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EXPERIMENTAL AND NUMERICAL EVALUATION OF QUASI-STATIC 

INDENTATION BEHAVIOUR OF LAMINATES WITH POLYPROPYLENE MATRIX 

This paper presents an analysis of the damage process of composite laminates subjected to low-velocity quasi-static inden-

tation (QSI) load. The laminates were prepared using the compression moulding technique. The composites were made from 

orthotropic layers with E-glass or steel fibres and a polypropylene matrix. The quasi-static indentation tests were carried out 

at three levels of  indentation energy under low-velocity. The experimental results reveal that using steel fibres increases the 

perforation threshold, which alludes to the importance of the fibre type in delineating damage regions. In contrast, the evolu-

tion of the damage and the perforation resistance of glass fibre reinforced laminates is somewhat different. A numerical model 

based on a finite element program was developed to understand the mechanisms of damage evolution in the laminates. It in-

volves implementing the Matzenmiller-Lubliner-Taylor (MLT) damage model. A comparison between the experimental and 

numerical results was also made. 
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INTRODUCTION 

The response of composite materials to mechanical 

impact is a complex area of investigation as the damage 

modes could involve various processes [1, 2]. The re-

sponse of composite materials to impact loading can 

lead to damage pertaining to three modes of failure: 

matrix cracking, delamination and eventually fibre 

breakage for high-energy impacts. 

Many studies have confirmed the similarities be-

tween quasi-static indentation tests (QSI) and the low-

velocity impacts (LVI) for composite laminates [3-5].  

It is assumed that for very low-velocity impacts and 

high impactor-to-target mass ratios, the effect of the 

structure's inertia is negligible and the problem is essen-

tially quasi-static [6, 7]. As a matter of fact, even 

though no visible damage is observed around the im-

pact area, matrix cracking and delamination can occur 

as internal damage is difficult to detect [8, 9]. This in-

ternal damage can alter the structural response of com-

posites and could subsequently reduce their structural 

performance. Furthermore, the initial failure mechanism 

in the 3-D low-velocity impact event is identified inde-

pendently from the stacking sequence of the laminates 

[10]. As a result, this problem of impact on composites 

has received much more research attention in recent 

years [11, 12]. 

 The influence of low-velocity impact on the behav-

iour of composites made from a polypropylene matrix 

(PP) and E-glass fibre was investigated by Simeoli et al. 

[13]. The main conclusions concern management of the 

resistance of the interface, which can be a viable option 

for designing composites based on thermoplastics. 

Therefore, composites could increase their tolerance to 

the damage of impacts and balanced quasi-static proper-

ties. Similarly, Yudhanto et al. [14] showed that woven 

composites with a PP matrix reinforced with glass  

fibres have important residual strength and less damage 

after indentation. The woven composites could resist  

a large range of indentation loads (12÷30 J). Davies and 

Olsson [15] examined the behaviour of composite lami-

nate plates subjected to low-velocity impact. The re-

sponse of the material could produce intermittently 

three kinds of results, called rebound, stop and perfora-

tion, respectively. The classification of those responses 

is based on the potential energy initially conferred to 

the impactor by fixing its drop height. It was deduced 

that if the amount of energy absorbed by the specimen 

is not excessively high, the impactor would experience 

rebound. This last contention was also confirmed by 

Zulkafli et al. [16]. 

FE-numerical approaches seem to be the best tech-

nique for analysing the behaviour of composite lami-

nate plates considering accuracy, cost and time [17, 18]. 

Many researchers have developed numerous models in 

aim to predict the behaviour of composites [19, 20]. 

Tabiei et al. [21] conducted research on predicting de-

lamination in composite laminates with a low-velocity 
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impact test using a cohesive zone plasticity model 

(CZM). The conclusion made by Amaro et al. [22] em-

phasizes the influence of thickness on the impact be-

haviour during the low-velocity impact of laminated 

polymer matrix composites. In addition, the damage 

tolerance of fibre reinforced composites to impact was 

numerically investigated. The important findings con-

firm the influence of parameters such as the hygrother-

mal conditions, the stacking sequence and the impactor 

geometry [23, 24]. 

