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Abstract 

This paper investigates the feasibility of monitoring progressive delamination growth in 

Z-pinned composite laminates via the measurement of through-thickness electrical 

resistance. This novel health monitoring technique is based on connecting Z-pins both 

in series and in parallel by means of arrays of electrodes arranged on the laminate 

surfaces. This creates a multi-functional (through-thickness reinforcing and sensing) 

laminated structure. Experimental results on double-cantilever beam coupons 

demonstrate that the entire Mode I bridging response of Z-pins can be monitored, from 

the arrival of the delamination front to the complete pull-out of the through-thickness 

reinforcement. Hence the extent of delamination can be inferred from the through-

thickness resistance. This is proved for both conductive (carbon fibre-reinforced) and 

non-conductive (glass fibre-reinforced) laminates. The premature Z-pin failure during 

progressive pull-out corresponds to an abrupt increase of through-thickness electrical 

resistance. The delamination sensing/suppression method presented in this paper can be 

readily applied to Z-pinned composites at structural level. 

Keywords: Structural composites; Z-pins; Delamination; Fracture toughness; Health 

monitoring.

mailto:b.zhang@bristol.ac.uk


Published in Materials & Design, July, 2016 
doi: 10.1016/j.matdes.2016.07.035 

2 
 

1. Introduction 

1.1 State of the art 

Fibre-reinforced plastics (FRP) composites today find a wide range of engineering 

applications due to their excellent in-plane specific stiffness and strength. The all-electric 

car BMW i3 features a carbon FRP passenger compartment [1]. The Airbus A350-XWB 

and Boeing B787 airframes contain 53% and 50% FRP composites, respectively [2]. 

However, FRP composites are prone to delamination, i.e. the progressive through-thickness 

dis-bond of individual plies assembled in laminate stacks. Delamination may be caused by 

inherent features that act as interlaminar stress risers in composite laminates, such as free 

edges and ply drop-offs. The susceptibility of FRP to delamination is particularly 

significant under impact loading. Aiming to improve the delamination resistance of 

laminated composites, the past decades have seen the advance of several through-thickness 

reinforcement (TTR) techniques, such as stitching [3], tufting [4], braiding [5] and 3D 

weaving [6].  

Z-pinning is an effective TTR method, whereby individual metal or composite rods are 

inserted through the laminate thickness before [7], during[8] and after [9] cure. In the 

literature, the methodologies for the experimental characterisation and modelling of 

delamination suppression in Z-pinned laminates follow a multi-level/multi-scale 

overarching philosophy. This progresses from the characterisation and modelling of single 

Z-pin behaviour to the prediction of delamination suppression provided by arrays of Z-pins 

bridging interfaces, which is validated by means of experimental data at coupon and 

structural element levels. Mode I tests on single Z-pin coupons show that the bridging 

action becomes more effective for longer insertion length [10], since the energy dissipation 

associated with friction pull-out increases. However, there exists a critical insertion length 

that must not be exceeded, otherwise the frictional forces would cause the premature failure 

of the Z-pin, with a consequent drop in apparent fracture toughness [11]. Regarding Mode 

https://www.researchgate.net/publication/275898834_Manufacturing_of_composite_parts_reinforced_through-thickness_by_tufting?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/282623765_Microstructure_and_Mechanical_Properties_of_z-pinned_Carbon_Fibre_Reinforced_Aluminum_Alloy_Composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/223212918_Mechanistic_approach_to_the_properties_of_stitched_laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/270920859_Re-evaluation_of_mode_I_bridging_traction_modelling_for_z-pinned_laminates_based_on_experimental_analysis?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/251494261_Airbus_A350_XWB_update?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/248406431_Microstructureproperty_relationships_in_three-dimensionally_braided_composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/268474845_New_Manufacturing_Method_of_Z-Pinned_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/268516173_Composite_Toughness_Enhancement_with_Interlaminar_Reinforcement?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/260028959_Carbon_fibre_and_cars_-_2013_in_review?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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II behaviour, the experimental evidence proves that composite Z-pins tend to fail in shear 

without experiencing significant pull-out [12]. On the other hand, metal Z-pin can 

experience a substantial amount of shear deformation, thus providing an effective 

toughening action. Generally speaking, the Z-pin response varies from complete pull-out to 

fracture as the mode-mixity ranges from pure Mode I to pure mode II [13]; hence, in 

principle, the bridging performance can be tailored by varying the Z-pin insertion angle [14], 

albeit some amount of “misalignment” is always present due to manufacturing variability.  

