) a literature database of meso-scale concrete parameters. Second, the calibration 

was refined to reach satisfactory agreement between numerical and experimental compression 

stress-strain curves as obtained by testing concrete cylinders in accordance with ASTM C469. The 

calibrated model was then used for the numerical simulation of four-point bending load tests on two 

slender GFRP RC beams without stirrups, and having an effective depth of 146 and 292 mm, 

respectively. The beam computational models are discussed vis-à-vis experimental data based with 

respect to elastic response, post-cracking stiffness degradation and damage progression, ultimate 

strength, and failure mode. The proposed model accurately approximates the pre- and post-cracking 

flexural stiffness, and holds promise to predict the shear strength of scaled GFRP RC slender beams 

without stirrups, provided that a suitable rebar-concrete bond stress-slip law is implemented. 
 

1 INTRODUCTION 

It is widely accepted that different shear 

mechanisms contribute to the shear strength of 

reinforced concrete (RC) beams [1]. In RC 

beams without stirrups and reinforced with 

either steel or corrosion-resistant glass fiber 

reinforced polymer (GFRP) bars, shear forces 

are resisted by the uncracked concrete above 

the neutral axis, through aggregate 

interlocking and tensile cohesive stresses 

along diagonal cracks, and dowel action 

exerted by the flexural reinforcement. When 

using a similar amount of GFRP bars instead 

of steel bars as flexural reinforcement, a 

reduced shear strength is attained due to the 

markedly lower (i.e., resin-dominated) axial 

stiffness and shear strength of the bars [2]. To 

this end, ACI 440.1R-15 [3], provides 

guidance to estimate the nominal shear 

strength of GFRP RC beams under the 

assumption that shear forces are resisted 

primarily through the uncracked concrete 
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above the neutral axis. The decrease in the 

shear strength of GFRP RC beams without 

shear reinforcement at increasing effective 

depths has been documented in the literature, 

and is exacerbated because of the lower 

stiffness of GFRP with respect to steel bars 

[2,4,5]. 

Bentz et. al. [5] presented an analytical 

approach based on the Modified Compression 

Field Theory (MCFT) [6], which allows to 

effectively estimate the shear strength of steel 

and FRP RC beams with different depths [7]. 

Here, aggregate interlock is assumed as the 

primary shear-resisting mechanism, and the 

maximum shear stress is a function of concrete 

compressive strength, maximum aggregate 

size, and crack width. In particular, size effect 

is attributed to the formation of wider cracks, 

with reduced contributions of aggregate 

interlocking to  shear strength [8]. 

  Bažant et al. [9] explained this size effect 

based on the ratio of the fracture process zone 

(FPZ) length to the depth of the uncracked 

concrete ligament above the critical shear 

crack, along which shear-compression and 

cohesive stresses are transferred. As the beam 

depth decreases, the size of the FPZ 

approaches that of the ligament, resulting in a 

nearly uniform compression stress distribution 

at failure. For larger sizes, because of the fixed 

length of the FPZ, such ratio decreases, 

resulting in a progressively less uniform 

compressive stress profile and reduced 

sectional shear stress at failure [10].  

To date, the physical explanation of size 

effect remains controversial. In addition, no 

mainstream numerical tools are available to 

practitioners and researchers for predicting 

shear strength in scaled RC beams, and 

advancing the understanding of the associated 

shear-resisting mechanisms. Continuum based 

models (e.g., smeared-crack [11], plastic-

damage [12]) have been implemented in 

commercial finite element (FE) codes to 

simulate concrete fracture. However, a notable 

limitation is that results are mesh-sensitive. 

The extended FE method (XFEM) [13] was 

introduced to overcome mesh sensitivity and 

stress singularities at crack tips. Other 

continuum based methods such as cohesive 

crack [11] and crack band models [14] have 

been also introduced to simulate the FPZ in 

concrete. Meso-scale models enable one to 

directly simulate the concrete meso-structure 

and FPZ, which is necessary for the realistic 

simulation of fracture phenomena in concrete. 

These models use FEs [15],  discrete elements 

(DEs) [16] or lattice systems [17–19] as the 

interface between aggregate particles. 

