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Abstract 

 

The high velocity impact properties of p-aramid fabrics treated with shear thickening 

fluid (STF) was investigated for soft body armor application. 

The STF used in this study was a mixed soft condensed matter which was composed 

of solid phase hard silica nanoparticles and liquid phase polyethylene glycol (PEG) 

where the volume fraction of the solid phase was just below the critical packing 

fraction. The matter showed a reversible shear thickening behavior in which the shear 

stress jumps dramatically (i.e. discontinuous shear thickening) as the shear rate was 

increased. The onset stress of shear thickening of the matter was found to be dependent 

mainly upon particle size, while the global failure stress of the shear thickened matter 

was dependent upon both particle volume fraction and particle size. 

The pullout and elongational properties of a single yarn within p-aramid fabrics that 

were treated with STF were investigated. The occupation of the interstitial volume 

within the fabrics by the impregnated STF resulted in an increase in yarn pullout force. 

Additional increase in yarn pullout force was observed above the critical pullout rate, 

which is presumed to be due to shear thickening of the impregnated matter. 

Furthermore, the occupation of the interstitial volume within the fabrics by STF also 

less retarded the tension increase upon elongation (i.e. less retardation of the 

propagation of the elongational wave). Otherwise, upon elongation, the increase in 
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tension would have been more retarded due to the yarn crimp. Both the single yarn 

pullout and elongational properties of the fabrics were affected by the rheological 

property of the STF, the add-on of the matter as well as the fabric count. 

The ballistic performance of p-aramid fabrics treated with STF was investigated using 

the two most widely adopted methods, the ballistic limit (V50) test and the backface 

signature (BFS) test. For single component ballistic panels (i.e. all neat fabrics or all 

STF treated fabrics), STF treatment improved the impact resistance of the panels 

against an undeformable projectile such as 5.56mm fragment simulating projectile 

(FSP) at low velocity (< 250 m/s), but at increased velocity, the V50 performance 

decreased even with the same number of layers. This is presumed to be due to the 

different failure mechanisms involved at each impact velocity range; yarn pullout is 

dominant at lower impact velocity while stress localization is dominant at high impact 

velocity. 

The hybridization of STF treated fabrics improved both blunt trauma resistance and 

perforation resistance against deformable projectiles (e.g. 9mm full metal jacketed 

(FMJ) bullets) compared to an all neat fabric panel having the same areal density. The 

layering sequence of the neat and STF treated fabrics in a hybrid panel was found to 

play an important role in improving the ballistic performance, where the panel with 

neat fabric layers backed by STF impregnated fabric layers showed a better 

performance. Such superior ballistic performance is presumed to be due to the better 

coupling of yarn elongation in the frontal neat fabric layers and the rear STF treated 

fabric layers, and thus, increased bullet expansion. A conceptual analysis was carried 
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out by adopting a method of accumulating successive line segments to present the 

energy dissipation route of each panel during the impact. 

For another series of hybrid ballistic materials (i.e. unidirectional (UD) and woven 

fabrics), the effect of layering sequence on the ballistic performance was further 

investigated with two different kinds of bullets; an unexpandable 5.56mm FSP and an 

easily expandable .44 Magnum semi-jacketed hollow point (SJHP) bullet. Some of the 

woven fabric layers were treated with STF to modify their properties. When the layers 

with smaller in-plane constraint (neat woven fabric) were laminated behind the layers 

with larger in-plane constraint (UD or STF treated woven fabric), an increase in 

perforation resistance against the FSP was observed due to the decreased out-of-plane 

constraint. When the layering sequence was reversed, an increase in both the blunt 

trauma resistance and perforation resistance against the .44 Magnum round was 

observed due to the better coupling of yarn elongation in the frontal and rear layers. 

The effect of fabric count and shot location on the ballistic performance of hybrid 

panels containing STF impregnated layers was also investigated. The panels with 

higher fabric count dissipated a higher fraction of the given impact energy through 

tensile dissipation and this led to a lower BFS. The decrease in BFS value by the 

hybridization of neat and STF impregnated fabrics was smaller for panels of densely 

woven fabric due to a larger difference in the warp and weft crimp ratios. Shot location 

affected the V50 value as well as the BFS value of the panels, where both values 

increased as the shot location approached the edge. 
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Finally, the amount of energy transferred to the backing material of oil-based clay (i.e. 

kinetic dissipation) in ballistic tests of soft body armor panels was assessed. To 

determine the relationship between penetration depth (or dent volume) and impact 

velocity (or energy), weight dropping test with a series of steel spheres was carried out 

at low impact velocities, and direct shooting with a 5.56mm FSP was carried out at 

high impact velocities. At both high and low impact velocities, the volume of the dent 

made in the oil-based clay was proportional to the velocity of the impactor. The change 

in dent volume per the change in impact velocity was found to be proportional to the 

1.5th power of the mass of the impactor, while the energy absorption per unit dent 

volume increased linearly with the impact velocity. The relationship between trauma 

depth (or dent volume) and kinetic dissipation of a soft body armor panel subjected to a 

9mm bullet at 436 m/s is presented, where the trauma diameter approached that of a 

1.043 kg steel ball. 

 

 

Keywords: high velocity impact, soft body armor, shear thickening fluid, laminating 

sequence, fabric count, crimp, shot location, ballistic limit, backface signature, kinetic 

dissipation 
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1. Introduction 

 

Through history, humans have used various types of soft body armor to protect 

themselves from injury in combat such as animal skin, chain mail, silk, nylon and 

nowadays p-aramid fibers and ultra high molecular weight polyethylene (UHMWPE) 

fibers. 

A ballistic vest is a personal gear that protects the torso of the wearer from shrapnel 

and pistol rounds, and from rifle bullets when ceramic plate inserts are used. One of the 

earlier extant soft ballistic vests which have a similar ballistic protection mechanism to 

modern vests is known to be ‘Myeonje Baegab’ invented in the late 1860s in the 

Joseon Dynasty, modern day Republic of Korea. It was made of 13 to 30 folds of 

cotton fabric and is recorded to have been used in battles fought on Ganghwa Island 

against the United States Navy and Marine forces during the United States expedition 

to Korea in 1871 [1]. In the early stages of World War II, the United States developed 

‘flak jackets’ for aircraft crews, which were made of nylon fabric and capable of 

stopping flak and shrapnel, but not designed to stop bullets [2]. With the advent of very 

strong fibers such as p-aramid (Kevlar®, Twaron® and Heracron®) and UHMWPE 

(Spectra® and Dyneema®), the concept of actually stopping a bullet in modern soft 

body armors has been realized, which is achieved by trapping the bullet inside a multi-

layered ‘web’ of the fibers and dispersing its energy, causing the bullet to expand or 

‘mushroom’. 
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The quest for lighter weight and more flexible body armors with improved ballistic 

performance has been the driving force for soft body armor development. To 

understand the mechanisms involved and thus to improve the performance of soft body 

armor, many researchers have been studying the relationship between the material/ 

fabrication properties and the protective properties of the armor. Basic factors that 

affect the protective performance of multilayer textile packages are now known to be 

the properties of the constituent fibers (which include the number of filaments 

comprising a yarn, linear density, maximum force and elongation, and stiffness 

modulus) [3, 4], the type of weave, fabric areal density, number of fabric plies [5, 6], 

their interconnection technique [7] and fabric boundary conditions [8, 9] as well as 

projectile material properties, projectile shape and mass [10-12], impact velocity [13] 

and obliquity, and finally the characteristics of interfacial friction within the impact 

system [14, 15].  

The central problem with the construction of any form of soft body armor is the 

determination of the balance between the performance and weight of the armor, i.e. 

mobility and agility. For example, there often exists a trade-off between ballistic-

benefit and the mass of military vests. Also, comfortability, such as flexibility and 

breathability of the vest, cost effectiveness and concealability may be additional 

problems.  

The most widely used soft ballistic resistant products are made from woven fabrics 

(mostly plain woven) or uni-directionally oriented (mostly 0o/90o two-ply cross-plied 

or 0o/90o/0o/90o four-ply cross-plied) high tenacity fibers. Although, unidirectional 
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(UD) products have desirable ballistic resistant properties, they generally require 

complicated manufacturing processes, resulting in higher manufacturing costs 

compared to the woven fabrics. Also, the current trend of using finer yarns and lighter 

woven fabrics has partly contributed to enhanced ballistic performance, while the cost 

of ballistic fiber goes up dramatically as yarn size goes down. Reportedly, the current 

practical limit of fiber size is 200 denier with most wovens limited at the 400 denier 

level [16]. Other types of materials being developed for ballistic application include 

three-dimensionally woven fabrics and ballistic felts, the latter of which is expected to 

be used in combination with more traditional woven fabrics and laminates.  

Currently, the bottle-neck in developing lighter weighted soft body armors seems to 

be back face deformation (BFD), which is now a key priority for the latest-generation 

high-performing soft ballistic vests. Adding special anti-trauma materials to flexible 

ballistic panel is one of the methods to reduce BFD, which increases the weight and 

stiffness of a ballistic vest and made it much less comfortable to wear. Therefore, more 

recently, multi-axial products such as Kevlar®-XP S102 [17] and more complicated UD 

products such as Twaron® LFT SB1 plus (0o/90o/+45o/-45o four-ply cross-plied) have 

come to the market, both of which have an advantage over conventional orthogonal 

products (i.e. (0o/90o)n; n=1 or 2) in reducing BFD. A modified product of such 

material, Kevlar XP S300, has made debut to meet the specific end-user requirements, 

namely, to be more flexible and thus thinner [18]. Also, various construction methods 

have been developed such as hybridization (multi-material), multi-layer design 

(ballistic sandwiches), structural design and quilt/perimeter stitching (i.e. partial 
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stiffening), etc.  

Although much progress has been made in improving the functionalities of body 

armor, they still adversely affect the comfort and mobility of the wearer. Currently 

used body armors, particularly those for military use, are still too heavy, limiting the 

agility and mobility of the wearer and eventually leading to increased casualties. 

Therefore, the demand for substantial improvement in the performance-to-weight ratio 

of body armor as well as the performance-to-thickness ratio is very high. 