Using the continuum damage mechanics (CDM)  

approach, Matzenmiller et al. [25] developed a mathe-

matical model for the damage of composite materials 

called MLT. The main idea behind the construction of 

that model was to connect the damage level to the de-

graded elastic properties of the material, which in turn 

depends on the particular damage mechanism. This  

approach has been implemented in many research 

works [26-28], revealing interesting results in predict-

ing the impact response and potential damage. On other 

hand, Zhu and Yu [29] proposed an analytical model 

for predicting the low-velocity impact response of fibre-

reinforced composite laminated plates, including de-

lamination effects in orthotropic composite plates, 

which mainly focuses on the relatively weak resistance. 

It was observed that the variation in the response caused 

by delamination was apparent on the velocity history 

curve of the impact point. 

The experimental and numerical approach devel-

oped as part of this work is based on a study of the 

nonlinear behaviour of composite materials constituting 

a polypropylene matrix reinforced with continuous  

fibres (glass, steel). This approach aims to shed light on 

the mechanisms of damage and failure through the  

experimental identification of physical phenomena such 

as the presence of crack, delamination, and to assess the 

effect of the damage on the mechanical performance of 

reinforced laminates. 

EXPERIMENTAL PROCEDURE 

Materials and preparation  

Specimens of polypropylene plates reinforced with 

glass fibre or stainless-steel fine wire mesh were used in 

the present study. The polypropylene (PP) granules are 

those used in the mechanical industry with a density of 

0.90 g/cm
3
 and melting point of 175°C. The first rein-

forcement material was E-glass fibre with a density of 

2.54 g/cm
3
; this is the most commonly used glass fibre, 

which is fire-resistant to a temperature of 830°C. Above 

this temperature softening and viscous flow begin.  

Finally, melting occurs at 1070°C. The second rein-

forcement material was a fine wire mesh of stainless 

steel with a density of around 7.90 g/cm
3
. 

The E-glass/PP (denoted as GFPP) and steel-

wire/PP (denoted as SWPP) laminates were manufac-

tured by the compression moulding technique [9, 30]. 

The E-glass fibre and steel wires were oriented respec-

tively at 0° and 90° in longitudinal and transverse direc-

tions, as shown in Figure 1. The stacking sequences 

used were a quasi-isotropic layup [0/90°]2s. The fibre 

volume fractions (labelled vf) for the GFPP and SWPP 

laminates were respectively 48 and 36%.  

The preparation process is based on stacking two 

layers of pre-impregnated woven, symmetrically ar-

ranged with respect to the middle plane of the plate. 

The mould containing the pre-impregnated woven 

composed of polypropylene (PP) granules and continu-

ous fibres (glass, steel wire) was placed subsequently in 

an air-circulating oven with an adjusted internal tem-

perature of 180°C. The plates were stamped with a cold 

press under the pressure of 0.80 N/mm
2
. This fast cool-

ing is recommended to reduce as much possible the 

crystallinity of the polypropylene matrix. When the 

mould temperature was less than 55°C, the panels were 

removed and carefully inspected.  

The dimensions of each square plate were 100 

×100 mm with a thickness of 4.00±0.10 mm, obtained 

after compression moulding. 

 

 
Fig. 1. Stacking sequence of thermoplastic fibre laminate 

Quasi-static indentation tests and setup 

The quasi-static indentation test consists in subject-

ing materials to the impact of an indenter. The tests 

were conducted by mounting an instrumented steel tip 

with 16-mm diameter in an electromechanical universal 

testing machine (MTS Criterion series 41) and directing 

the indenter straight towards the specimen. The details 

about the setup are shown in Figure 2.  

This machine is equipped with TestSuit software to 

program the loads and to define the acquisition fre-

quency. The load cell moves vertically with the indenter 

at a constant velocity. 