The Lattice Discrete Particle Model 

(LDPM) [20,21] is a meso-scale model for 

concrete that has the ability to realistically 

simulate the concrete inelastic behavior, 

including fracture. The LDPM tension-

softening constitutive law is based on the 

cohesive crack model, which allows LDPM to 

capture energetic size effects. Also, the 

discrete formulation with long-range 

interaction combined with a shear-frictional 

constitutive law allows to simulate aggregate 

interlocking. The LDPM is currently 

implemented in the Modeling and Analysis of 

the Response of Structures (MARS) software 

[22]. Since its nodes include both 

displacement and rotational degrees of 

freedom, the LDPM in MARS can be 

conveniently implemented in conjunction with 

continuum FEs. MARS has a library of 

different FE formulations such as 3D, shell 

and beam elements that are suitable to model 

concrete reinforcement as well as loading 

plates and supports. Constraints and different 

types of contact algorithms are also available 

to model contact interfaces between concrete 

and reinforcement, loading plates and 

supports, enabling the simulation of shear 

force transfer through dowel action. 

The potential of LDPM to accurately and 

realistically simulate shear-resisting 

mechanisms in deep and slender steel-RC 

beams has been recently demonstrated [23–

25]. In this paper, the LDPM parameters are 

calibrated and validated through experimental 

and literature-based data. Then, the model is 

used to simulate the response of four scaled 

GFRP RC beams that are loaded using four-

point bending setups. The simulation results 

are discussed based on supporting evidence 

from load tests that were performed on actual 

physical specimens [4]. 
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2 COMPUTATIONAL MODELS FOR 

GFRP RC BEAMS 

This section presents the computational 

models for concrete and GFRP bars that are 

used herein.  

2.1 Lattice Discrete Particle Model  

The Lattice Discrete Particle Model 

(LDPM) is a meso-scale model for concrete 

that considers aggregate particles and mortar 

as its geometric representation. It simulates the 

mechanical interaction of the adjacent particles 

by means of polyhedral cells that interact 

through triangular facets (Fig. 1), and a lattice 

system connecting the particle centers.  

  

Figure 1: LDPM cell around aggregate particle [23] 

LDPM uses rigid body kinematics to 

describe the deformation of the lattice-particle 

system and the displacement jump, ⟦uC⟧, at the 

centroid of each facet. Strain measures are eN 

= nT⟦uC⟧/𝓁, eL = lT⟦uC⟧/𝓁, and eM = mT⟦uC⟧/𝓁, 

where 𝓁 = inter-particle distance, and n, l, and 

m are the unit vectors that define the local 

reference system of each facet (Fig. 1).  

The behavior of the material is governed by 

a vectorial constitutive law at the centroid of 

each facet. Under elastic deformations, normal 

and shear stresses are assumed to be 

proportional to the associated strains, i.e., tN = 

EN eN, tM = ET eM, and tL = ET eL, where EN = 

E0, ET = αE0 (E0 = normal modulus, α = shear-

normal coupling parameter). For the inelastic 

behavior of concrete, LDPM represents three 

mechanisms: (1) fracture and cohesion for 

tensile and tensile-shear stresses; (2) 

compaction and pore collapse for confining 

compressive stresses; and (3) friction for 

compressive-shear stresses. The constitutive 

laws of LDPM inelastic behavior are reported 

elsewhere [20]. Finally, the dynamic 

equilibrium equation of each particle 

completes the set of governing equations for 

the LDPM.  

2.2 GFRP material model 

GFRP is a composite material that exhibits 

a linear elastic behavior in tension until failure. 

It has a relatively higher tensile strength than 

conventional steel bars but its elastic and shear 

modulus are significantly lower (EGFRP ≈ 

0.2Esteel, GGFRP ≈ 0.1Gsteel). For a GFRP bar 

subject to axial and shear stresses (σ, τ), the 

selected failure criterion is given as (σ/σu)
2 + 

(τ/τu)
2 = 1, where σu is the uniaxial tensile 

strength, and τu is the shear strength [26]. 

While this failure criterion is not implemented 

in MARS [22], it is herein applied in the post-

processing phase using bar axial and shear 

force  history output data. 