By applying nanotechnology to soldier warfare systems, the performance and well-

being of the soldiers, i.e., their mobility, survivability, stealth, fighting power, lethality, 

intelligence and repair ability can be enhanced. For example, energy dissipative 

systems with improved impact resistance and reduced weight, chemical/biological 

sensing/responsive systems using new protective membranes and multi-layer structures 

with reduced heat stress and weight, and multi-functional materials integration in a 

small amount of space can be achieved by applying nanotechnology [19]. 

Up to now, some examples of ballistic protection based on nanotechnology include; 

the University of Delaware’s shear thickening fluid (STF) fabric [20], ApNano’s 

tungsten disulfide nanotubes-based nanocomposite [21] and the University of 

Cambridge’s carbon fiber woven from carbon nanotubes [22], etc. Among them, the 

first to be developed was the ‘STF fabric’, which implements a technology utilizing 

nanoparticle-containing STF to improve the ballistic/stab resistance of commercially 

available high tenacity fiber fabrics.  

The shear thickening phenomenon, which is characterized by a steep rise in viscosity 
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and stress jump with increasing shear rates, is known to be able to damage processing 

equipment, induce poor processability and coating qualities. On the other hand, this 

behavior can be exploited in industrial fields such as automobile (e.g. the design of 

dampener or traction control devices of all wheel drive vehicles), offshore oil drilling 

(e.g. prevention of counter flow-in of sea water) as well as military applications such as 

protective gear technology (e.g. instantly hardening protective clothing such as liquid 

body armor) and offensive weapon technology (e.g. a dynamically reactive bullet that 

can both penetrate and expand) [23]. STF behaves like a solid when it encounters 

mechanical stress or shear, while it behaves like a liquid at normal conditions. Since 

STF behaves like a liquid until an object strikes or agitates it forcefully, this distinctive 

feature can facilitate more flexible body armor with proper ballistic resistance. Lee et 

al. [20] used concentrated colloidal suspensions of silica nanoparticles dispersed in a 

liquid medium, which show discontinuous shear thickening behavior above the critical 

shear rate (or critical shear stress), to treat Kevlar fabric. They reported that Kevlar 

fabric impregnated with this STF offers low velocity ballistic performance equivalent 

to that of neat Kevlar fabric on an areal density basis, and a superior performance to 

neat Kevlar fabric on a layer number basis.  

The objective of this study is to characterize the ballistic performance of p-aramid 

fabrics impregnated with STF at various impact conditions, i.e., to investigate the 

velocity dependency, the bullet type dependency and the layering sequence in a hybrid 

panel containing these fabrics. For this, high velocity impact resistance, where the 

impact velocity ranged from 250 to over 610 m/s, of high performance fabrics 
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impregnated with STF was investigated. Firstly, the overall rheological/mechanical 

properties of a series of dense colloidal suspensions which were composed of 

polyethylene glycol (PEG) and silica nanoparticles with different size and weight 

fraction were investigated. Secondly, the effect of STF impregnation into ballistic 

fabrics on the change in mechanical properties such as yarn pullout and yarn 

elongation was investigated. Thirdly, the ballistic performance of p-aramid fabrics 

impregnated with STF was investigated using the most widely adopted methods, the 

ballistic limit (V50) test and the back face signature (BFS) test under the condition of 

clay backed method. This included; 1) the ballistic perforation resistance (V50) of 

single component ballistic panels against an undeformable 5.56mm fragment 

simulating projectile (FSP) at low and high impact velocities, 2) the V50 and blunt 

trauma resistance (BFS) of neat/STF-fabric hybrid panels against a deformable but 

penetrative 9mm full metal jacketed (FMJ) bullet focusing on the laminating sequence, 

3) the ballistic performance of UD/woven fabric hybrid panels focusing on the effect of 

laminating sequence and bullet types, i.e. 5.56mm FSP and .44 Magnum semi-jacketed 

hollow point (SJHP), where the latter is easily expandable and the extreme case of 

handgun threat, 4) the effect of fabric count on the enhancement of ballistic 

performance of hybrid panels containing STF, and 5) the effect of shot location on the 

ballistic test results. Finally, the amount of energy transferred to the backing material of 

oil-based clay (i.e. kinetic dissipation) in ballistic tests of soft body armor panels was 

assessed using both weight dropping method and direct shooting method for further 

analysis of ballistic energy dissipation routes. 
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2. Literature review 

 

2.1 Shear thickening fluid (STF) 

A shear thickening, also called a dilatant, fluid is a non-Newtonian fluid where the 

shear viscosity γτη &/=  increases with applied shear stress τ  or shear rate γ&  

over some parameter range, i.e., the shape of the curve of shear stress as a function of 

shear rate )(γττ &=  is concave upward ( 0/ 22 >∂∂ γτ ). The opposite of this 

behavior, which is another type of deviation from Newton’s law, is called shear 

thinning where a fluid’s apparent viscosity gradually decreases with increasing rate of 

shear. The latter is frequently found in everyday life, such as ketchup, whipped cream, 

paint, and nail polish. Common polymer solutions/melts and certain complex solutions 

such as blood and lava also fall into the latter category. 

Although the former (STF) is less frequently found, it appears in many applications 

such as paints, ink, paper coating, cosmetics, cement, and abrasive cleaners [24, 25], 

where shear thickening is often undesirable and limits the application. On the other 

hand, shear thickening hard-sphere colloidal suspensions have found applications in 

various fields, including impact resistance [26, 27], vibration mitigation [28], 

composite sandwich structures [29], automotive dampeners [30] and padding for hip 

protectors [31]. As many of these applications are dynamic by nature, understanding 

the response of shear thickening suspensions under dynamic loading, especially at very 

high rates, is very important. However, so far, studies of the dynamics of shear 
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thickening have been limited to timescales typically accessible in commercial 

rheometers, which is on the order of 10 ms, and at shear rates under 105 [26, 32, 33]. 

Oobleck, a dense mixture of cornstarch and water with volumetric ratio 1.5~2:1, 

behaves as a liquid in low shear rate regime (i.e., it can be poured into one’s hand), but 

instantly hardens when squeezed (i.e., the liquid morphs into a doughy paste that can 

be formed into shapes), only to flow into a puddle when the applied stress is relieved 

[34, 35]. Sand completely soaked with water also behaves as a dilatant material. When 

one walks on wet sand on the shore, his or her footsteps get dry. The term ‘dilatant’ 

came from the apparent analogy to Reynolds dilatancy of granular media [36] which he 

observed as an increase in the volume of a balloon by pressing on it where the balloon 

was filled with well compacted sand and water. Despite its suggestive name, physicists 

have not yet reached the microscopic understanding of this shear thickening property 

[37].  

 

2.1.1 Proposed mechanisms of shear thickening phenomenon 

To explain this counter-intuitive behavior of the STF, scientists have proposed a few 

plausible mechanisms responsible for this phenomenon. The first one is the order-

disorder transition (ODT) theory. Metzner et al. [38] suggested that concentrated 

suspensions under rapid shear form layered structures in which each layer glides over 

the adjacent one. Hoffman [39] examined a discontinuous viscosity behavior in mono-

disperse suspensions with solid volume fraction raised above 0.50, and explained that 

this discontinuity is caused by the ODT at the instability point using white light 
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diffraction data. He analyzed the forces which cause the flow instability, and the 

proposed are those such as van der Waals-London attraction, electric double layer 

repulsion and the shear stress acting on groups of particles [40]. Also, he proposed a set 

of necessary conditions for the occurrence of discontinuous and dilatants viscosity 

behavior in viscometric flows [41]. Boersma et al. [42] introduced a criterion for the 

onset of shear thickening in a concentrated dispersion, by which the critical shear rate 

is proportional to the inter-particle distance, has a linear dependence on the magnitude 

of the stabilizing force, an inverse linear dependence on the dispersion medium 

viscosity, and an inverse linear dependence on the particle radius. To summarize this 

theory, when shearing a concentrated stabilized solution at a relatively low shear rate, 

the repulsive particle-particle interactions keep the particles in an ordered, layered, 

equilibrium structure. However, at shear rates elevated above the critical shear rate, the 

shear forces pushing the particles together overcome the repulsive particle-particle 

interactions, forcing the particles out of their equilibrium positions. This leads to a 

disordered structure, causing an increase in viscosity. The critical shear rate is defined 

as the shear rate at which the shear forces pushing the particles together are equivalent 

to the repulsive particle interactions. Though this theory has been successful in 

explaining the shear thickening behavior of a suspension where the ordered layer can 

be easily formed, there are other cases where the layered structure is not observed prior 

to the shear thickening [43] or no significant changes in the particle ordering are found 

upon the discontinuous thickening [44, 45].  

Another suggested mechanism overcoming the weakness of the ODT theory is the 
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hydrocluster theory, which is currently considered more plausible. This mechanism 

proposes cluster formation due to hydrodynamic interaction [32, 46-48] and jamming 

[49-55]. The hydrocluster theory also includes particle organization in the flow, which 

is responsible for lowering the viscosity. When the particles of a stabilized suspension 

(i.e., the equilibrium microstructure is set by the balance of stochastic and inter-particle 

forces at play including electrostatic and van der Waals forces) [56] transit from an 

immobile state to a mobile state (i.e., if the system is affected by hydrodynamic 

interactions), the fluid structure becomes anisotropic as particles rearrange to reduce 

their interactions so as to flow with less resistance. The flow becomes streamlined and 

the increasingly efficient transport of colloidal particles reduces the viscosity of the 

system. At yet higher shear rates, hydrodynamic interactions between particles 

dominate over stochastic ones, a change that spawns hydroclusters, i.e. transient 

fluctuations in particle concentration. These hydroclusters are composed of particles 

momentarily compressed together, forming an irregular, rod-like chain of particles 

similar to a traffic jam or logjam. The difficulty of particles flowing around each other 

in a strong flow leads to a higher rate of energy dissipation and an abrupt increase in 

viscosity [35]. In theory, the particles have extremely small inter-particle gaps, i.e., the 

separation between hydroclustered particles is predicted to be on the order of 

nanometers for typical colloidal dispersions, rendering this momentary, transient 

hydrocluster as incompressible. It is possible that additional hydroclusters will form 

through aggregation [52]. The formation of hydroclusters is generally reversible, 

though, so reducing the shear rate returns the suspension to a stable, flowing 
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suspension with lower viscosity. Moreover, even very dilute dispersions will shear 

thicken, although the effect is hard to observe [57].  