A constant crosshead displacement rate of 1.2 mm/min 

was used in all the tests. The composite plates were 

clamped between two steel plates in the horizontal di-

rection. The dimensions of the plates were 200 mm in 

length and width, 10 mm in thickness, which were se-

cured with four bolts (Fig. 2b). Furthermore, in order to 

perform the indentation test correctly, the steel plates 

had a circular opening with a diameter of 70 mm. This 

experimental setup was specially designed and could 

easily be installed on the MTS machine (Fig. 3). 

To determine the conclusive effect of indentation on 

the composite plates, a series of tests at three energy 

levels (charge/discharge) were carried out. The indenta-

tion energy stages are gradually represented by the 

penetration depths denoted as H1, H2, and H3 in Figure 
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2a. H1 and H2 are below the critical maximum energy

H3. The last level of penetration (H3) causes total pe

foration of the indented sample. Initially, the indenter is 

positioned at a distance of 4 mm (H0) from 

ite laminate.  

 

Fig. 2. Specimen clamp and hemispherical-ended projectile
mounting (b) 

Fig. 3. Mounting brackets and laminate (a), insertion of indenter

MTS test machine (c) 

b) 

a) 

a) 

b) 

c) 
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2a. H1 and H2 are below the critical maximum energy, 

H3. The last level of penetration (H3) causes total per-

foration of the indented sample. Initially, the indenter is 

positioned at a distance of 4 mm (H0) from the compos-

 
ended projectile (a), laminate 

  

  

 
, insertion of indenter (b),  

After the first load, the indenter returns to its initial 

position with H corresponding to F = 0

is repeated for a second charge in order to reach the 

second stage. The last stage concerns perforation and 

penetration of the composite plate. Prim

denter goes down until the distance of H1 = 7 mm from 

the upper surface of the composite laminates. Then it 

goes back to the initial position. After that, the process 

is repeated for a second load to attain the second pen

tration stage limited to H2 = 15 mm.

EXPERIMENTAL RESULTS

Figure 4 shows the results of two charge/discharge 

tests performed on the GFPP and SWPP composite 

plates at the penetration depth of H1 and H2. 

For both tests, the elastic and the anelastic domains 

are identifiable. The anelastic domain is likely due to 

the contribution of viscosity (PP matrix), plasticity and 

damage. The different loadings cause specific residual 

displacements (noted εr), depending on the nature of 

the reinforcement. In fact, as depicted in Figures 4

and 4b, hysteresis appears after each discharge, which 

results in the occurrence of at least one the classified 

responses. Hysteresis generally refer

stiffness as a damage is detected.

 

Fig. 4. Force-displacement response of GFPP and SWPP from H1 and 

H2 levels 

a) 

b) 
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the first load, the indenter returns to its initial 

position with H corresponding to F = 0 kN. The process 

is repeated for a second charge in order to reach the 

. The last stage concerns perforation and 

penetration of the composite plate. Primarily, the in-

distance of H1 = 7 mm from 

the upper surface of the composite laminates. Then it 

goes back to the initial position. After that, the process 

is repeated for a second load to attain the second pene-

to H2 = 15 mm. 

EXPERIMENTAL RESULTS 

Figure 4 shows the results of two charge/discharge 

GFPP and SWPP composite 

plates at the penetration depth of H1 and H2.  

For both tests, the elastic and the anelastic domains 

e anelastic domain is likely due to 

the contribution of viscosity (PP matrix), plasticity and 

damage. The different loadings cause specific residual 

), depending on the nature of  

the reinforcement. In fact, as depicted in Figures 4a  

and 4b, hysteresis appears after each discharge, which  

of at least one the classified 

ysteresis generally refers to the loss of 

stiffness as a damage is detected. 

   

 
response of GFPP and SWPP from H1 and 
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The area delimited by the force values represents the 

indentation energy transferred from the indenter to the 

composite plate. A part of this energy is absorbed by 

the composite in the form of damage and plastic defor-

mation. A portion of that part is substantially related to 

the nature of the reinforcement. The remaining amount 

of energy is returned to the indenter (recovered or elas-

tic energy). The two composite laminates have different 

residual displacements. At the first loading (denoted as 

H1) it is evaluated at εr = 1 mm for the GFPP plates, 

and is around εr = 1.8 mm for the SWPP plates. The 

order of increase is around 80%. This discrepancy could 

be explained by the viscoplastic behaviour of the com-

posite, in particular that of the SWPP steel wire (Fig. 4). 