Several models have been proposed to predict the behaviour of single Z-pins. These 

include: 1) semi-analytical approaches based on shear lag assumptions [15], eventually 

coupled with elementary beam theory [16,17]; 2) “high-fidelity” finite element analysis 

(FEA) at single Z-pin level [18,19]. These two kinds of approaches are complementary, 

rather than mutually exclusive. High-fidelity FEA at single Z-pin level is computationally 

expensive, so semi-analytical approaches, once properly calibrated, provide a means of 

“reduced order modelling” that eases the transition among scales.   

ASTM/ISO standard coupons comprising Z-pin arrays inserted along the delamination 

path are usually employed to evaluate the toughening enhancement due to the presence of 

the TTR elements in Mode I/II [20,21] and mixed-mode (MMB) regimes [22]. The apparent 

interlaminar fracture toughness of Z-pinned composites is much larger than for un-pinned 

laminates over the full mode-mixity range. This enhancement increases with the Z-pinning 

areal density, although the corresponding in-plane stiffness and strength properties are 

degraded. At element level, the effectiveness of Z-pins in delaying/preventing dis-bonds 

had been assessed on Tee- [23], lap- [24] and L-joints[25]. Z-pins in structural elements 

increase both the delamination initiation and the ultimate failure loads, allowing a more 

progressive growth of interlaminar cracks and a substantial improvement of the work to 

failure. Regarding impact behaviour, Z-pinning significantly reduces the post-impact 

delamination area. This favourable effect is further promoted in relatively thick laminates 

https://www.researchgate.net/publication/257544589_Strengthening_mechanics_of_thin_and_thick_composite_T-joints_reinforced_with_z-pins?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/257544395_Multi-level_analysis_of_low-cost_Z-pinned_composite_joints_Part_2_Joint_behaviour?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/222348193_Simulation_of_pin-reinforced_single-lap_composite_joints_Compos_Sci_Technol_661623?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/266748511_Comparative_study_of_the_mode_I_and_mode_II_delamination_fatigue_properties_of_z-pinned_aircraft_composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/223551713_Mixed_mode_delamination_of_polymer_composite_laminates_reinforced_through_the_thickness_by_Z-fibers?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/260112393_Experimental_characterisation_of_mixed_mode_traction-displacement_relationships_for_a_single_carbon_composite_Z-pin?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/223504129_Finite_element_modelling_of_bridging_micro-mechanics_in_through-thickness_reinforced_composite_laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/263282601_A_Novel_Model_of_Delamination_Bridging_via_Z-pins_in_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/232901853_Snubbing_Effects_in_the_Pullout_of_a_Fibrous_Rod_from_a_Laminate?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/290480910_Mode_II_delamination_resistance_of_composites_reinforced_with_inclined_Z-pins?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/222688492_Mechanisms_of_crack_bridging_by_composite_and_metallic_rods?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/257100350_Predicting_mode-II_delamination_suppression_in_z-pinned_laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/222339418_Delamination_resistant_laminates_by_Z-FiberR_pinning_Part_I_manufacture_and_fracture_performance?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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[26]. The reduction of delamination area also causes a significant increase of compression 

after impact strength of Z-pinned laminates [27].  

Numerical models have also been established to investigate the fracture mechanics of 

Z-pin array reinforced composites. Early FEA approaches have been based on the virtual 

crack closure technique [24], with nonlinear spring elements distributed on the delamination 

surfaces to model the bridging action of Z-pins. More recent techniques are based on the 

formulation of cohesive zone models whereby the response of individual Z-pins is 

homogenised at interface level [28,29]. The interface cohesive constitutive behaviour is 

based on traction-displacement laws derived from single Z-pin experiments or models. 

1.2 Beyond the state of the art 

The majority of the existing research on Z-pinning is focussed on the delamination arrest 

function of Z-pins, and, as a consequence, on the mechanical performance of Z-pinned 

laminates. On the other hand, it has been demonstrated that un-pinned conductive (carbon 

fibre reinforced) laminates have a strain/damage self-sensing capability, which can be 

exploited via electrical resistance (ER) or electric potential measurements [30–32]. It is 

worth stressing that “self-sensing” is here intended as the inherent capability of a laminate 

to generate a detectable change in electrical signal whenever damage occurs, without the 

need for additional sensing elements. As will be demonstrated later, the presence of 

conductive TTR elements enhances the inherent self-sensing ability of conductive laminates. 

A Z-pin can be in principle made of any material that can be processed into small diameter 

rods. This means that electrically conductive Z-pins may also endow a non-conductive 

laminate with a delamination sensing function, as it will be shown in this paper. 