The bar elements in MARS follow 

Reissner’s theory [27], which contemplates a 

stiffness multiplier for the transverse direction. 

This allows the shear stiffness factor 

GGFRP/Gsteel  ≈ 0.1 to be accounted for, thereby 

more faithfully simulating shear stresses and 

deformations in the GFRP reinforcement.  

3 CALIBRATION OF LDPM 

PARAMETERS 

LDPM is characterized by two sets of 

parameters. The first set defines the geometry 

of the concrete meso-structure, and is defined 

primarily from information on the mix design. 

The second set defines the constitutive laws, 

which approximate the elastic and inelastic 

response at the potential failure surfaces in the 

meso-structure, which are referred to as 

“facets”. The inelastic response of facets 

includes fracture in tension and shear, pore 

collapse and compaction, and friction. When 

concrete specimens subject to uniaxial 

compression are not also subject to confining 

pressures, the meso-scale parameters 

associated with compaction and pore collapse 

behavior have a negligible effect on the stress-

strain response [21]. For this reason, these 

parameters are neglected herein. Ideally, a 

rigorous calibration of LDPM material 

parameters for fracture and shear response 
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requires the numerical fitting of load-

displacement curves from unconfined 

compression tests (ASTM C469) and fracture 

tests such as splitting tensile strength (ASTM 

C496), modulus of rupture (ASTM C78), 

three-point bending, and direct tension tests. 

However, in most cases, these tests are not 

performed in the same experimental campaign, 

and only compressive strength results are 

typically provided. Therefore, in this paper, it 

is demonstrated how to use data from literature 

and standard codes to define reasonable values 

for the parameters needed. It is noted that 

reduced data sets for calibration may result in 

over-determinate problems, which can yield 

multiple possible combinations of parameter 

values for a given limited data set. To this end, 

the availability of different experimental data 

from concrete characterization tests (e.g., 

ASTM C39 or, less frequently, ASTM C469) 

may be sufficient to select accurate 

parameters. 

In this section, the available data for 

parameter identification are provided. Then, 

the candidate model and related calibration 

procedure are presented. 

3.1 Uniaxial compression stress-strain data 

In this paper, the available data for the 

calibration of LDPM parameters consist of: (1) 

information on the concrete mix design; and 

(2) stress-strain curves from uniaxial 

compression tests on 30 unconfined 101-by-

203 mm cylinders, which were performed in 

conformance with ASTM C469. Here, the 

compressive load is applied in force-control 

mode until the load steadily decreases and the 

specimen exhibits a distinct fracture pattern. 

Low-friction pads are inserted between the 

cylinder surfaces and the loading platens to 

minimize lateral confinement. The dominant 

fracture pattern is columnar vertical cracking 

through both ends of the specimen, without 

well-formed cones. In Fig. 2, the envelope of 

stress-strain diagrams is presented, together 

with representative curves and peak 

compressive stress markers. The average 

cylinder compressive strength is 40.3 MPa, 

with a standard deviation of 2.3 MPa. 

 

Figure 2: Uniaxial compression stress-strain response 

of concrete cylinders 

3.2 Calibrated model 

The geometric and material parameters of 

LDPM are summarized in Table 1 and Table 

2, respectively, and are discussed in the 

following sub-sections. 

Table 1: LDPM geometric parameters 

Cement mass content [kg/m3] c 508.5 

Water-to-cement ratio w/c 0.4 

Aggregate-to-cement ratio a/c 5.2 

Maximum aggregate size [mm] da 12.7 

Fuller coefficient  nF 0.48 

Minimum aggregate size [mm] d0 6 

Table 2: LDPM material parameters 

Normal modulus [GPa] E0 40 

Shear-normal coupling parameter α 0.24 

Shear strength ratio σs/σt 4.2 

Tensile strength [MPa] σt 3.6 

Tensile characteristic length [mm] lt 180 

Softening exponent nt 0.2 

Initial friction μ0 0.2 

Asymptotic friction μ∞ 0 

Transitional stress [MPa] σN0 600 

Compressive strength [MPa] σc0 100 

Densification ratio Ed 1 

Initial hardening modulus ratio Hc0/E0 0.4 

Volumetric deviatoric coupling β 0 

Transitional strain ratio κc0 2 

Deviatoric strain threshold ratio κc1 1 

Deviatoric damage parameter κc2 5 
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The representative uniaxial compression 

stress-strain curve of the simulated concrete 

using these parameters is illustrated in Fig. 3. 