In the above two theories, rheologists have focused mainly on the local viewpoint to 

explain the behavior of shear thickening fluid. More recently, a new interpretation of 

discontinuous shear thickening in the context of jamming has been offered by the 

physics community, which views the dense colloidal suspension as a soft condensed 

matter. Cates et al. viewed jamming as a consequence of ‘force chain’ formation of the 

particles along the compressional direction, which is often observed in granule 

transport systems, and considered the jammed colloid as a fragile solid which can 

statically support applied shear stresses (within some range), but only by virtue of a 

self-organized internal structure, whose mechanical properties have evolved to support 

the load itself. And they argued that its incremental response can be elastic only to 

compatible loads and it shows transition to finite, plastic reorganizations with 

incompatible loads such as small loads of a different compression axis [53]. In more 

recent studies on the role of capillary forces at the solvent-air-colloid contact line, 

Cates argued that the capillary scale is so large that it can easily overcome Brownian 

motion of the colloids and cause arrest of their configuration in a metastable state [58]. 

He also argued that the interfacial tension between solvent and air appears capable of 

maintaining a granule in a jammed solid state, under conditions where the same 

amount of solvent and colloid could also exist as a flowable droplet [59]. Recent 

reports by Brown and Jaeger are very interesting and noteworthy on that they provide a 

firm foundation in understanding the universality which exists both in discontinuous 
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shear thickening and a mild or weak shear thickening. They argued that all of the 

rheology involved can be described by a non-local constitutive relation in which the 

local relation between stress and shear rate is shear thinning, but where the stress 

increase comes from a normal stress term which depends on the global dilation. They 

also explained the second shear thinning of the dense colloidal suspensions using the 

first normal stress and confining force caused from surface tension of the liquid-air 

interface at the boundaries, which is in the same vein with Cates’ capillary force [50, 

60]. 

 

2.1.2 Dense particle suspension system and interactions acting on the system 

According to the ODT and hydrocluster theories, particles organize when a 

concentrated colloidal suspension is sheared at low shear rate. The anisotropic (i.e. 

ordered) microstructure modifies the flow properties of the suspension and leads to 

permanent ordering of the colloids under shear along planes parallel to the shear 

direction [61]. At high enough shear rate, transient structures develop and lead to an 

increase of the suspension viscosity, and this transition may be gradual or 

discontinuous. While some milder types of shear thickening can be explained as 

viscous [35, 46, 62] or inertial [63] effects, prior approaches have not been very 

successful at describing the dramatic effects of discontinuous shear thickening [60]. 

Discontinuous shear thickening [38, 39, 47, 64] occurs in many densely packed 

suspensions and colloids such as cornstarch in water. These suspensions feel like a thin 

liquid at low stresses, but become very thick and can even crack like a solid at higher 
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stresses, and become thin again when the stress is removed.  

Thus, to gain an insight into the fundamental characteristics of the discontinuous 

shear thickening which occurs in dense particle suspensions when sheared at high 

enough shear rate, it is necessary to examine the individual characteristics of each 

component which exists in the system and the interactions acting on the system. 

Although the followings are far from a comprehensive literature review, it is necessary 

to mention the underlying physical phenomena and their driving forces to gain access 

to the fundamental understanding of discontinuous shear thickening. 

Since the system to be considered here is most frequently composed of a set (or 

group) of hard particles and liquid medium, both of which are condensed matters, we 

need to start with the properties of solid and liquid. Solid is characterized by structural 

rigidity and resistance to changes of shape or volume. The atoms in a solid are tightly 

bound to each other, either in a regular geometric lattice (crystalline) or irregularly 

(amorphous). Thus, a solid object does not flow to take on the shape of its container, 

nor does it expand to fill the entire volume available to it like a gas does. Liquid is a 

form of matter with a definite volume but no fixed shape. A liquid is made up of tiny 

vibrating particles of matter, such as atoms and molecules, held together by forces 

called chemical bonds. A liquid is able to flow and take the shape of its container, but 

does not disperse to fill every space of a container, and maintains a fairly constant 

density. A distinctive property of the liquid state is surface tension, leading to wetting 

phenomena. Although each hard particle in a set of particles existing either in a gas or 

in a liquid is obviously a solid, they cannot simply be considered as an intact solid 
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because each particle has no such cohesiveness as it otherwise would have in an 

integrated single body. It can be considered as a fluid, if it is located either in a gas or 

in a liquid, because it is able to flow when it is not confined in a specified rigid-walled 

space which does not exceed the space necessary for the critical packing of the set of 

particles. It even has an uncondensed matter-like feature from the viewpoint of the 

magnitude of cohesiveness existing among the constituent particles, especially when it 

is located in a sufficient space which is filled with a gas around it. Thus, the resultant 

feature which a set of particles located in a liquid shows, can be considered to be 

liquid-like or solid-like depending on the space available to the set of particles and the 

magnitude of cohesiveness among the constituent particles. 

The interactions acting on the system which is composed of a set of particles and a 

liquid are as follow. The interactions between the system and the surrounding include 

gravity and surface tension, in which the former is acting on the set of particles by the 

surrounding, i.e. gravitational field, and the latter is acting on the liquid-air interface at 

the boundaries. The other interactions which exist in the system itself include 

Brownian motion, electrostatic repulsion and van der Waals dispersion force. Brownian 

motion is a result of the interaction between the particles and the liquid medium, while 

the electrostatic repulsion and van der Waals dispersion force are interactions ‘mainly’ 

among the particles (i.e. for our convenience to describe the system). 

Gravity, which is one of the four fundamental interactions of nature, along with 

electromagnetism, and the nuclear strong force and weak force, is a natural 

phenomenon by which physical bodies attract with a force proportional to their masses.  
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The effect of gravity on the rheological property of densely packed particle 

suspensions is related to the settling power of the particles in the suspension due to the 

difference in the densities of the solid particles and the liquid medium. In non-

Brownian particles which are large enough and are largely affected by gravity, the 

thermal motion of the particles can be neglected. Also, gravity is related to the normal 

force in frictional motions such as shear flow in cone-plate or plate-plate. If a liquid 

medium has a very similar density to that of suspended solid particles, i.e. density 

matching solvent, the effect of gravity will cancel out with the effect of buoyancy. 

Surface tension is a distinctive property of a liquid, leading to wetting phenomena. 

Surface tension is a property of the surface of a liquid that allows it to resist an external 

force. This property is caused by cohesion of similar molecules, and is responsible for 

many of the behaviors of liquids such as capillary action. The physical meaning of 

surface tension is the change in the surface free energy with surface area. 

Brownian motion (named after the botanist Robert Brown) is the random drifting of 

particles suspended in a fluid (a liquid or a gas), which is caused by the collision of the 

liquid molecules in thermal motion onto the suspended particles, i.e. a kind of 

momentum transfer from liquid molecules to solid particles. Thus, it is related to the 

system temperature, i.e. kinetic energy of liquid molecules, and the ratio of the mass of 

a liquid molecule to that of solid particles. The effect of Brownian motion on the 

rheological property of densely packed particle suspensions can be related to the 

reduced contact time between particles through vibration and accompanying 

breakdown of force chains which may otherwise cause particle jamming. Its effect is 
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considered to be very similar to the external vibration effect on the granule transport 

system to avoid jamming of the granules. 

Electrostatic phenomena arise from the forces that electric charges exert on each other. 

Such forces are described by Coulomb's law, where the magnitude of the force is 

determined from the magnitude of the charges of adjacent particles and the distance. 

The effect of electrostatic repulsion on the rheological property of densely packed 

particle suspensions is related to the disturbance of contact between particles through 

electrostatic repulsion. The number of functional groups such as –OH group (or –OH 

radical) on the surface of silica particles may vary with particle size (i.e., smaller 

particles with a larger surface area have more –OH groups), the synthesis method used 

to produce the particles (i.e. dry or wet process, acidic or alkaline process), thermal or 

moisturizing histories of the particles, and pH of the liquid medium. The isoelectric 

point of colloidal silica is around pH 2.5 at which it is metastable. The stable zone of 

colloidal silica is very narrow, i.e. pH 8~10, and it becomes to hydrolyzes over that pH 

range. 

Van der Waals dispersion force is the sum of the attractive or repulsive forces between 

two molecules (or between parts of the same molecule) other than those due to 

covalent bonds or to the electrostatic interaction of ions with one another or with 

neutral molecules. A pair of neutral atoms or molecules is subject to two distinct forces 

in the limit of large separation and small separation: an attractive force at long ranges 

(van der Waals force, or dispersion force) and a repulsive force at short ranges (the 

result of overlapping electron orbitals, referred to as Pauli repulsion from Pauli’s 
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exclusion principle). The Lennard-Jones potential (L-J potential or 6-12 potential) is a 

simple mathematical model that represents this behavior. Since particle-particle contact 

between two spheres may occur in a few or a several atoms level, the repulsive force 

can be neglected if the particle is not too small. The most frequently used liquid 

medium in particle suspensions, which is comparable to the density matching solvent 

in non-Brownian suspensions, is the refractive index matching solvent, which 

minimizes the effect of van der Waals force between the particles and thus, minimizes 

the particle aggregation. 

 

2.1.3 Interactions and related parameters 

Since we have reviewed the interactions that take place in dense particle suspensions, 

we need to further examine the role of each component and controllable parameters for 

the application of such suspensions. The system is composed of two components, i.e. a 

set of particles and a liquid medium. Particle related parameters include particle 

volume fraction, particle size and its distribution, particle shape and particle hardness. 

Medium related parameters include specific gravity, molecular weight, viscosity, 

refractive index and surface tension. 

Particle volume fraction determines the inter-particle distance in the suspension, and 

is related to the electrostatic repulsion and van der Waals force between adjacent 

particles. Also, it is related to the probability of particle-particle contact which may 

form force chains. In dense suspensions, channels formed among very closely packed 

particles have a large orifice force induced by the surface tension of the liquid medium. 



18 

 

Particle size determines the surface area and the mass of the particle, and is related to 

electrostatic repulsion (i.e. the number of –OH groups), Brownian motion and/or 

gravity (i.e., smaller particles will be more influenced by Brownian motion rather than 

gravity, while the reverse is the case with larger particles). Particle size distribution 

determines the maximum packing fraction of the particles. Polydisperse spherical 

particles can be packed more densely than monodisperse ones, i.e., small particles can 

fill the interstices among larger particles. 