This paper first introduces a novel concept of multi-functional through-thickness 

reinforced composite laminates, whereby Z-pins enable both delamination sensing and 

through-thickness reinforcement. This concept is then demonstrated at coupon level by 

https://www.researchgate.net/publication/222348193_Simulation_of_pin-reinforced_single-lap_composite_joints_Compos_Sci_Technol_661623?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/228362625_Comparison_of_the_Electrical_Resistance_and_Potential_Techniques_for_the_Self-sensing_of_Damage_in_Carbon_Fiber_Polymer-Matrix_Composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/279976426_Multi-Scale_Modelling_for_Predicting_Fracture_Behaviour_in_Through-Thickness_Reinforced_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/251543983_A_cohesive_zone_model_for_predicting_delamination_suppression_in_z-pinned_laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/222824023_Improvement_of_low-velocity_impact_and_compression-after-impact_performance_by_z-fibre_pinning?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/223351921_Structural_health_monitoring_of_glass_fiber_reinforced_composites_using_embedded_carbon_nanotube_CNT_fibers?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/273300209_Electro-mechanical_fatigue_of_CFRP_laminates_for_aircraft_applications?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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means of double-cantilever beam (DCB) carbon-fibre and glass-fibre specimens, both 

reinforced with carbon-fibre Z-pins.  

2. Multi-functional method  

The intrinsic ability of single Z-pin reinforced laminate to sense delamination through a 

change in the through-thickness electrical resistance (TTER) has been demonstrated in [33]. 

This approach is here further developed and scaled up to coupon level, considering DCB 

laminated specimens comprising arrays of embedded Z-pins. The multi-functional method 

for delamination sensing/mitigation proposed here is based on having the Z-pins in the 

laminate protruding from the top and bottom surfaces with arrays of electrodes attached to 

the Z-pin ends. Since the Z-pins act as sensing elements for the TTER of the composite, the 

Z-pinned laminate can be considered as a self-sensing structure, whose multi-functionality 

(mechanical and sensing) is enabled by the Z-pins. The self-sensing laminate in general 

comprises multiple TTER measurement channels. These consist of surface electrodes and 

through-thickness Z-pins, which can be in principle connected to the electrodes in various 

series/parallel configurations. The electrodes of a sensing channel can be classified into: 1) 

terminal electrodes used for the electrical connection between Z-pins and signal acquisition 

devices; 2) intermediate electrodes employed only for the electrical connection between 

Z-pins. These definitions are here applied in a loose sense, since a terminal electrode may 

also be used for the electrical connection between Z-pins. As mentioned above, in the 

sensing configurations considered here, the electrodes are attached directly onto the 

laminate surfaces, with no insulating media in between.   

3. Experimental Method  

In order to verify the feasibility of the multi-functional approach to delamination sensing 

and mitigation, Z-pinned DCB coupons were manufactured and tested. Commercial 

T300/BMI Z-pins with the diameter of 0.28 mm were employed.  

3.1 Specimen manufacture 

https://www.researchgate.net/publication/298792357_On_the_Delamination_Self-Sensing_Function_of_Z-pinned_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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The configuration and dimensions of a DCB coupon are shown in Fig. 1, based on the 

ASTM D5528 standard [34]. The coupons were made of 48 plies of unidirectional prepreg, 

with a quasi-isotropic (QI) stacking sequence: [[0/90/-45/45]3s]s. Strictly speaking, the 

ASTM standard applies only to the fracture toughness characterisation of unidirectional 

stacks. A QI stacking sequence has been considered here since it is more representative of 

structural laminate configurations. A PTFE film is inserted at the laminate mid-plane, 

between zero direction plies, to simulate the presence of a delamination, which is 

progressively grown from the insert under quasi-static loading. In order to evaluate the 

effect of the electrical conductivity of laminates on the delamination detection, two 

different pre-preg materials were employed, namely: conductive IM7/8552 

(carbon/toughened-epoxy) pre-preg and non-conductive E-glass/913 (glass/epoxy) pre-preg. 