 

 

Figure 3: Uniaxial compression stress-strain curve for 

calibrated concrete LDPM  

The compressive strength of this calibrated 

model is 39.7 MPa. The parameters that are 

not discussed herein are explained in reference 

[20], and are selected to be similar to concrete 

models with compressive strengths of about 40 

MPa (from [21]). 

3.3 Geometric parameters 

The geometric parameters of LDPM define 

the size distribution, number, and position of 

the aggregate particles within the concrete 

volume. The aggregate particles are randomly 

placed from the largest particle to a predefined 

cut-off (smallest) particle size using a 

randomly distributed positioning try-reject 

algorithm [20]. The statistical representation of 

the concrete meso-structure is achieved by 

generating a particle population based on the 

aggregate size distribution. Thus, random 

positioning of aggregates in each simulation 

could change the position of the fracture onset, 

and affect the crack paths in the concrete. The 

generation algorithm creates samples that have 

average response and variances that lie within 

the experimental data [21].  

Related parameters, which can be obtained 

directly from the concrete mix design, include 

(Table 1): (1) cement mass content, c; (2) 

water-to-cement ratio, w/c; (3) aggregate-to-

cement ratio, a/c; (4) Fuller coefficient, nF; 

and (5) maximum aggregate size, da. In 

addition, the minimum aggregate size, d0, 

specifies the resolution of the model and needs 

to be defined by the user. Selecting a smaller 

value for d0 increases the number and the 

direction of the possible crack paths in the 

meso-structure, making it possible to generate 

finer crack paths, but it does so by 

dramatically increasing computational costs. 

Modifying the minimum aggregate size 

changes the scale of the simulation and, 

consequently, the constitutive laws. Therefore, 

LDPM parameters should be recalibrated for 

the comprehension of a finer scale. It is 

recommended that the selection of the 

minimum aggregate size be such that at least 

30% of the aggregate mass is simulated [21]. 

In this paper, the selection of the concrete 

parameters is based on the mix design used  

for actual GFRP RC beams without stirrups 

[4], which were designed to fail in shear and 

load tested under four-point bending. The six 

parameters are reported in Table 1. 

3.4 Material parameters 

The procedure for calibrating the material 

parameters consists of: (1) determining the 

related macroscopic parameters and the effect 

of each meso-scale parameter on the stress-

strain curve; (2) assigning a reasonable range 

for each meso-scale parameter based on values 

available from the literature; and (3) selecting 

candidate values based on a parametric 

analysis of the effect of each meso-scale 

parameter on the compression stress-strain 

response of concrete cylinders.  

3.4.1 Elastic behavior 

The two meso-scale parameters that 

describe the elastic response of LDPM are 

normal modulus, E0, and shear-normal 

coupling parameter, α. E0 controls the normal 

stiffness, and α is the multiplier for the shear 

stiffness of the facets. These parameters are 

linked to macroscopic parameters of concrete, 

i.e., Young’s modulus, Ec, and Poisson’s ratio, 

υ [20]. The elastic part of the stress-strain 

curve in Fig. 2 provides information for 

determining E0. Based on the range for the 
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elastic modulus in Fig. 2, 34-48 GPa is taken 

as a representative range for E0, and a value of 

40 GPa is selected for the candidate model. 

The typical value for the Poisson’s ratio in 

normal-weight concrete is 0.18 [28], which 

correlates well with the selected value of 0.24 

for α.  

3.4.2 Fracture behavior in pure tension 

The two meso-scale parameters that govern 

the fracture and softening behavior of the 

facets are tensile strength, σt, and tensile 

characteristic length, lt. σt describes the 

maximum tensile stress in the facets in pure 

tension. It is comparable to the value of the 

macroscopic strength acquired from splitting 

tensile tests, f't [29]. The ACI 318 code [30] 

suggests a range of 3.2 MPa to 4 MPa for f't, 

for the compressive strength range in Fig. 2. 