When very well aligned, rod-shaped particles can be more densely packed in a 3-D 

space than spherical particles. However, randomly stacked rigid rods will be much 

loosely packed than randomly stacked spheres depending on the aspect ratio. Also, 

randomly packed rod-shaped particles may be more easily deformed by external forces 

such as compression or shear through the bending mode rather than compression.  

Particle hardness is related to particle compressibility and/or deformability, which 

may further affect the stress wave propagation through solid particles in contact as well 

as the formation and maintenance of the force chains of particles in contact. 

The characteristics of liquid medium, usually Newtonian fluid, that affects the 

rheological property of densely packed particle suspensions include its viscosity, its 

surface tension which endows the cohesive force (i.e. through orifice effect) among 

solid particles that are not chemically bonded, and its molecular weight, because the 

liquid particles transfer momentum to the solid particles when they collide with the 

solid particles. Also, the liquid medium endows buoyancy to the suspended particles 

and diminishes the influence of gravity acting on the suspended particles. A refractive 
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index matching solvent in a dense suspension, where the interaction between the two 

different materials is very similar to those between each component material, 

minimizes the effect of van der Waals force between adjacent particles and prevents the 

phase separation (i.e. particle aggregation) of the mixed matters. 

The system temperature determines the viscosity and thermal energy of the liquid 

medium molecules, and is related to Brownian motion. Also, it is related to the thermal 

expansion of the mixed condensed matters, which may change the volume fraction of 

solid particles in a very dense suspension. The thermal expansion coefficient of glass is 

below 3X10-5 while that of PEG is around 0.7X10-3. If the upper limit and lower limit 

of usage temperature range of the mixed condensed matter is around 50oC, then the 

maximum change in particle volume fraction can vary up to 1.2~1.3 vol%, which 

cannot be neglected when the volume fraction of the particles approaches the critical 

packing fraction (фc=0.58). 

Among the parameters mentioned above which determine the rheological behavior of 

a dense particle suspension, particle volume fraction and particle size are relatively 

easy to control compared to the others from the viewpoint of practical applications. 

Since the system temperature is set in the range of the required usage temperature, and 

the medium is selected based on the usage temperature and its compatibility with the 

particles (i.e. matching refractive index), the actual choice in the system temperature 

and the medium is limited. Among the two handy parameters, we have a more narrow 

choice of particle size due to the limited commercial availability. Particle volume 

fraction also can be limited to the maximum packing fraction (i.e. fractional solid 
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content). The maximum packing fraction is defined as the ratio of the density of a mass 

of particles to the material density: 

ρφ /)/( Vmm = ,       (2-1)  

where фm is the maximum packing fraction, m and V are the mass and volume of the 

particles, respectively, and ρ is the material density (i.e. the density of a single particle). 

The maximum packing fraction (i.e. packing efficiency) is determined from the 

packing structure of the particles with monodispersity (Table 2-1 [65]). The most 

frequently referred packing structure in dense colloidal suspensions is the random 

loose packing where the фm is 0.58, while that of random close packing is 0.63 [66-68].  

 

Table 2-1 Crystal structure vs. packing efficiency 

Packing structure Packing efficiency 

Simple cubic 0.52 

Hexagonally packed sheets just touching 0.605 

Random loose (close) packing 0.58  (0.637) 

Body-centered cubic packing 0.68 

Hexagonal close packing 0.74 
 

 

The maximum packing fraction plays an important role in determining the viscosity of 

suspensions and dispersions of particles in fluids [69]. The relative viscosity ( rη ) can 

be expressed as a function solely of the relative particle volume fraction φφ /m :  
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)/(/)( msr F φφηφηη == ,     (2-2) 

where F is a function independent of the properties of the fluid or the particles for 

particle sizes greater than 1 μm, )(φη  is the dispersion viscosity, and sη  is the 

solvent viscosity. As ф approaches фm, the relative viscosity increases rapidly, 

increasing by more than 10× over relatively small concentration ranges. Various 

models in the form of above equation have been proposed to describe the relative 

viscosity of particle suspensions; most differ in their predictions as ф approaches фm 

[69]. A particularly useful form is the Maron-Pierce’s equation: 

2)/1( −−= ms φφη       (2-3) 
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2.2 High velocity impact studies on shear thickening fluid and STF-assisted 

high-strength fabrics 

Applied researches on the development of body armor materials using STF (i.e. liquid 

body armor) began only in the last decade. Lee et al. [20, 70] demonstrated that the 

impact performance of Kevlar fabrics can be improved significantly by the addition of 

STF. STF impregnated fabric composites showed improved ballistic protection as 

compared with simple stacks of untreated fabrics and STF. Wetzel and Wagner [71] 

compared the ballistic performance of fully impregnated Kevlar with patterned 

impregnated Kevlar and found that the patterning had little or no effect on the impact 

resistance. Wetzel et al. [72] also investigated the effect of rheological parameters of 

STF on the performance of treated Kevlar fabrics. Researches by Tan et al. [27] 

showed that the ballistic limits of single, double and quadruple ply fabric panels 

increase with the concentration of silica particles in silica/water suspension up to an 

optimum level of 40 wt%. At 50 wt% concentration, the ballistic limit decreased 

compared to the optimum level of 40 wt%. Kalman et al. [73] investigated the effect of 

particle hardness on the impact performance of STF treated fabrics by synthesizing a 

dispersion of poly methyl methacrylate (PMMA) particles. Although the softer PMMA 

particles did not abrade the Kevlar unlike the silica STF, the ballistic performance of 

the Kevlar panel impregnated with the softer PMMA STF was inferior to that 

impregnated with the harder silica dispersions. Some researchers [74-76] have also 

reported on the synthesis and rheological characterization of silica particle based STF 
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and the spike and stab resistance performance of Kevlar fabrics treated with such STF. 

In recent years, some interesting researches have been conducted using finite element 

analysis to understand the deformation and failure of textile and polymeric materials 

during impact [77-79]. 

Meanwhile, it is commonly accepted that the ballistic performance of a composite is 

approximately 30% less than that of non-bonded assembly of the equivalent number of 

textile layers [80]. From the well-known fact that ballistic performance of textile armor 

decreases with the introduction of any filler such as water or a polymer binder, 

Grigoryan et al. [81] have proposed that STF impregnation decreases the velocity of 

elastic wave propagation due to the increased linear density of yarns by STF 

impregnation, to explain the decreased critical impact velocity (i.e. V50) in high 

velocity range. 

Few papers deal with direct impact tests on STF. Reis et al. [82] have conducted a 

vertical shooting test with a 4.5mm BB (0.348 g) projectile at 180 m/s into two kinds 

of STFs (each 2 cm in thickness). The STFs used were oobleck and another colloidal 

suspension which was composed of glass bubbles (18 μm) and glycerin. They observed 

that the STF which was over-packed (i.e. 66.7 vol% particle) showed lower impact 

resistance compared to the pure medium and concluded that the more viscous area near 

the projectile due to shear forces could have a certain yield stress, and beyond this 

stress the fluid would crack. Petel and Higgins [83], using a plate impact technique, 

have studied a dense suspension of silicon carbide (SiC), 48% by volume, in ethylene 

glycol (EG) to measure the shock Hugoniot of the mixture. Their experimental results 
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have demonstrated that the compressible liquid phase of the mixture dominated the 

shock wave propagation behavior in the mixture over the range of impact velocities 

tested. Lim et al. [84], using the split-Hopkinson pressure bar (SHPB) experimental 

technique, have evaluated the high rate squeeze flow behavior of a concentrated STF. 

They proposed several alternatives to modeling the complete response of the STF 

which included 1) separating the prior viscous portion and the posterior viscoelastic 

portions to a critical strain rate and 2) formulating a model using traditional spring and 

dashpot elements which will describe the viscous behavior of the STF at lower 

deformation rates and still capture the viscoelastic behavior at higher rates. Lomakin et 

al. [85] also used SHPB method to determine the dynamic bulk and shear properties of 

STF. They concluded that the role of the contact conditions between STF and Kevlar 

basis in the process of increasing the energy absorption capacity of Kevlar-STF barrier 

is significant and proposed that the mechanism of contact interaction between STF and 

Kevlar basis can be described by viscous friction law, i.e., the STF behaves almost as a 

rigid body during the interactions with the solids, while it normally behaves as a fluid.  
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2.3 Ballistic impact on high-strength fabrics 

Due to their high impact resistance, high-strength fabrics fabricated from high 

modulus and high tenacity fibers are desirable in applications such as protective 

clothing for military or law enforcement personnel, armor plating of vehicles and other 

similar applications involving protection against a high velocity projectile. 

Considerable progress has been made by many researchers in understanding the 

response of fabrics to ballistic impact, although some open questions still remain such 

as how fabrics really work and how the weave structure, yarn count, fabric count and 

crimp influence the ballistic performance. The followings are brief review on the 

methods of research and some noteworthy previous works on ‘ballistic impact on high-

strength fabrics’ at the yarn level and fabric level as well as other factors such as 

projectile, impact velocity, areal density of the panel and boundary conditions. 

 

2.3.1 Research methods of ballistic impact on fabrics 

For the study of ballistic phenomena in fabrics, researchers usually take three 

different approaches; analytical, numerical or experimental, either singularly or 

combined. Smith [86] developed an analytical model when studying impact on single 

yarns, Jameson [87] supported this model through experimental studies and Roylance 

[88] numerically modeled the ballistic phenomena in fabrics.  

Analytical approach generally starts from the properties of the materials and predicts 

ballistic limits and strains in the fabrics. This approach makes use of general 
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continuum mechanics equations and laws, i.e. the conservation of energy and 

momentum. Governing equations are set up using various parameters involved during 

the impact process. Vinson et al. [89], Parga-Landa et al. [90], Hetherington [91], 

Chocron-Benluolo et al. [92], Walker [93] and Porwal [94] took this approach.  

Numerical approach relies on techniques, such as finite element and finite-difference 

methods, and the use of commercial packages, such as ABAQUS, DYNA3D, and LS-

DYNA, to conduct the analysis or simulation. The numerical approach is gaining 

popularity because of its low cost compared to costly experimentation and destructive 

testing, and the testing of potential materials not yet developed. Numerical models, 

which simulate fabric impact at the fabric layer or yarn level, include discrete and 

continuum approaches. Discrete approach includes pin-jointed 1-D bar element models 

[13, 88, 95-98], 2-D shell element models to describe the discrete yarn [99, 100], and 

3-D shell element models where a fabric is described at the yarn level and the yarns are 

made of solid elements [101-105]. In continuum (or unit cell) approaches which avoid 

describing the yarns individually, and thus saves a lot of computation time, tensile and 

shear characterization tests on the fabrics are used to evaluate the unit-cell properties 

[106-116]. 