Both pre-pregs were supplied by Hexcel, UK. The initial delamination length was 25 mm 

for both the sets of coupons. A 20 mm long region from the tip of the PTFE insert was left 

un-pinned.  As shown in Fig. 1, an array of 16 × 5 (row × column) Z-pins (areal density of 

0.5%) was longitudinally inserted ahead of the un-pinned region. Each of the Z-pins 

protruded 1 mm from the top and bottom surfaces of the coupon. 16 silver/epoxy (1:1 

weight ratio) electrode strips were bonded to both surfaces of the coupons. Each electrode 

was connected to a single row of Z-pins on each side, as shown in Fig. 1. Thus, each DCB 

coupon comprised 16 TTER sensing channels in total. Each channel consisted of one top 

electrode, one bottom electrode and one row of Z-pins. The Z-pins in a sensing channel 

were connected to the two surface electrodes as resistors in parallel. The TTER between the 

two electrodes in each channel was measured as a sensing variable by connecting the 

electrodes to a data acquisition system, which is described in the next subsection.  

Due to the electrode arrangement, the Z-pinned coupons required a different 

manufacture process in comparison with the “mechanical” Z-pin specimens described in 

[13]. Specifically, a laminate was first assembled laying-up 48 plies and de-bulking under 

https://www.researchgate.net/publication/260112393_Experimental_characterisation_of_mixed_mode_traction-displacement_relationships_for_a_single_carbon_composite_Z-pin?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/290614689_Towards_Standardised_Interlaminar_Fracture_Tests_for_Unidirectional_Fiber-Reinforced_Polymer-Matrix_Composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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vacuum pressure, with the PTFE film (artificial delamination) inserted at the mid-plane 

constituting the starter crack. Rubber sheets 1 mm thick were placed on the top and bottom 

surfaces of the laminated plate. The Z-pins were inserted through the entire thickness of the 

laminate/rubber sheets assembly. The excess Z-pin lengths were sheared off on both sides 

of the rubber sheets. The whole plate was packaged in a vacuum bag and then autoclave 

cured. The rubber sheets were peeled off once the laminate had been cured, leaving 1 mm 

long Z-pin ends protruding from the bottom and top surfaces of the laminate. The plate was 

then carefully cut into individual coupons and hinges were bonded to the coupons using 

AS89.1/AW89.1 adhesive (Cristex Ltd, UK). Next, the surfaces of the coupon were cleaned 

using acetone, before bonding the electrodes. The latter were placed on the coupon surfaces 

with the aid of removable moulds. Each mould had a central slot to accommodate the rows 

of protruding Z-pin ends and the electrodes. Lateral slots in the moulds helped to connect 

conductive wires to the electrodes. A silver-loaded epoxy adhesive was brushed into the 

moulds. The specimens with the un-cured electrodes were placed into an oven for curing at 

80 °С for 15 minutes, and then gradually cooled down. The final coupons with individual 

electrode pairs and connecting wires were finished by removing the moulds and milling off 

any excess silver-loaded epoxy between adjacent electrodes.  

3.2 Testing set-up 

Mechanical loading was applied to the DCB using an Instron 8872 servo-hydraulic 

machine, equipped with a 1 kN load cell. A snapshot of a DCB coupon in the testing rig is 

shown in Fig. 2. The applied opening displacement rate was 2 mm/min. A paper ruler strip 

with a 1 mm scale was attached on one lateral edge of the sample for recording the crack 

length via a video camera. Since each TTER measurement channel comprises a single Z-pin 

row, the words “channel” and “row” will be considered as synonyms in what follows. 

The data acquisition system consisted of: 1) a Keithley 2700 digital multimeter (DMM) 

as the ER measurement unit; 2) a Keithley 7703 multiplexer as the channel selection unit; 3) 
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a PC running NI/LabVIEW to record and synchronise load/displacement/ER data. The ER 

in all the sensing channels was measured in a sequential fashion. The ER resolution and 

sampling rate for each channel were set respectively to 6.5 digits and 3 readings/s. The data 

acquisition system also comprised: 4) an RS232-USB module for the data transmission 

between the PC and the DMM; 5) a PCI-9114 data acquisition card for the data 

transmission between the PC and the servo-hydraulic machine.  

4. Experimental Results  

4.1 Z-pinned carbon-fibre DCB coupons: mechanical response 

A representative force vs. opening displacement curve for the carbon-fibre reinforced 

polymer (CFRP) coupons is presented in Fig. 3a. Initially, the response of the DCB coupon 

was elastic and the load increased linearly. The onset of delamination propagation occurred 

with a sudden load drop, which was followed by a further monotonic decrease, until the 

interlaminar crack reached the first Z-pin row. When the delamination grew into the 

Z-pinned area, the load again increased. A Z-pin bridging region progressively developed in 

the wake of the delamination tip, until the first TTR row experienced complete pull-out. 