Also, σt directly affects the compressive 

strength of concrete as splitting mechanisms 

contribute to failure, due to the meso-scale 

strut-and-tie mechanisms of load distribution 

within the concrete meso-structure. 

The parametric study of the effect of σt on 

the uniaxial compression stress-strain response 

vis-à-vis the experimental envelope in Fig. 2 is 

presented in Fig. 4. The black curve represents 

the reference model. Increasing σt results in 

higher compressive strength (as expected) and 

delays post-peak softening. Numerical 

simulations of concrete cylinder splitting 

suggest that σt = 3.6 MPa yields a suitable 

correlation between f't and σt. 

 

Figure 4: Compression stress-strain response of LDPM 

model as function of facet tensile strength, σt 

The tensile characteristic length, lt, governs 

the tensile softening modulus of the facets. 

This parameter is related to the meso-scale 

fracture energy, Gt [20]. Gt is found to be 

equivalent to the initial fracture energy, Gf, 

which is size independent [29] as it is the 

fracture energy related to the onset of the 

cracking, and can be considered as a material 

property. Instead, the total fracture energy, GF, 

is the fracture energy required for the cracking 

to propagate through the specimen, and thus it 

is size dependent and tends to increase as the 

size of the specimen increases [29]. However, 

based on statistical analysis on a large 

experimental dataset, GF ≈ 2.5 Gf [31]. 

Typically, the literature [32–34] reports GF 

from three point bending (TPB) tests, and 

suggests 60-150 N/m  as a reasonable range. 

The results of numerical TPB tests conducted 

on notched beams in accordance to RILEM 

[35] suggest that using the range 100-400 mm 

for lt results in the numerical GF to lie within 

the suggested range. The parametric study in 

Fig. 5 illustrates the effect of lt on the 

compressive strength and post-peak softening 

behavior. As a result, a value of 180 mm is 

selected for lt. 

3.4.3 Fracture behavior in shear-tension  

The meso-scale parameters that govern the 

interaction between shear and tensile behavior 

of the facets are the shear strength ratio, σs /σt, 

and the softening exponent, nt. 

 

 

Figure 5: Compression stress-strain response of LDPM 

model as function of tensile characteristic length, lt 
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The parameter nt modifies the softening of 

facets in tension in presence of shear stresses. 

The macroscopic effect of this parameter is the 

change in post-peak slope of the compression 

stress-strain curve. This parameter also has a 

minor effect on the concrete compressive 

strength and, based on the available literature 

[21], its value is set to 0.2. The parameter σs/σt 

defines the ratio of the shear to tensile strength 

of the facets. It greatly influences the strength 

limit of the facets when tensile and shear 

stresses are present as the strength limit of the 

facets is proportional to (σs/σt) [20]. Therefore, 

this parameter has a major influence on the 

concrete compressive strength. As illustrated 

in Fig. 6, variations in the value of σs/σt 

significantly affect compressive strength, with 

negligible consequences on the pre- and post-

peak slope of the stress-strain curve. 

 

Figure 6: Compression stress-strain response of LDPM 

model as function of shear strength ratio, σs /σt 
 

Here, a reasonable strategy to calibrate this 

parameter is to first determine the parameters 

that define the fracture properties, and then 

adjust this parameter to obtain the desired 

compressive strength. For the purpose of this 

study, a value of 4.2 was selected. 

3.4.4 Frictional behavior  

Among the parameters describing the 

frictional behavior of the facets (i.e., shear 

boundary parameters), the initial friction 

coefficient, μ0, has the most effect in the 

compressive strength of the concrete. The 

effect of this parameter on the tensile and 

fracture response of concrete is minimal.  

However, in presence of compressive forces, 

this parameter contributes to increasing the 

shear strength of the facets. For normal-weight 

concrete, a suitable value for this parameter is 

0.2 [21]. 

3.5 Summary of calibration  

The reference calibrated LDPM model is 

selected based on the procedure described in 

the previous sections. Salient parameters are 

listed in Table 1 and Table 2. Fig. 7 shows 

representative experimental and simulated 

crack patterns for the calibrated model. 