Experimental approach generally relies on the analysis of data obtained through 

experimental work. This approach is taken in order to examine the fabric response and 

obtain constitutive relations and failure criterion, and also to validate the results from 

theoretical approaches. This includes curve fitting, nonlinear regression analysis of 

experimental data, and the use of statistical distributions. Parametric equations define 
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relations among the various parameters studied during the experiment. The reports of 

Cunniff and the US Army are very good examples of an experimental approach. 

Cunniff performed extensive experimental work and proposed a semi-empirical model 

[117], and analyzed system effects in woven fabrics under ballistic impact [5].  

Along with the ballistic performance such as V50, BFS and residual velocity, 

photographic investigation and continuous monitoring systems have been used to 

further examine the deformation of the fabric and failure of the yarn. Microscopes or 

electron microscopes [4, 118] were used to examine the post-failure of body armor 

textiles and heat induced damage in the fibers along the path of the projectile. High-

speed cameras or videos were used to measure the transverse wave speeds, to obtain a 

dynamic deformation, shape and strain information, and to quantify the maximum out-

of-plane deflection shape of the deformed fabric target upon impact [119-121]. Optical 

sensors [122] or enhanced laser velocity systems (ELVS) [123] were adopted to 

determine the time histories of velocity and acceleration, impact force, and projectile 

energy loss during an impact. Recently, strain gauge method using NiCr wire has been 

adopted by Chocron et al. [124-126] to measure the strain distributions on the layer 

impacted as well as in different layers, even though the measured strains were from the 

secondary yarns rather than the primary yarns which were directly facing a projectile. 

 

2.3.2 Factors influencing ballistic performance of fabric armors 

Factors affecting the ballistic performance of a fabric panel include material property 

of component yarns (i.e. tenacity, modulus and strain to failure), fabric structure (i.e. 
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weave type and fabric count), friction (i.e. inter-yarn and yarn-projectile frictions), 

crimp, projectile geometry (shape and mass), impact velocity, areal density (or number 

of layers) and far-field boundary conditions.  

 

- Material properties 

Although tensile strength, modulus and strain-to-failure of a yarn play a large role in 

ballistic performance, each property does not affect the ballistic performance, 

individually [127]. Tensile strength and strain-to-failure determines the specific 

toughness of a yarn, while modulus determines the longitudinal wave velocity of a 

yarn as: 

ρ/Ec = ,       (2-4) 

where c is the stress wave speed, and E and ρ are the Young’s modulus and mass 

density of the yarn material [86]. 

Roylance [128, 129] stated that the strain wave profile in a fabric is considerably 

different from that in a single yarn upon impact, and reported that the longitudinal 

wave velocity in a warp or weft yarn in a plain-woven fabric is retarded by a factor of 

2 . General expectation is that low density materials possessing a high modulus (thus, 

a high wave velocity) will disperse stress and strain rapidly away from the impact point, 

thus involving more material in the ballistic event [3]. This was experimentally proven 

by Field and Sun using high-speed photographic study [120]. 

Cunniff [130] derived a dimensionless fiber property U* defined as the product of the 
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specific fiber toughness multiplied by its longitudinal wave velocity: 

ρρ
σε EU
2

* = ,       (2-5) 

where σ  is the fiber ultimate tensile strength, ε  is the fiber ultimate tensile strain. 

However, the (U*)1/3 value, which was suggested to relate ballistic impact performance 

(V50) to fiber mechanical properties independent of impacting projectile mass, 

presented area, or armor system areal density, does not well match the experimental 

results. One probable reason for this mismatch may be that Cunniff did not consider 

the size of the panel, i.e., he assumed an infinite-sized panel.  

In measuring the tensile properties of a yarn (e.g. according to ASTM D2256-97), 

there is an optimal twist angle of around 6~7 degree [131, 132] (e.g. around 130 twists 

per meter for KM-2 600de. yarn [133]) where all fibers exhibit their maximum tensile 

strength. Mulkern [133] reported a decrease around 20% in measured tenacity of a 

KM-2 600de. yarn when it was untwisted. At larger angles of twist, tensile strength 

reduces again because the fibers get damaged. 

Since ballistic events usually occur in the transverse direction, estimating the elastic 

modulus of a yarn in the transverse direction is also important. Hadley et al. [134], 

Pinnock et al. [135] and Kawabata [136] determined the transverse Young’s modulus 

from the relationship between compressive load and contact area, and change in fiber 

diameter and displacement, respectively. Cheng et al. [137, 138] studied the transverse 

mechanical properties of Kevlar KM-2 fibers and determined the transverse elastic 

modulus of the fibers to be 1.34±0.35 GPa using two Poisson’s ratios and longitudinal 
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Young’s modulus. 

Since ballistic event accompanies high strain rate and the fibers used in the ballistic 

impact resistant fabrics are viscoelastic, some researchers have studied dynamic 

response of the fibers. Parga-Landa et al. [90] studied the rate dependency of the 

mechanical properties of fibers. To describe the stress-strain response of aramid fibers, 

Wang et al. [139, 140] and Gu [141] used a bimodal Weibull distribution of yarn 

strength. To represent the viscoelastic behavior of the Twaron fibers in impact 

simulations, Lim et al. [107] and Ivanov et al. [142] used a three-element spring-

dashpot model to represent the viscoelastic behavior of the Twaron fibers. Cheng et al. 

[143], in an experimental study of the stress-strain behavior, the effect of loading rate, 

and axial-transverse loading interaction of a single Kevlar KM-2 fiber, observed that 

the mechanical behavior of Kevlar KM-2 fibers was insensitive to loading rates in the 

range of 0.0007–2500 s−1.  

 

- Fabric structure and crimp 

A ballistic vest is generally made of multiple layers of woven fabrics where each 

layer is an assembly of woven yarns each of which being a bundle of fibers. Most 

frequently used weave patterns in ballistic applications are plain and basket weaves. 

Roylance et al. [129] stated that the response of fabrics cannot be determined from the 

properties of the fibers alone since the structural response is affected both by the 

material properties and fabric geometry. Freeston and Claus [144] observed that strain 

wave transmissions and reflections at yarn crossovers do not significantly affect the 
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propagation of the strain wave away from the impact zone.  

Cunniff [5] observed that loosely woven fabrics and fabrics with unbalanced weaves 

(e.g. different number of yarns or crimp ratios in the warp and weft direction) resulted 

in inferior ballistic performance. Loosely woven fabrics are more susceptible to 

projectile ‘wedge through’ the yarn mesh especially when the projectile is very small. 

Meanwhile, Shockey et al. [145], using a larger fragment simulator (26 g), reported 

that energy absorbed by single-ply Zylon fabrics with different fabric counts was 

roughly proportional to the fabric areal density and ballistic effectiveness (specific 

energy absorption) did not appear to be strongly affected by mesh density or weave 

tightness. 

Fabric count refers to the number of yarns per unit length along the principal yarn 

directions, and it is related to the cover factor, which is determined from the width and 

pitch of the warp and weft yarns. The cover factor of fabrics for ballistic applications is 

recommended to lie between 0.6 and 0.95. When the cover factor is too high, yarn 

degradation occurs during the weaving process, and when too low, the fabric is too 

loose [6]. Stempień [146] observed that the propagation velocity of a tension wave in a 

woven fabric depends not only on the propagation velocity in yarn, but also on the 

parameters of the woven fabric structure such as the weave and fabric count.  

Another fabric structural property that has been noted to influence ballistic 

performance is crimp [6]. Crimp refers to the yarn undulation in the woven structure. 

In a plain weave, the warp yarn generally has a higher crimp ratio than the weft yarn 

due to the opening motion of warp and the insertion of a straightened weft during the 
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weaving process. Generally, the crimp ratio of warp increases with the increase of 

fabric count, while that of weft is less affected. As aforementioned, crimp affects the 

longitudinal wave velocity in a warp or weft yarn in a plain woven fabric [128]. 

Considering the insight that the unbalance in warp-weft crimp ratios may result in an 

earlier failure of the facing weft yarns, Chitrangad [6] proposed introducing weft yarns 

having a larger elongation to break, i.e. hybridized weaves or union cloths. Tan et al. 

[147] compared two methods of modeling crimp with results obtained from 

experiments, and concluded that accounting for crimp by modeling linear elements in a 

zigzag manner yielded more accurate results than trying to account for crimp in the 

constitutive relations. 

 

- Friction 

Both inter-yarn friction and projectile-yarn friction plays a role, both directly and 

indirectly, on the impact performance of a fabric. Generally, a higher projectile-yarn 

friction will positively affect the ballistic performance of a fabric, while a higher inter-

yarn friction can lead to either a positive or negative result depending on the situation. 

Some noteworthy experimental works are as follow.  

Briscoe and Motamedi measured the yarn-yarn friction, yarn pullout force and 

apparent modulus of as-received, scoured and polydimethylsiloxane (PDMS) treated 

Kevlar fabrics, respectively. Among the three, scoured fabric showed the highest 

frictional coefficient, pullout force and apparent modulus, which was attributed to 

changes in the inter-yarn friction and inter-filament friction in the yarn itself caused by 



33 

 

the surface treatments. In ballistic impact experiments with 6.35mm steel ball bearings, 

they observed that scoured fabric showed a much larger transverse wave velocity and 

more significant disruptions of the fabric structure rather than yarn pullout [14, 148]. 