During the development stage of the bridging region, the load increased because the number 

of Z-pins experiencing progressive pull-out progressively became larger. When the pull-out 

of the first Z-pin row was complete, the delamination tip was located between the ninth and 

tenth TTR rows. This also marked the onset of a “steady-state” bridging regime, whereby 

the bridging region was fully developed and it translated in an almost self-similar fashion 

with the crack tip. This happened because, as soon as a Z-pin row had been fully pulled out 

in the crack wake, the delamination front impinged one more TTR row. Since the distance 

between Z-pin rows was 3.5 mm, the length of the fully developed bridging region was 

approximately 30 mm, also corresponding to a total delamination length of approximately 

75 mm. A maximum load of 325 N was recorded just before a steady-state bridging regime 

was reached. In the steady-state regime the opening force displayed an overall decreasing 
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trend. As the delamination front crossed the last Z-pin row, the delamination propagation 

quickly accelerated, since the bridging region started to become shorter. The load dropped 

at a much faster rate and all the DCB coupons quickly experienced full delamination. 

Video recording showed that the Z-pins in channels 11 to 16 were suddenly pulled out 

due to the final catastrophic delamination propagation. On the other hand, the Z-pins in 

channels 1 to 10 had been completely pulled out before the sudden dis-bond. This implies 

that the Z-pins in channels 1 to 10 experienced their whole pull-out process at a constant 

displacement rate controlled by the loading machine, while the pull-out of the last six rows 

of Z-pins took place in an unstable fashion and at a much higher rate. However, 

post-mortem observations in Fig. 3b show that no Z-pin in the coupon failed, even in the 

last six rows.  

4.2 Z-pinned carbon-fibre DCB coupons: sensing response 

Regarding the delamination self-sensing performance of the CFRP coupon, the fractional 

ER change vs. time relationships for all the 16 channels are given by the blue curves in Fig. 

4. The delamination arrival time at the nominal centre of a Z-pin row is indicated by a 

dashed red line, while the dashed black line represents the time at which complete pull-out 

occurred. Both the delamination arrival and full pull-out times were measured from video 

recordings of the tests. Note that the interlaminar crack may impinge an individual Z-pin 

earlier or later with respect to the nominal geometrical centreline of the row that the Z-pin 

belonged to. This is unavoidable, since Z-pins are always slightly misaligned, both in plane 

and through the thickness. Moreover, in a DCB specimen, the actual delamination front is 

never perfectly straight across the width [35].  

The TTER signals exhibited consistent trends for each channel in the CFRP coupons. 

Until delamination arrival, the channel TTER did not vary. The initial TTER value ranged 

between 17 : and 75 :, depending on the channel considered. As the interlaminar crack 

approached the channel, the ER signal increased in some cases, e.g. channels 3, 7, 12 and 
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16 in Fig. 4. The mechanisms causing the TTER to increase are: 1) the Z-pin elongation, 

increasing the Z-pin ER; 2) the reduction of the Z-pin/electrode contact area, caused by the 

cross-sectional contraction of the Z-pin due to the Poisson effect and progressive failure of 

the Z-pin/electrode interface – all these mechanisms increase the Z-pin/electrode contact 

ER; 3) the reduction of the Z-pin/laminate contact area, which is also a result of the cross-

sectional pin contraction and that raises the Z-pin/laminate contact ER. The effect of the 

Z-pin extension on the TTER is minor compared with other two mechanisms. A detailed 

analysis on these mechanisms can be found in bridging tests of single Z-pin reinforced 

coupons [33]. On the other hand, each of the channels experienced a rapid TTER decrease 

when the delamination fully impinged the corresponding TTR row. Three more 

mechanisms dictate this behaviour, namely: 

4) The bending of the DCB arms increases the contact pressure between Z-pins and 

electrodes, this it decreases the Z-pin/electrode contact ER the overall channel TTER. This 

is qualitatively illustrated in Fig. 5a, where the crack is shown to approach a Z-pin. The 

opening shear forces behind the crack tip (left) are balanced by closing shear forces ahead 

of the delamination front (right), which cause interlaminar compression ahead of the crack 

tip. Surface longitudinal stresses due to bending are compressive for both the bottom and 

top surfaces. These stresses “squeeze” the electrodes around the Z-pin tips, reducing the 

local contact ER as mentioned above; 

5) As the delamination advances within a row, the Z-pins de-bond first from the 

electrodes. Hence, the applied axial stress drops and the TTR axial elastic elongation is 

reduced, thus decreasing the channel TTER;  