4 SIMULATION OF LOAD TESTS ON 

GFRP RC BEAMS 

The calibrated concrete LDPM model was 

used to simulate the response of scaled GFRP 

RC beams that were previously load-tested in 

four-point bending [4], as presented in this 

section.   

4.1 Test setup and materials  

The experiments consisted of four-point 

bending tests on four GFRP RC beams without 

shear reinforcement [4]. The specimen 

geometry and test setup are summarized in 

Fig. 8 and Table 3. 

Table 3: Specimen geometry for the tests 

  GS1, GS2 GM1, GM2 

bw [mm] 229 114 

d [mm] 146 292 

s [mm] 457 914 

s/d 3.1 3.1 

m [mm] 305 305 

ld [mm] 610 610 

 

The specimens with effective depth of 146 

mm and 292 mm are denoted as GS1 and GS2, 

and GM1 and GM2, respectively. The 

longitudinal elastic modulus and shear 

modulus of the GFRP bars were 49.3 GPa and 

7.39 GPa, respectively. Their mean ultimate 

tensile strength, σu, and shear strength, τu, 

were 784.6 MPa and 204.1 MPa, respectively. 

The concrete used to fabricate the beams is 
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described in Table 1 and Fig. 2, and is 

modeled as described in Section 3.2. 

4.2 LDPM simulations  

In the LDPM simulation, the GFRP RC 

beam is connected to the steel loading plate 

and the supports in the contact areas as 

depicted in Fig. 9. 

 

Figure 7: Typical fracture pattern for compression 

test in experiment and LDPM simulation 

   

Figure 8: Schematic of test setup 

 

Figure 9: Schematics of simulated model 

 

The interaction model between concrete 

and loading plate, and concrete and supports, 

is defined by a node-surface stiffness-based 

penalty contact algorithm [22]. The rebar 

nodes are connected to the adjacent concrete 

tetrahedrons using an elastic spring penalty 

algorithm to model perfect bond. The intent is 

to study whether modeling a perfect bond 

suffices to simulate shear behavior or a more 

realistic bond model needs to be implemented. 

An explicit dynamic displacement-control 

loading procedure was used. The load was 

imparted at a constant velocity of 3 cm/s. The 

ratio of the kinetic energy to the internal work 

during the simulation was less than 0.01 

indicating minimal inertial effects. The 

maximum time step of the simulation depends 

on the material properties and the length of the 

model components. A value of 0.0005 ms was 

selected for the maximum time step to ensure 

the convergence of the solution. 

5 RESULTS AND DISCUSSION 

Table 4 summarizes the experimental shear 

force at failure, Ve, the theoretical shear force 

associated with flexural failure, Vb, and the 

nominal shear strength, Vn, based on ACI 440 

[3] and ACI 446 [2,36] and the simulated 

shear strength of GS and GM specimens.  

Table 4: Experimental and predicted shear strength  

Specimen 

Ve 

[kN] 

[4] 

Vb 

[kN] 

[4] 

Vn [kN] 

Vsimulated 

[kN] 
ACI 

440 

[3] 

ACI 

446 

[36] 

GS1 44.2 
43.8 11.5 20.7 49.3 

GS2 46 

GM1 22.7 
43.7 11.4 17.3 36.7 

GM2 17.8 

 

It is noted that specimens GS1 and GS2 did 

not fail in shear despite being designed to do 

so [4]. Instead, they failed near a loading 

section at a load in excess of the theoretical 

flexural strength associated with rupture of the 

GFRP bar (43.8 kN in Table 4), possibly due 

to significant aggregate interlocking 

contribution to shear strength. These results 

were not predicted through the ACI 440 [3] 

and ACI 446 [2,36] algorithms, further 

highlighting the importance of an effective 

modeling tool. Specimens GM1 and GM2 

failed in shear at a load well below that 

associated with flexural failure. Both 

specimens suffered from size effect despite the 

relatively small effective depth [2,4] and their 

strength was accurately predicted through the 

ACI 446 algorithm [2,36].  

Shear load 
Longitudinal 
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l
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Fig. 10 and Fig. 11 present the experimental 

and numerical load-midspan displacement 

curves for the GS and GM specimens, 

respectively. 