Bazhenov [11] conducted ballistic tests with 20-ply of Armos fabric panel in a dry or 

wet state against a 9mm bullet, and observed that the widths of the pull-out zones (i.e. 

the number of yarns pulled out) in a wet state panel were smaller than those in a dry 

state panel. He concluded that the pull-out zone gives some measure of the energy 

transferred to a fabric layer and friction between the yarns leads to a larger pull-out 

zone. From the post-failure inspection of the completely perforated wet state panel, in 

the first fabric layer of which impacted wet yarns were not broken, he attributed the 

phenomenon to the lubrication effect of water on the interface of the spherical bullet 

nose and the yarn. Rebouillat [149] studied the tribological behavior of woven fabrics 

made from Kevlar yarns of different linear densities and observed that the fabrics made 

of lower linear-density yarns (i.e. finer yarns) have a higher friction coefficient. Lee et 

al. [9] have shown that the addition of small amounts of resin increases the amount of 

energy the fabric can absorb. The probable mechanism for this increase in energy 

absorption is that the projectile engages and breaks more yarns by increasing the 

friction between the projectile and the fabric and the yarns themselves which will 

hinder the mobility of the yarn. Kirkwood et al. [150, 151], using a Kevlar KM-2 fabric, 

developed a semi-empirical model to predict yarn pullout force and energy as a 

function of pullout distance, and concluded that inter-yarn friction played a major role 

in the energy dissipation associated with yarn pullout. 
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Some researchers have considered the role of friction on ballistic impact in their 

modeling or simulation works. Duan et al. [102, 152, 153] have modeled the effect of 

friction on the ballistic impact behavior of high-strength fabrics and concluded that 

inter-yarn friction affects the number of yarns that become involved in energy 

absorption, hinders relative motion between yarns and resists uncrimping, thus, 

inducing the fabric to fail earlier during impact. They also concluded that projectile-

fabric friction delays yarn breakage by distributing the maximum stress along the 

periphery of the projectile-fabric contact zone inducing substantial increase in energy 

absorption during later stages of the impact. Zeng et al. [154] showed that ballistic 

response of a woven fabric is very sensitive to the yarn friction when the frictional 

coefficient is low, but beyond a certain level, the response becomes insensitive. They 

have also reported that high inter-yarn friction leads can lead to premature yarn rupture, 

thus reducing the energy absorption capability of the fabric. 

 

- Projectile geometry 

The geometry of a projectile includes the diameter (i.e. the mass and projection area) 

and the shape of the nose, which influences the projectile’s ability to perforate a fabric. 

The projectiles with large diameters have a larger presented area of impact and will 

have to break more number of yarns to penetrate a layer of fabric [155]. Meanwhile, 

since the number of facing yarns can be determined from the bullet diameter, and the 

bullet mass is generally proportional to the 3rd power of its radius, if the total number 

of facing yarns is normalized by the bullet mass, the relative number of facing yarns to 
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the bullet mass will decrease in a ballistic event if the mass of the bullet is larger [156]. 

Shahkarami et al. [157] numerically investigated the effect of projectile mass on 

energy absorption. They identified three distinct regions in the plot of energy absorbed 

by a fabric vs. impact velocity, where the first zone of the curve follows the projectile 

energy curve, the second zone shows a further increase in energy absorption by global 

deformation and strain energy buildup, and the third zone which shows abrupt decrease 

in energy absorption due to highly localized failure.  

Projectile nose shape is also important in penetration mechanics. Tan et al. [12] and 

Lim et al. [158] investigated the perforation behavior of plain weave Twaron CT716 

fabrics using four kinds of projectiles that had different shapes, i.e. conical, ogival, flat 

and hemispherical. Lim et al. [158] observed that the V50 of Twaron CT716 double-ply 

fabrics increased in the following order of projectile shape: conical (58 m/s) < ogival 

(76 m/s) < flat (100 m/s) < hemispherical (159 m/s). Tan et al. [12] and Lim et al. [158] 

observed that conical and ogival projectiles perforated one ply fabrics with the least 

amount of pullout and hemispherical projectiles produced the most yarn pullout, while 

flat-headed projectiles sheared through the yarn thickness. According to Montgomery 

et al. [10], the effect of bullet geometry decreases as the number of plies increases.  

Sharp edged projectiles can penetrate fabric targets by shearing yarns across their 

thickness, which was observed by Prosser [159], Cunniff [5], Iremonger and Went 

[160], Prosser et al. [4] and Shockey et al. [145]. 
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- Impact velocity and strain rate  

A low velocity, i.e. low strain rate, impact study was conducted by Termonia et al. 

[161], where they observed that yarn failure occurs preferentially as intermolecular 

slippage or secondary bond failure at lower impact velocities. Also, fabrics were 

excessively creased and stretched and fabric failure due to yarn pullout became more 

predominant at low impact velocities. Shim et al. [13], through theoretical and 

experimental studies where the projectile impact velocity ranged from 140 m/s to 420 

m/s, described the differences observed between low and high-velocity impact.  

Wang et al. [139, 140], through experimental and theoretical studies, observed that 

the initial elastic modulus, strength, and strain-to-failure of Kevlar fiber bundles 

increase with increasing strain rate. At high impact velocities of fabric targets, yarn 

failure occurs preferentially through primary bond failure due to their viscoelastic 

behavior. Contrary to Termonia et al.’s observation at low velocities, the damage is 

localized to the near area around the point of impact at high impact velocities and the 

yarns fail before significant transverse deflection can develop. Tan et al. [12] and 

Cunniff [5] also reported likewise.  

Carr [162] observed shear failure of single Kevlar and UHMWPE yarn at high 

velocities. Bourget and Pageau [163], with an intention to define a representative single 

ballistic performance parameter for the energy absorption capability of soft armor 

materials, first utilized residual velocity (VR) vs. striking velocity (VS) curves, which is 

one of the frequently used parameters such as specific energy absorption. 
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- Areal density (number of layers) 

While most literature deal with experimental and theoretical works of a single or, at 

best, a few or several layered fabric panel, relatively few literature deal with the 

ballistic impact of armor panels with multiple layers of single component or multi-

components, i.e. panels with field applied areal density level. This is due to the 

complexity of the analysis with increasing the number of fabric layers such as the 

inclusion of new energy dissipation mechanisms and increased interactions between 

fabric layers and between the panel and projectile. 

Vinson and Zukas [89] developed an analytical model and compared their analytical 

results with experimental data from impacts of a .22 caliber fragment simulator on 1 to 

24 plies of Kevlar (PRD)-49-IV cloth. Hearle et al. [164] experimentally investigated 

the relation between multi-layer and single layer impacts. Tan et al. [12] and Lim et al. 

[158] used a single ply and double ply panel, respectively, in their study. More recently, 

Tan et al. [27], using 1, 2, 4 and 6 ply fabric panels, investigated enhancement factor of 

multiple layers compared to a single ply. Billon and Robinson [95] used direct-step 

finite element method and an analytical model to predict the ballistic properties of 

fabric armor, and the results were compared with experimental data. They concluded 

that the analytical model is a useful means for rapidly assessing new armor designs. 

Modeling and simulation approaches are found in Zohdi’s work [165] and 

Blankenhorn et al.’s work [166]. 

There are a few papers on the multiple layered single component fabric armor system 

combined with spaced armor system. Cunniff [5] found theoretically, that the energy 
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absorbed by spaced single plies was greater than that absorbed by layered systems. 

Meanwhile, Lim et al. [158] investigated the effect of spacing on the performance of 

double ply panel and found that the spaced systems was less effective for certain 

impact velocities for certain projectile shapes. More recent work by Tan et al. [27] also 

includes the effect of space armor system. 

Although soft armor systems consisting of multiple materials are now commercially 

available, limited papers are found which deal with ballistic impact of fabrics 

composed of multiple layers of different fiber materials (i.e. hybrid). Few reports 

which deal with the effect of the hybridization through its thickness on ballistic 

performance are as follow. Cunniff [5] experimentally studied the effect of laminating 

sequence with compliant fabric panels using two heterogeneous systems of double ply 

panels made of woven fabrics, where the component yarn in each ply has different 

modulus. Porwal and Phoenix [94] developed a theoretical and computational model 

using typical mechanical properties (i.e. modulus and mass density) of Kevlar and 

Spectra layers, to explain the experimental result of Cunniff’s [5]. Larsson and 

Svenson [167] reported that hybrid composite panels of ‘carbon fiber fabric/ 

polyethylene (PE) fiber fabric’ showed ordering effect on the ballistic limit (5.46mm 

FSP), where the ‘PE at the back (i.e. high-strength/high-stiffness carbon fiber 

component backed by high-ductility/high-toughness polyethylene component)’ hybrid 

composite showed significant improvement in perforation resistance compared to the 

‘PE at the front’ hybrid composite. Meanwhile, Grujicic et al. [168], using non-linear 

dynamics transient computational analysis, reported opposite results to that of Larsson 
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and Svenson’s using a hybrid panel of one layer of Kevlar fiber-reinforced epoxy and 

one layer of carbon fiber-reinforced epoxy. The results were rationalized using an 

analysis of the elastic wave reflection and transmission behavior at the inter-laminate 

and laminate/air interfaces. 

 

- Far-field boundary conditions 

In ballistic impact tests of fabric armor systems, the size of the specimen and the 

means of fixturing it during the impact can affect the result. General expectation is that 

a larger panel, i.e. a longer yarn involved in impact event, may absorb more energy 

than a smaller panel. This may be true for low velocity impacts on a compliant armor 

when the armor is fixtured by clamping method. At impact velocities exceeding the 

critical velocity, the effect of panel size is expected to decrease or even disappear due 

to the localized and concentrated strain in the impact region. Cunniff [5], using clamps 

with different aperture sizes (2.54, 5.08, 7.62 and 20.32 cm) in ballistic tests of single 

ply fabrics, observed that the ballistic limit of the fabric decreases with decreasing 

aperture size. On the contrary, Lee et al.[8], using aluminum constraining plates with 

two different aperture sizes (20 and 5 cm) in ballistic tests of Spectra fiber reinforced 

composite laminates with 0.22 caliber FSPs, reported minor differences in the ballistic 

limit between the two aperture sizes. Meanwhile, a smaller sized body armor which has 

the same areal density as a larger one can be more resistant to perforation by a 

projectile when mounted on a clay backing [169]. 

In ballistic tests where the clamping method is used, the clamping pressure also plays 
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an important role in ballistic effectiveness. Lee et al. [9] found that insufficient 

clamping pressure, and thus, the resulting slippage of a compliant specimen upon 

impact can lead to an excessive overestimation of the energy absorption in the drop 

tower test. Zhang et al. [170], through analysis of 3-D transient deformations of a 10-

layer woven Kevlar armor using LS-DYNA code, found that the frame type and the 

pressure applied to its bars influence the ballistic performance of the armor and its V50. 