6) When the axial elongation is reduced, the Z-pin also swells radially, due to Poisson’s 

effect, and this also decreases the Z-pin/electrode and Z-pin/laminate contact ERs. Overall, 

there is also some variability in the magnitude of the actual TTER drop with respect to the 

delamination arrival time, but the associated trend is consistent for all the channels.  
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When the crack front reached a position just ahead of a given channel, the Z-pins started 

to be pulled out first from one of the surface electrodes (either bottom or top), as illustrated 

in Fig. 5b. This is consistent with experimental observations in the literature, where it has 

been reported that Z-pin pull-out always occurs in an asymmetric fashion [13], i.e. from 

only one of the split sub-laminates (DCB arms). Asymmetric pull-out can be clearly 

appreciated in the post-failure image of a DCB coupon shown in Fig. 3b. At the early stages 

of Z-pin pull-out, the TTER signal either reached a plateau, as seen in channels 1, 7 and 10, 

or it continued decreasing, but at a smaller rate, as for channels 3, 4, 5 and 14. This stage of 

the overall electro-mechanical response will be from now on denoted as “pull-out from 

electrode” (POFE). 

Eventually, as the delamination progressed, the pull-out displacement would become 

large enough for the Z-pin to slide completely out of one of the surface electrodes, causing 

a rapid increase of TTER.  After all the Z-pins in a channel were pulled out from one of the 

electrodes, the TTER continued steadily to increase; at this stage the Z-pins were sliding 

within the laminate, as shown in Fig. 5c. However, the overall electrical circuit for each 

channel was still closed because the laminate was conductive. This regime of the overall 

electro-mechanical response will be from now on indicated as “pull-out from laminate” 

(POFL). 

Even when the pull-out of all the Z-pins in a row was complete, the TTER of the 

corresponding channel still had a finite value due to the conductivity of the laminate. The 

TTER values in all the channels diverged once the two halves of the DCB coupons were 

fully dis-bonded, i.e. at the end of the test. The TTER results show that when the crack 

started propagating in an unstable fashion, channels 11 to 14 were in the POFL stage, while 

the channels 15 and 16 were still in the POFE regime.  

4.3 Z-pinned glass-fibre DCB coupon: mechanical response 

A representative load vs. opening displacement curve for the glass-fibre reinforced 

https://www.researchgate.net/publication/260112393_Experimental_characterisation_of_mixed_mode_traction-displacement_relationships_for_a_single_carbon_composite_Z-pin?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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polymer (GFRP) coupons is presented in Fig. 6a. Overall, GFRP DCBs showed a 

mechanical response qualitatively similar to that of CFRP coupons. The two Z-pin bridging 

stages (bridging-developing and steady-state) are indicated in Fig. 6a. The GFRP coupons 

offered lower fracture resistance in the un-pinned region compared to CFRP DCBs. This is 

not surprising, since the 913 epoxy matrix has lower mode I fracture toughness than the 

8552 system. However, a higher fracture resistance was observed in the GFRP coupons as 

soon as the delamination front entered the Z-pinned region. This is because carbon-fibre 

Z-pins require larger pull-out forces in GFRPs than in CFRPs, as found in single Z-pin 

bridging tests [33]. For the same reason, some Z-pins in the GFRP coupons failed by fibre 

fracture during the steady-state Z-pin bridging stage. Post-mortem observations (Fig. 6b) 

show one broken Z-pin in row 5, one in row 7 and two in row 8. The pin rupture was 

accompanied by two crack jumps, which correspond to the two load drops in Fig. 6a. Most 

interestingly, the failure of the Z-pins can be clearly identified from the TTER 

measurements that will be presented in the next section. In addition, video recording shows 

that the Z-pins in rows 3 and 4 were simultaneously pulled out at a high rate due to the first 

crack jump. The Z-pins in rows 11 to 16 were suddenly and completely pulled out due to 

the final catastrophic DCB dis-bond. One of the Z-pins failed in row 13, while all the others 

were fully pulled out. 

4.4 Z-pinned glass-fibre DCB coupon: sensing response 

The relative TTER change vs. time relationships for all the 16 channels in a GFRP 

coupon are presented in Fig. 7. The initial TTER values for the individual channels ranged 

between 35 : and 180 :. The channel TTER in the GFRP coupons may in some cases 

increase just before the delamination arrival, as seen in the zoomed plots in Fig. 7. After a 

channel had been reached by the crack front, the TTER value consistently decreased. This is 

again due to the same mechanisms as explained in Section 4.2 for carbon-fibre DCB 

coupons. When the Z-pins in a channel started to be pulled out from the electrodes, the 

https://www.researchgate.net/publication/298792357_On_the_Delamination_Self-Sensing_Function_of_Z-pinned_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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TTER signal tended to reach a plateau, as shown by the majority of the channel recordings 