However, in the second test, the residual displace-

ment is evaluated on average at εr = 2 mm for the GFPP 

plates, while for the SWPP composites it is around  

εr = 2.8 mm. The area of the curves increases after each 

load charge discharge request, which indicates a signifi-

cant presence of the viscosity effect, in particular in the 

case of the SWPP plates that show a larger loop (area 

under the curves). 

Regarding the GFPP laminates, the force/displace-

ment evolution occurs in two phases (Fig. 5a). The first 

phase is elastic, which corresponds to the linear in-

crease in the load, up to the peak at which the maxi-

mum load is reached. A non-linear phase follows, char-

acterized by a reduction in load until failure and 

complete perforation. Nevertheless, it was noted that 

the laminate was perforated beyond the maximum load, 

which was reached at 6.2 kN. The observed mechanical 

behaviour is of a fragile type. 

In contrast, the evolution of the load/displacement 

curve in the SWPP laminate could be described as hav-

ing three stages (Fig. 5b). The first corresponds to the 

elastic linear phase where no damage mechanism is de-

tected up to a limit force of about (F = 4.7 kN). The 

latter is equivalent to the charge level corresponding to 

the initiation of cracks in the upper face. In the second 

stage (Phase II), the exposed face receives the first 

damage, characterized by the initiation of matrix crack-

ing. It should also be noted that at this loading level, the 

reinforcement (steel wire) near the upper face does not 

show damage.  

In the last stage, the increase in the load causes 

crack propagation in the SWPP laminate. As the incre-

mental load is applied, the steel wires form an obstacle 

and tend to stop the spread of cracks. That overcomes 

some fluctuations in the curve with redistribution of the 

loads over the plate. Failure of the steel wires occurs 

when the maximum load attains F = 6.5 kN. It is 

worthwhile noting that when the propagation of damage 

is triggered, the maximum load is accompanied by 

smooth fluctuations. These fluctuations reported on the 

force/displacement curve seem originate from the suc-

cessive failure of the steel wires.  

Figure 6a and 6b illustrate the history of the evolu-

tion of the indentation load as a function of time for the 

GFPP and SWPP plates, respectively. 

 
Fig. 5. Load vs. displacement plots of QSI tests at Phase III (H3 level):  

a) GFPP, b) SWPP 

 

 
Fig. 6. Indentation (QSI) force-displacement histories of GFPP (a) and 

SWPP (b) laminates  
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In the GFPP laminates, the observed

haviour is of the fragile type. This is due to the nature 

of the reinforcement that is based on glass 

developed a fragile behaviour. The first damage 

on the impacted face before the time of 60 seconds. 

The appearance of damage in the opposite face where 

the indentation was applied begins thereafter. The drop 

in resistance at the time of 90 seconds 

the decrease in the overall stiffness of th

Furthermore, compared to the first case, the evol

tion of the force/time curve of the SWPP laminate is of 

the ductile type. This seems to be due to the nature of 

the reinforcement based on steel wire, which developed 

ductile behaviour. In addition, as the resistance the 

composites distinctly falls, the decrease in the overall 

stiffness of the plate is accompanied b

ration of the sample. This conclusion is in concordance 

with the findings of Carrillo et al. [12] 

behaviour of thermoplastic fibre metal composites. The 

authors highlighted the importance of lay

to obtain the highest specific absorbed energy.

Failure mechanisms of indentation tests

To investigate the failure mechanisms at 

(H3), the GFPP and SWPP specimens 

inspected. The analysis of the failure processes in both 

the front and rear surfaces were considered. As depicted 

in Figure 7, macroscopic damage in the post

be observed respectively in GFPP and SWPP. 
 

a) GFPP            b) SWPP 

Fig. 7. Representative crack propagation paths on opposite face

In the GFPP composites, the damage is more serious 

below the average plane under the indentation area, 

Figure 7a. The damage on the opposite side is chara

terized by a matrix crack that is initiated with an orie

tation of ± 45° in the centre of the indented samples. 