 

Figure 10: Experimental and simulated load-

displacement response of GS specimens 

 

Figure 11: Experimental and simulated load-

displacement response of GM specimens 

For all specimens, the simulated results 

effectively approximate the elastic and post-

cracking flexural stiffness, and the cracking 

load. For the GS specimens, it appears that the 

strength is accurately predicted through the 

proposed model (Table 4 and Fig. 10), which 

undergoes a mixed shear-flexural failure, with 

rupture of the GFRP bar. 

For the GM specimens, the proposed model 

largely overestimates the ultimate strength 

(Table 4 and Fig. 11). However, further 

analysis of the simulation results suggests that 

this overestimation stems from the assumption 

of perfect bond between the GFRP bar and the 

surrounding concrete. In fact, in the simulated 

model, critical shear cracks were fully formed 

at a shear force V = 16 kN, as shown in Fig. 

12. At this stage, it is reasonable to expect an 

imminent failure. It is hypothesized that 

modeling a perfect GFRP bar-concrete bond 

led to an unrealistic behavior, which is 

highlighted by the formation of large diagonal 

cracks that are distributed along the GFRP bar 

along both shear spans. This is illustrated in 

Fig. 12 for V = 35 kN. 

This hypothesis is corroborated by 

examining the GFRP bar-concrete bond 

(shear) stress along the length of the bar, as 

presented in Fig. 13. Here, the red bar 

indicates a realistic bond strength range [37]. It 

is noted that unrealistic bond stresses are 

generated in the model as critical shear cracks 

form at V = 16 kN. As the shear load reaches a 

value of 25 kN, unrealistically high bond 

stresses are produced along the shear spans 

(i.e., bar slip affects the entire shear spans). 

Therefore, V = 16 kN and 25 kN are herein 

considered as a reasonable lower and upper 

bound for the shear strength of the GM 

specimens, respectively. Further research is 

ongoing to test this hypothesis by introducing 

suitable bond stress-slip laws in the model. 

 

Figure 12: Simulation results of crack patterns in GM 

specimen for shear loads of 16 kN and 35 kN 

 

Figure 13: Bond stress along bar in GM specimens 
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Fig. 14 shows the bond stress along the 

length of the GFRP bar in the GS specimens 

for V = 20 kN and 40 kN. 

 

Figure 14: Bond stress along bar in GS specimens 

Different from the simulation results for the 

GM specimens (Fig. 13), bond stresses 

exceeding the realistic strength range 

consistent with the literature [37] are attained 

at relatively high shear loads, and are not 

uniformly distributed along the shear spans. 

Instead, the bond stress peaks are attained in 

the vicinity of the supports, past which the 

beam specimens were built accounting for a 

conservative bar anchorage (development) 

length, ld = 610 mm (Table 3 and Fig. 8). 

Under these conditions, it is reasonable to 

expect some local redistribution of the bond 

forces along the shear spans. Therefore, while 

the introduction of a suitable bond stress-slip 

law in the model may result in a more faithful 

simulation, the reduction in shear force at 

failure is not expected to be as significant as 

for the GM specimens. 

6 CONCLUSIONS 

Geometric and material model parameters 

of LDPM were calibrated based on the stress-

strain response of concrete cylinders that were 

tested under uniaxial compression, and 

analysis of a literature database of meso-scale 

concrete parameters. The calibrated model was 

then used to simulate the behavior of scaled 

GFRP RC beams without stirrups, which were 

built using such concrete. These beams were 

designed to fail in shear, and were load tested 

in four-point bending. The results of the 

numerical simulations show that the proposed 

model accurately approximates the pre- and 

post-cracking load-midspan displacement 

response. However, the model fails to 

accurately predict the shear force at failure for 

the larger beams, which experienced diagonal 

shear failure. The analysis of the simulated 

bond stress along the length of the GFRP 

reinforcement suggests that the problem of 

inaccurate strength predictions may be 

resolved by implementing a suitable rebar-

concrete bond stress-slip law in the LDPM 

model. Follow-on research to test this 

hypothesis is ongoing, including simulations 

on GFRP as well as steel RC slender beams 

for which detailed experimental results are 

available to the authors.  
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