in Fig. 7. With further loading, the full Z-pin pull-out from one of the electrodes was 

accompanied by an overall TTER increase, either with a continuous rapid trend or in a 

step-like form. This behaviour is consistent with what observed in CFRP coupons. However, 

a finite TTER value was observed even when the Z-pins were sliding into the laminate, 

despite the fact that GFRP is not conductive. This is because some carbon fibres originally 

belonging to the Z-pins remained attached to the surface of the pull-out channel [33]. These 

fibres maintained the electrical connection between the electrodes and the Z-pins. The 

presence of these fibres has been confirmed by microscopic observations in [33]. However, 

the resulting TTER variation was characterised by a noise level much larger than in the case 

of the conductive CFRP coupon in the POFL regime. Overall, the TTER signal allowed 

detecting the full pull-out process of the Z-pins in each channel, as well as the associated 

progressive delamination of the coupon. Suddenly diverging TTERs mark the final 

catastrophic dis-bond of the DCB coupons (open circuits for all channels). In addition, the 

abrupt TTER increases in channels 5 and 7 at 565 seconds indicated that the first crack 

jump was accompanied by rupture of Z-pins in both channels. Failure of a Z-pin implies 

that a resistor disappears in the channel 5-pin parallel circuit, thus the TTER increases 

according to classical parallel-resistor principle. For the same reason, rupture of Z-pins in 

channel 8 at 648 seconds can be identified from the TTER measurements as being 

simultaneous with the second crack jump.  

5. Discussion  

The differences in TTER values between the CFRP and GFRP coupons are due to 

non-conductive nature of the latter. In the CFRP coupons, part of the applied channel 

current flows through the DCB arms and also through Z-pins belonging to other rows. In 

the GFRP coupons, all the injected current must flow through the Z-pins in the 

corresponding channel. Nevertheless, considering the overall remarkable similarity between 

https://www.researchgate.net/publication/298792357_On_the_Delamination_Self-Sensing_Function_of_Z-pinned_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/298792357_On_the_Delamination_Self-Sensing_Function_of_Z-pinned_Composite_Laminates?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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the TTER trends for the two materials, it is evident that the Z-pins control the channel 

TTER, as long as they are not fully pulled out from the electrodes. The conductivity of 

CFRP coupons leads to a less noisy TTER signal in the POFL regime.  

Regarding the mechanical performance of the Z-pinned laminates, the mode I baseline 

fracture toughness in the unpinned regions was about 0.3 kJ/m2 for CFRP and 0.2 kJ/m2 for 

GFRP. In the steady-state bridging regime, the material apparent fracture toughness was 8 

kJ/m2 and 10 kJ/m2 respectively for CFRP and GRFP. Hence, a 0.5% areal density of Z-pins 

is sufficient to increase the fracture toughness by at least one order of magnitude with 

respect to the unpinned baselines. Therefore, the Z-pins can be considered as sensors that 

also enhance the fracture performance, which makes their application particularly 

advantageous. On the other hand, it is well known that Z-pinning reduces the in-plane 

stiffness and strength of composite laminates. The severity of the stiffness/strength 

knockdowns increases with the Z-pin areal density and diameter. However, the 

experimental data presented in [36] suggest that the in-plane knockdowns of mechanical 

properties can be estimated at a few percentage point for an areal density of 0.5% and 0.28 

mm Z-pin diameter, as considered in this study. These knockdowns can most likely be 

tolerated, given the substantial increase in toughness and the delamination sensing function 

that the Z-pins enable. The weight increase due to the presence of the surface electrodes is 

around 10% compared to “mechanical” DCB coupons. This is clearly a potential limiting 

factor for practical applications of the sensing method described here. However, much 

thinner electrodes (e.g. tens of Pm thick) could be 3D-printed on the laminate surface in 

order to mitigate the mass penalty. Moreover, for the sensing method to work in conductive 

laminates it is not necessary to have the Z-pin ends inside the electrodes. Indeed, the TTER 

variation in the POFL regime is sufficient to determine the location of the delamination 

front.  

Finally, multi-physics FE modelling of unpinned delaminated plates [37] suggests that 

https://www.researchgate.net/publication/222816314_Modeling_and_analysis_of_the_electrical_resistance_measurement_of_carbon_fiber_polymer-matrix_composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
https://www.researchgate.net/publication/223933780_A_Mechanistic_Interpretation_of_the_Comparative_In-Plane_Mechanical_Properties_of_3D_Woven_Stitched_and_Pinned_Composites?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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the presence of delamination causes a through-thickness resistance change in the order of 

1%. For Z-pinned laminates, the variation of through-thickness conductivity is at least 

50%-100% for both CFRP and GFRP with the crack arrival. This remarkably large effect is 

easily detectable and it also allows inferring the position of the delamination front from the 

pull-out progression at single Z-pin level, as well as whether the crack propagation is stable 

or not. 