Shear failure close to the impact location is observed 

even in the lowermost glass layer with a typical 45° 

fracture (Fig. 7b). 

In the case of the SWPP plates, the damage on the 

face subjected to impact is characterized by an indent

tion with nearly circular geometry. The depth of this 

indentation is proportional to the increase 

provided by the indenter. Furthermore, the damage to 

the rear face of the SWPP plates is marked by cracks 

with a semi-elliptical shape, which are initiated in pa

ticular in the centre of the laminates. The appearance of 
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observed mechanical be-

haviour is of the fragile type. This is due to the nature 

of the reinforcement that is based on glass fibres, which 

developed a fragile behaviour. The first damage occurs 

time of 60 seconds.  

The appearance of damage in the opposite face where 

the indentation was applied begins thereafter. The drop 

time of 90 seconds mainly reflects 

the decrease in the overall stiffness of the plate. 

Furthermore, compared to the first case, the evolu-

tion of the force/time curve of the SWPP laminate is of 

the ductile type. This seems to be due to the nature of 

, which developed 

, as the resistance the 

, the decrease in the overall 

ied by complete perfo-

ration of the sample. This conclusion is in concordance 

Carrillo et al. [12] concerning the 

ur of thermoplastic fibre metal composites. The 

authors highlighted the importance of layup sequences 

to obtain the highest specific absorbed energy. 

Failure mechanisms of indentation tests 

To investigate the failure mechanisms at Phase III 

and SWPP specimens were visually 

inspected. The analysis of the failure processes in both 

considered. As depicted 

the post-tests could 

n GFPP and SWPP.  

 
opposite face 

GFPP composites, the damage is more serious 

below the average plane under the indentation area, 

Figure 7a. The damage on the opposite side is charac-

atrix crack that is initiated with an orien-

tation of ± 45° in the centre of the indented samples. 

Shear failure close to the impact location is observed 

lass layer with a typical 45° 

, the damage on the 

face subjected to impact is characterized by an indenta-

circular geometry. The depth of this 

indentation is proportional to the increase in energy 

provided by the indenter. Furthermore, the damage to 

SWPP plates is marked by cracks 

elliptical shape, which are initiated in par-

ticular in the centre of the laminates. The appearance of 

damage is highlighted by crushing of the PP matrix with 

considerable delamination and a loss of resistance of

steel wires in both the exposed and opposite sides.

Globally, as observed for SWPP and as supported by 

other published works [8, 9], the major damage mech

nisms identified in laminates when subjected to QSI 

tests at low-velocity are matrix cracks, delamination, 

fibre breakage and penetration. Matrix failure and d

lamination occur during the early stage of impact and 

are likely to originate from the material 

match between the reinforcement and 

GFPP, the matrix cracks located on the impact side o

cur under the impact area due to the high transverse 

shear stress which is related to the contact shear force 

and contact area. 

NUMERICAL MODEL 

Constitutive model and failure criteria

The loading area introduced in the Matzenmiller, 

Lubliner and Taylor (MLT) model was derived from 

the Hashin (1980) failure criteria [25, 31]. This failure 

criteria is used to predict the occurrence o

plate damage in a complex state of stress [20, 27, 32]. 

The MLT model includes different parts such us acc

rate stress analysis, proper failure criteria and material 

degradation rules. The numerical simulation is pe

formed with the finite eleme

Abaqus-explicit. 
In this study, the MLT model was developed for the 

non-linear analysis of composite laminates, using da

age variables (labelled dA and 

these internal variables depends on the stress values 

defined in the Hashin failure criteria, expressed in stress 

invariants for a transversely isotropic body and in resi

tance parameters for the composite [20, 28]. In addition, 

when one of the Hashin failure criteria is satisfied at 

a point in a composite structur

and can be characterized by the introduction of internal 

variables for fibre fracture in tension and in compre

sion, cracking of the matrix in tension and compression 

[26, 27]. Damage affects the warp, weft and shear dire

tions. However, the stress-strain

sumed to be elastic orthotropic and the relationship 

takes the form: 

 ε S=

where � and � are respectively the strain and stress 

components, S is the compliance matrix for the da

aged material.  
The compliance matrix is defined by: 
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damage is highlighted by crushing of the PP matrix with 

considerable delamination and a loss of resistance of the 

steel wires in both the exposed and opposite sides. 