The target boundary condition also plays a significant role in ballistic effectiveness 

when the clamping method is used. Shockey et al. [145] observed that fabric panel 

clamped on two edges absorbs significantly more energy than the identical panel 

clamped on four edges. Similar results can be found in Cork and Foster’s work [171] 

where they used narrow fabric strips. 

Other minor boundary conditions which may affect the ballistic test result were 

observed by some researchers. Chitrangad [172] observed that pre-tensioning of the 

specimen (when clamping) to the extent of 0.05~0.1% of its tenacity improved the 

ballistic effectiveness. Zeng et al. [96] observed that the gripping angle of a fabric, i.e., 

whether the fabric is clamped along all four edges with yarns running 45° or parallel to 

the edge, influences the energy absorption of the fabric. 

Relatively very few papers are found which deal with ballistic tests of fabric armors 

where the clay backing method was adopted. Karahan et al. [173] and Karahan [174] 

assessed the amount of energy transferred to the backing clay when compliant panels 

were subjected to a 9mm bullet at 370 m/s. 
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- Thermal effect 

Not knowing the exact temperature of a projectile when it strikes a target may 

seriously inhibit the investigation of the thermal effect of the incident projectile. To 

exclude this concern, the temperature of the incident projectile should be low enough 

so that it will not affect panels made of fibers which have low melting temperatures. 

Sabot-launching method, where a projectile is more safely insulated from the 

exploding gas and is not in direct contact with the gun rifling, may be more appropriate 

to be used in thermal effect studies where the heat is known to be generated during 

impact by friction. Another way to avoid this concern may be to only examine the 

perforated panels (i.e. microscopic study), in which case the yarns located near the 

impact point in the panel will not be further affected by the high temperature of the 

incident projectile till post-failure inspection on the yarns is conducted. 

Most of the literature on the thermal effect is confined to the heat generation during 

impact. The primary cause of heat generation during impact is presumed to be due to 

friction between the contact surfaces of the projectile, yarns, and individual filaments. 

Prevorsek et al. [175], through a micromechanical simulation study, estimated the 

temperature rise caused by the projectile/composite interaction. They concluded that 

even though the temperature rises well above the melting point of HPPE (also called as 

UHMWPE) fiber, it has a minimal influence on the ballistic performance due to the 

short time frame in which it occurs. Prevorsek et al.’s conclusion can be supported by 

the work on UHMWPE panels that were shot in heated ovens where only a 5% 

decrease in ballistic performance was observed when the panel was heated to 110oC 
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[176]. Carr [162], in his ballistic impact studies with UHMWPE yarns, observed fiber 

melting and the formation of shear bands during an impact. Prosser et al. [4], in his 

ballistic impact studies with Spectra-1000 cloth, observed heat-induced polymer 

bridges between adjacent filaments (or yarns) and changes in the birefringence value 

(i.e. crystallinity) in fibers subjected to ballistic impact.  

 

- Failure modes in yarns and fabric 

Failure in a ballistic event can be observed through mechanisms such as ‘wedge 

through’ followed by ‘yarn pullout’ or ‘breakage of the facing yarns’. The wedge-

through phenomenon is well described in Cheeseman and Bogetti’s review paper [127]. 

According to them, the evidence of a wedge through phenomenon is the formation of a 

hole in the fabric that is smaller than the diameter of the projectile [13] and a fewer 

number of yarns broken than the number of yarns that intersect the projectile [9]. This 

phenomenon can be more frequently observed when the in-plane constraint in a fabric 

is very small (i.e. in a very small sized panel or loosely woven fabric panel) and the 

out-of-plane constraint is also small (i.e. a single layer panel or panels with only a few 

layers or layers located in the back-side of a multi-layered panel), and when the impact 

velocity is relatively low [177]. This phenomenon has been observed by many 

researchers, including Montgomery et al. [10], Shim et al. [13], Prosser et al. [4], Lee 

et al. [9] and Lim et al. [158]. Yarn pullout, which is a measure of in-plane constraint, 

is directly responsible for the wedge through phenomenon. Kirkwood et al. [150, 151] 

studied yarn pullout as a mechanism for dissipating ballistic impact energy, where yarn 
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uncrimping and subsequent yarn translation corresponded to the displacement by the 

pullout force. 

The facing yarn breakage is more important in and directly responsible for dissipating 

ballistic impact energy in general cases. The stretching of a yarn along its length and 

shearing across the thickness are the two causes of yarn rupture. The fibers in the yarn 

will fail when the strain reaches the failure strain, where the failure strain is rate 

dependent [158]. Termonia et al. [161] and Termonia and Smith [178] observed that 

plastic deformation and intermolecular slippage (i.e. the rupture of secondary bonds) 

become dominant at low strain rates (about 0.01 s−1), while both primary and 

secondary bond breakages occurs at higher strain rates (about 1 s−1). Based on the 

findings of Termonia and Smith, Shim et al. [179] postulated that at much higher strain 

rates (about 400 s−1), primary bond breakage or brittle fracture will predominantly 

occur in p-aramid fibers. 

Failure mechanisms of high-performance fibers partly depend on the microstructure 

of the fibers. Languerand et al. [180], using a tension Kolsky bar, investigated 

statistical predominance of the fracture mechanisms of p-aramid and UHMWPE fiber 

bundles. In p-aramid fiber bundles, no fundamental difference was observed in fracture 

mechanism at quasi-static and high strain-rates, and the main fracture mechanisms 

were associated with fibrillation and, to a lesser extent, pointed breaks. In UHMWPE, 

however, crazing became the more commonly occurred failure mechanism at high 

strain-rates while no significant strain-rate effect on inelastic behavior and maximum 

strength was observed.  
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2.4 Ballistic tests of soft body armor, test standards and behind armor 

blunt trauma (BABT) 

The most widely used methods for evaluating the ballistic resistance of soft body 

armor are the ballistic limit (V50) test and backface signature (BFS) test. 

 

2.4.1 Ballistic limit (V50) test 

The V50 is defined as the average of an equal number of the highest partial penetration 

velocities and the lowest complete perforation velocities which occur within a 

specified velocity spread (table 2-2). In other words, the V50 is the impact velocity at 

which there is a 50% probability that a single projectile will completely perforate the 

target armor. Typically, V50 testing is done either with a clay body simulant placed 

behind the target (NIJ Standard-0101.06) or with no backing material (i.e. clamping 

method described in MIL-STD-662F), depending on the test protocol defined by the 

end user. In general, the former test method is more conservative and gives a lower V50 

value for the same target panel [181].  

 

Table 2-2 Number of shots used to obtain V50 and velocity spread 

Total number of shots used to obtain V50 Allowed spread (m/s) 

4 18.3 

6 27.4 

8 30.5 

10 38.1 
14 45.7 
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2.4.2 Backface signature (BFS) test 

The BFS is the perpendicular distance from the reference plane of the backing clay 

surface (prior to ballistic testing) to the deepest point of indentation caused by a non-

penetrating impact on the target armor. The BFS value is related to the amount of 

energy that will be transferred to the human thorax through the soft body armor by a 

non-penetrating projectile. When a bullet hits a ballistic panel made of fabric, a portion 

of the impact energy is dissipated through tensile dissipation (ET) or projectile 

deformation (if it is expandable), and the left over impact energy is dissipated through 

kinetic dissipation (EK). The energy transferred through body armor causes behind 

armor blunt trauma (BABT), which may result in death in extreme cases [182, 183]. In 

the United States, the BFS criterion in oil-based clay is set below 44 mm (NIJ Ballistic 

Standard) while some European countries have set the criterion below 25 mm (e.g. UK 

Police Standard). 

 

2.4.3 The NIJ (National Institute of Justice) ballistic standard 

One of the most widely referred standards in ballistic resistance test of body armor is 

the NIJ Standard (currently, 0101.06 version), which is a technical document that 

establishes the minimum performance requirements and test methods for the ballistic 

resistance of personal body armor designed to protect the torso against gunfire. The test 

bullet and test velocity for each armor type (type IIA~IV) is included in table 2-3. For 

armor types subjected to a single threat and for the lighter weight threat round when 

two threats (i.e. test round 1 and 2 in the same threat level) are specified, the shot-to-
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edge distance for BFS measurement is between 51 mm and 70 mm from edge. For the 

heavier threat round when two threats are specified, the shot-to-edge distance for BFS 

measurement is between 76 mm and 95 mm from edge. 

 

Table 2-3 Armor type vs. the NIJ ballistic test standard 0101.06  

 

 

2.4.4 Behind armor blunt trauma (BABT) 

‘Behind armor blunt trauma (BABT)’ is the non-penetrating injury resulting from the 

rapid deformation of armors covering the body. Although flexible body armor may 

protect against penetration from projectiles, deformation of the armor (which is part of 

the retardation and energy absorbing process) at the point of impact may be associated 

with blunt trauma to underlying structures, i.e. to the human thorax [182, 183]. 
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Possible injuries may include bruising and hematoma in the underlying skin, contusion 

to or rupture of the spleen, contusion to or rupture of the liver, contusion to the heart, 

blunt trauma to the spinal cord or peripheral nerve, rupture of distended bowel, 

contusion to the lung, fracture of underlying bone, contusion or rupture of distended 

urinary bladder and contusion to the kidney [184, 185]. Terminal ballistics which 

characterizes the final effects of the bullet after it has impacted its target, and wound 

ballistics which is the intersectional field of medicine and terminal ballistics have 

partly contributed to understanding the mechanism of BABT. The mechanism of 

BABT is assumed to be a combination of impulsive force (compressional wave) 

generated by the deforming armor and shear deformation to viscera produced by gross 

deflection of the body wall. 

Several research groups have conducted biomechanical injury risk model–based 

assessments for BABT using cadavers, human surrogates such as animals or physical 

dummies and epidemiological investigations [186, 187]. Such studies have advantages 

over assessment methods that use clay, gelatin, foam, or silicone gel in obtaining more 

accurate anatomical and/or physiological information. Nevertheless, these methods still 

lack living physiology, similar anatomy, and full knowledge of the conditions under 

which the incidents occurred. Other research groups used FEM-based assessments for 

BABT, which were combined with empirical methods [185, 188]. Roberts et al. [188, 

189] modeled the effect of non-penetrating ballistic impact as a means to detect BABT 

in humans. He concluded that although NIJ Ballistic Standard criteria of BFS (< 44 

mm) in oil-based clay may be a good guide to soft armor failure, it may not be as good 
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a guide in BABT, especially when the projectile kinetic energy is high (i.e. high 

velocity rounds such as rifle rounds). The same conclusion was drawn by Gryth [190] 

through his experiment with anesthetized pigs. 