6. Conclusions 

A method for adding multi-functionality to Z-pinned laminates has been demonstrated at 

coupon level, through testing of DCB specimens. This approach is based on distributing 

surface electrodes connecting multiple Z-pins in series/parallel and measuring the through-

thickness electrical resistance during progressive delamination growth. The main 

advantages of the proposed method are that: 1) the Z-pins provide both a mechanical 

function and a sensing function, enabling delamination detection while increasing the 

laminate apparent fracture toughness; 2) the TTER variation in the Z-pinned laminate is 

large enough to allow monitoring the position of the delamination front, as well as the 

progress of Z-pin pull-out; 3) this sensing approach is suitable for both conductive and 

non-conductive laminates. However, the applicability of the sensing method to 

delamination regimes other than pure mode I has still to be demonstrated. The associated 

characterisation work is ongoing and it will be reported in a separate paper. Demonstrating 

multi-functionality in mode II is particularly important, since this is the dominating 

delamination scenario that arises during impact on composite structures. The evidence 

gathered from the DCB coupons suggests that it is possible to detect Z-pin failure as an 

abrupt TTER increase. This implies that, in principle, the sensing method can be applied at 

a relative high mode-mixity (i.e. when approaching mode II), where carbon/BMI Z-pins fail 

before achieving complete pull-out [26,27]. In addition, Section 4 offers qualitative analysis 

of the TTER signal, but the Z-pin/electrode contact ER and the Z-pin/laminate contact ER 

https://www.researchgate.net/publication/222824023_Improvement_of_low-velocity_impact_and_compression-after-impact_performance_by_z-fibre_pinning?el=1_x_8&enrichId=rgreq-ceda063b7ec6a6b6a88565775318ef84-XXX&enrichSource=Y292ZXJQYWdlOzMwNTA3MzI5ODtBUzozODE4OTE2NDQ1NDI5NzZAMTQ2ODA2MTQ3MTcwMg==
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have to be known in order to give a quantitative analysis. These contact ERs cannot be 

measured directly and would have to be inferred from micro-scale multi-physics (electro-

mechanical) FE models. Thus, the challenges to the quantitative work will be how to 

accurately estimate the contact ERs. This work is also currently in progress and will be 

reported in a future publication.   

The current embodiment of the multi-functional method leads to a significant weight 

penalty, i.e. a 10% mass increase for the DCB coupons. However, there is scope for 

improving the currently manual manufacturing method of the electrodes, which can be in 

principle 3D-printed on the laminate surfaces. The same holds true for the electrical 

connections to the external digital multi-meter, which could be arranged in compact and 

lightweight 3D-printed contact rails.  

Finally, the application of the method proposed in this paper to structural elements and 

sub-components would also require the design of a robust diagnostic system, which must be 

able to infer the presence an extent of multiple through-thickness delaminations. In 

principle, fuzzy inference systems or artificial neural networks should be able to perform 

this task when properly trained in an FE virtual testing framework. 
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Fig. 1. Schematic diagram of DCB specimens.  

 

 

 

 

Fig. 2. Snapshot of a DCB coupon under testing.
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Fig. 3. (a) Typical load vs. opening displacement curve and (b) opened beams of the 

Z-pinned CFRP DCB coupon.   
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Fig. 4. Typical TTER results of the Z-pinned CFRP DCB coupon; blue curves 

indicating the fractional TTER change; dashed red lines indicating the time of 

delamination arrival; dashed black lines indicating the time of complete Z-pin pull-out.  
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      (a)                                               (b)                                         (c) 

Fig. 5. Snapshots of (a) crack arrival at a Z-pin, (b) Z-pin pull-out from one electrode 

and (c) Z-pin pull-out from one laminate beam in the Z-pinned DCB coupon.   
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(b) 
Fig. 6. (a) Typical load vs. opening displacement curve and (b) opened beams of the 

Z-pinned GFRP DCB coupon. 
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Fig. 7. Typical TTER results of the Z-pinned GFRP DCB coupon; blue lines indicating 

the fractional TTER change; dashed red lines indicating the time of delamination arrival; 

dashed black lines indicating the time of complete Z-pin pull-out.  