Globally, as observed for SWPP and as supported by 

other published works [8, 9], the major damage mecha-

nisms identified in laminates when subjected to QSI 

velocity are matrix cracks, delamination, 

breakage and penetration. Matrix failure and de-

lamination occur during the early stage of impact and 

are likely to originate from the material property mis-

reinforcement and the matrix. In the 

GFPP, the matrix cracks located on the impact side oc-

cur under the impact area due to the high transverse 

shear stress which is related to the contact shear force 

Constitutive model and failure criteria 

The loading area introduced in the Matzenmiller, 

Lubliner and Taylor (MLT) model was derived from 

the Hashin (1980) failure criteria [25, 31]. This failure 

criteria is used to predict the occurrence of composite 

plate damage in a complex state of stress [20, 27, 32]. 

The MLT model includes different parts such us accu-

rate stress analysis, proper failure criteria and material 

degradation rules. The numerical simulation is per-

finite element analysis software 

In this study, the MLT model was developed for the 

linear analysis of composite laminates, using dam-

and dB). The evolution of 

these internal variables depends on the stress values 

in the Hashin failure criteria, expressed in stress 

invariants for a transversely isotropic body and in resis-

tance parameters for the composite [20, 28]. In addition, 

when one of the Hashin failure criteria is satisfied at  

a point in a composite structure, it results in damage 

and can be characterized by the introduction of internal 

fracture in tension and in compres-

sion, cracking of the matrix in tension and compression 

[26, 27]. Damage affects the warp, weft and shear direc-

strain of the laminate is as-

elastic orthotropic and the relationship 

σS  (1) 

are respectively the strain and stress 

is the compliance matrix for the dam-

The compliance matrix is defined by:  

)

( ) 

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


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− Gd

Ed

E
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where E1 and E2 are respectively the elastic moduli in 

the longitudinal and transverse directions, G is the shear 

modulus, v12 and v21 are the major and minor Poisson's 

ratios of undamaged lamina. d1 is associated with longi-

tudinal (warp) fracture, d2 is associated with transverse 

(weft) fracture and d3 is associated with shear (fibre-

matrix) failure [32].  

Variable dA increases continuously with simple ex-

ponential damage evolution as specified below [20, 26]:  
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where Eii is Young's modulus, ���(� = 1, 2) is the strain 

related to the progressive damage direction. ��,�(� = 

= 1, 2)	is assumed to be identical for compression (lon-
gitudinal and transverse, respectively). m is the Weibull 

modulus, which defined from the strain at maximum 

stress and Young’s modulus E. Thus, the m parameters 

are defined from the strain value at maximum stress and 

Young’s modulus E. The di,A damage variable in com-

pression is governed by m parameters that reflect the 

damage accumulation behaviour. 

The damage from the MLT function and the strain 

softening function must be such that in this approach 

(dA + dB = 1) at complete failure (����) [25, 28]. The 

damage evolution in Zone B is therefore expressed as  
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where he is the characteristic length of the element, Gf is 

the fracture energy per unit of area, ��,� is the strain at 

maximum stress, 	
���

��	�,�
 is the strain value ���� when the 

specimen is totally damaged. 

The explicit finite element (Abaqus/Explicit) was 

employed for quasi-static indentation test simulation. 

The GFPP and SWPP laminates are modelled as circu-

lar plates, as shown in Figure 8. A refined mesh was 

created in the vicinity of the indenter, convergence cal-

culation was conducted to ensure that the mesh refine-

ment in the glass/pp and the steel/pp laminates was suf-

ficiently fine enough to capture the stresses and damage 

with good precision.  

The spherical steel indenter with a diameter of  

16 mm was also modelled using 8-node linear reduced 

integration solid elements (C3D8R). The indenter was 

placed at 0.1 mm above the upper surface of the lami-

nate. During the simulation, the plate was loaded by the 

indenter and bounced back when the imposed penetra-

tion depth was reached. The simulation was stopped 

after the indenter returned to its original position.  

 

 
Fig. 8. Numerical FE model of composite plate and hemispherical  

indenter 

The elastic modulus, Poisson’s ratio, in addition to 

the tensile strength and compressive strength of the 

laminates were obtained from different tests by using 

contact extensometers [28].  

To examine the changes in the failure mechanisms 

of each material, two contact forces were selected.  

One was slightly less than the maximum value (Y1 =  

= 15 mm, Y2 = 20 mm) and the other one greater than 

the maximum value as shown in Figures 9 and 10.  
 

 
Fig. 9. Damage obtained by numerical simulations for indentation test 

on GFPP laminate 

  
Fig. 10. Evolution of damage area in SWPP laminate 

The damage pattern in the two composites is differ-

ent owing to the high concentration constraints. Due to 

the higher indentation force, the extent and magnitude 

of damage at the impact location are higher, especially 

near the constrained top edge than that shown in Figure 

9. In addition, the GFPP exhibited more damage, espe-

cially at the indentation location area.  Cracking in most 

cases is along the fibre direction. The closer to the back 

of the composite, the more serious the damage. The de-

laminated area is in the shape of double leaf with the 
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spindle along the fibre direction in the bottom layer, 

which is consistent with the experimental observation. 

Similar simulation results have been observed by other 

authors [27], where the fibre fracture occurs only when 

large impact energy is applied. Fibre fracture occurs 

later than that of matrix cracking.  

Figure 10 also shows the evolution of indentation as 

predicted by the numerical model. The predicted post-

damage indentation is similar in depth to the actual 

damage obtained from the experimental results. The 

appearance of cracks occurs owing to the nonlinear 

shear damage behaviour of the matrix/fibre interface. In 

fact, the development of the shear strain overcomes 

cracking in different directions. This mode of damage 

releases large amounts of energy, which redistribute the 

stress over the surfaces of the composites, especially for 

the SWPP laminate. Thus, this kind of damage results 

in catastrophic failure of the structure. Compression 

load in the perpendicular fibre direction causes delami-

nation and leads to the formation of cracks as observed 

in the experimental results. In addition, with the same 

initial impactor velocity, the extent of the local peak 

and the following descent in SWPP decreased with in-

creasing the distance between the impact area and the 

measurement point. As reported in other works [20, 29], 

fibre breakage occurs in the later stage of the impact 

event. The late occurrence of breakage is due to high 

local stresses as a consequence of the contact between 

the indenter and the specimen. When fibre failure 

reaches a critical level, penetration of the indenter leads 

to macroscopic failure of the composite. 

CONCLUSIONS 

The present study outlines the experimental charac-

terization of the mechanical response of fibre-reinforced 

composites under quasi-static indentation load. Nu-

merical investigation was also conducted to predict the 

orientation of failure. The performances of the GFPP 

and SWPP composite plates subjected to a quasi-static 

indentation (QSI) load at low-velocity were character-

ized in terms of resistance and damage scenarios as well 

as crack orientation. The level of damage increases with 

the maximum energy transmitted to the plate. The 

SWPP laminates exhibited greater damage than the 

GFPP laminates for all the levels of indentation. Thus, 

the composite laminate based on the steel fibres exhib-

ited high energy-absorbing levels as a result of shear 

and delamination failure compared to the glass fibre 

composite. In the case of the GFPP plates, this damage 

consists in cracking of the matrix, followed by failure 

of the fibres distributed over the thickness of the  

sample.  

Good agreement was found between the numerical 

predictions (MLT model) and the experimental obser-

vations. In SWPP, the damage formation is usually 

from the bottom to the top in a conical form with the 

back face experiencing fibre fracture and splitting  

owing to tensile and shear loading. The GFPP laminates 

exhibit the formation and propagation of cracks with an 

angle of approximately 45° to the loading direction. 

This direction of crack propagation continues thereafter 

in the direction of fibre orientation 
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