Several body stimulants are used to measure the energy delivered to tissue by a non-

penetrating projectile. These include oil-based clay, gelatin, foam, silicone gel and 

human surrogates such as pig or sheep, which are all deformable backing materials. 

Currently, most military and law enforcement standards have settled on oil-based clay 

(i.e. oil/clay mixture, e.g. Roma Plastilina No.1) for the backing material to measure 

the backface signature (BFS) of a soft armor caused by ballistic impact. Oil-based clay 

is a simple and readily available backing material for characterizing both the 

penetration and deformation effects of ballistic impacts on body armor materials. 

Despite its share of disadvantages such as time and temperature dependent hardness (or 

viscosity), clay is the choice of many investigators because it is readily available, easy-

to-use, and relatively inexpensive. Moreover, it is a better choice over other backing 

materials against relatively low velocity impacts, i.e. non-rifle shot with impact 

velocity lower than 500 m/s.  
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3. Experimental 

 

3.1 Materials 

3.1.1 Shear thickening fluids (STFs) 

The STFs used in study were dense colloidal suspensions composed of silica 

nanoparticles and polyethylene glycol (PEG) medium.  

The nominal average diameters of five different silica nanoparticles used in this study 

were 15 nm, 45 nm, 100 nm, 300 nm and 500 nm, respectively. All the particles were 

amorphous and spherical in shape with specific gravities around 1.95~2.0. The 

refractive index of amorphous silica is known as 1.43 (measured at 587.6 nm). The 15 

nm and 45 nm particles were purchased from S-CHEMTECH, and they were custom 

made as alcohol sols (15 nm particles in EtOH, 45nm particles in MeOH) with the 

solid content of 30 wt%. According to the producer’s information, they were 

synthesized from sodium silicate and the pH is around 4, which is relatively close to its 

known isoelectric point. The 100 nm, 300 nm and 500 nm particles were purchased 

from Nippon Shokubai, and were supplied as powders. According to the producer’s 

information, they were synthesized from tetraethyl orthosilicate (TEOS) and the pH 

value of 10 wt% aqueous dispersion is around 7. 

The medium used in this study was PEG with molecular weight of 200, which was 

purchased from SAMCHUN CHEMICAL. Table 3-1 shows some physical properties 

of ethylene glycol and polyethylene glycols with different molecular weights. 
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Table 3-1 Physical properties of ethylene glycol and PEGs 

 
Melting 

Point 
(oC) 

Hydroxyl 
Value 

(mgKOH/g)

Vapor 
Pressure 
(mm Hg 
at 20oC) 

Refractive 
Index 

Density 
(g/mL 

at 20oC) 

EG (62) - - 0.08 1.432 1.114 

PEG 200 -65 550 < 0.01 mm 1.460 1.124 

PEG 300 -15 375 < 0.01 mm 1.465 1.125 

PEG 400 6 285 < 0.01 mm 1.467 1.126 

PEG 600 16 190 < 0.01 mm - - 

 

Although the refractive index of EG best matches that of silica, EG was not used in this 

study due to its relatively higher vapor pressure (i.e., EG will easily vaporize and 

change the volume fraction of particles in an STF, as well as change the rheological 

property of the STF). With increasing molecular weight, PEG becomes slightly more 

density matching at the expense of refractive index matching and hydroxyl value. 

Considering the temperature range where ballistic vests are usually worn, PEG 400 and 

PEG 600 are not suitable for this application (i.e. at least in Korea) because both PEGs 

will freeze in the winter season or cold regions. Other important properties of PEG 200 

that required consideration were its viscosity (50 mPa·s at 20oC), surface tension (43.5 

mN/m with the temperature coefficient of -0.12 mN/m·K) and thermal expansion 

coefficient (0.7X10-3). Compared with the thermal expansion coefficient of glass which 

is known to be less than 3.0X10-5, the effect of thermal expansion on the change of 

volume fraction of particles in an STF cannot be neglected when the volume fraction of 

particles is high. 
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Methanol, which has a low boiling point, was used as a diluent to drop the viscosity 

of the STF. The lowered viscosity facilitates the penetration of the STF into Kevlar 

fabrics, and at the same time minimizes the evaporation of the dispersant (i.e. medium) 

during the drying process which was necessary to eliminate the diluent. Although the 

refractive index of ethanol better matches with that of the silica particles, i.e., silica 

particles are more easily dispersed in ethanol than in methanol, it was not used in this 

study because its mixture with PEG 200 is more azeotropic. 

 

3.1.2 Ballistic fabrics 

Four different types of ballistic fabrics were used in this study; two types of plain 

woven fabrics and two types of cross-plied uni-directionally oriented (UD) fabrics. The 

two woven fabrics (Barrday Inc.) were made of 600 denier p-aramid yarns (Dupont 

Kevlar® KM-2) but with different fabric counts, where the areal density of a single 

layer of each woven fabric was 149 g/m2 and 181 g/m2. The properties of the two 

woven fabrics and the yarns composing them are shown in tables 3-2 and 3-3, 

respectively. In some of the tests, the woven fabrics were replaced by another 

producer’s products where the type of the weave, fabric count and the linear density of 

the yarns were identical. The two UD fabrics, which are schematically drawn in figure 

3-1, were ultra high molecular weight polyethylene (UHMWPE) fiber-based 

Dyneema® SB31 (DSM, 0o/90o two-ply cross-plied) and p-aramid fiber-based Gold 

Flex® (Honeywell Inc., 0o/90o/0o/90o four-ply cross-plied). The areal density of a single 

layer of each UD fabric was 132 g/m2 and 232 g/m2, respectively. 
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Table 3-2 Fabric properties of Kevlar® KM-2 fabrics 

Yarn Count (tex) 66.7 

Fabric Count (yarns/cm, warp X weft) 
11.0 X 11.0 (1027 style) 

13.4 X 13.4 (1025 style) 

Areal Density (g/m2 in dry state) 
149 (1027 style) 

181 (1025 style) 

Thickness (mm) 
0.20 (1027 style) 

0.25 (1025 style) 

Fabric System Plain weave 

 

Table 3-3 Yarn properties of Kevlar® KM-2 600 denier 

Tenacity (N/tex) 2.47 

Breaking Strength (N) 165 

Elongation at Beak (%) 3.8 

Modulus (N/tex) 55.6 

Moisture Regain (%) 7.0 

 

   

Figure 3-1 Schematic drawing of UD materials 
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3.2 Characterization 

3.2.1 Preparation of STFs and characterization of their rheological properties 

For rheological analysis of the STFs, each silica sol or silica powder was mixed with 

PEG to give final compositions between 62.5 and 70 wt% silica in STF, which 

corresponds to 48.36~56.73 vol% silica in STF. For silica powder, an equal amount in 

weight of methanol diluent was added to the silica-PEG mixture to facilitate the 

dispersion of the particles. A homogenizer and a tip-type ultrasonicator were used as 

dispersion tools. For rheological characterization of the STFs, a two-step drying (i.e. 

elimination of methanol diluent) was conducted, which included condensation of a 

diluted STF under stirring/heating condition (in a 70oC silicone oil bath) till the 

mixture became transparent, followed by thin film evaporation (using a circulation 

oven set at 65oC) of the condensed mixture to completely eliminate the methanol 

diluent without formation of bubbles within the STF. The end point of the thin film 

evaporation was empirically determined through weighing method with drying time 

and it was further confirmed by thermo-gravimetric analysis (TGA). 

Rheological measurements were carried out in steady-shear rate sweep mode at 25oC 

using a controlled stress rheometer (AR 2000, TA Instruments). A cone with 1o angle 

and 20 mm diameter was used. A pre-shear of 0.1 s−1 for 1 minute was applied prior to 

the actual measurement. Figure 3-2 shows the schematic geometry of the measurement. 

The silica volume fraction in STF obtained by conversion is given in table 3-4, where 

the density of silica and PEG was assumed to be 2.0 and 1.124 g/cm3, respectively.  



54 

 

 

Figure 3-2 Schematic geometry of the rheological measurement 

 

Table 3-4 Silica weight fraction vs. silica volume fraction  

Weight fraction (%) 62.5 65.0 67.5 68.0 70.0 

Volume fraction 0.4836 0.5107 0.5386 0.5443 0.5673 

 

 

3.2.2 Preparation of STF impregnated fabrics and characterization of their 

mechanical properties 

To investigate the effect that STF impregnation has on the mechanical properties of 

the fabrics, single yarn pullout test and tensile test of single yarn in the fabric were 

conducted using a universal testing machine (Instron 5543, Instron). For the yarn 

pullout test, STFs with 65, 67.5, 68 and 69 wt% silica (45 nm) were prepared and 

impregnated into Kevlar fabric. Kevlar fabric impregnated with STF of 68 wt% silica 

was used for the tensile test of a single yarn in the fabric. The STF add-on on Kevlar 

fabric was managed by controlling the amount of diluent. Neat (i.e. untreated) Kevlar 
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fabric was immersed into the diluted STF dispersion, squeezed with a pressure of 10 

kg/cm2 for 10 seconds and dried at 65oC until the weight of the specimen reached a 

constant value. 

The pullout force of a single yarn was measured at pullout rates of 10~1,000 mm/min. 

Using a CO2 laser cutter (JG 10060, K2 Laser system), the specimens were cut into 50 

mm x 220 mm rectangles and a 5 mm transverse cut was made 100 mm apart from the 

upper clamped position as shown in figure 3-3(a). The schematic drawing of a 

specimen for tensile test is presented in figure 3-3(b). The tensile behavior of a single 

yarn in the fabric with the same gauge length was investigated at the rate of 1,000 

mm/min. 

 

 

Figure 3-3 Schematic drawing of a pullout test specimen (a) and a tensile test specimen 

(b) 
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3.2.3 Ballistic impact tests of STF-assisted fabric panels 

- Panel construction 

For comparative studies of ballistic impact resistance of neat fabric panels and STF 

impregnated fabric panels to different types of projectiles at various velocities, the 

panels were constructed under the criterion of areal density or the number of layers, i.e. 

the same weight or the same number of laminated layers. 

For ballistic impact tests (BFS or V50) with 5.56mm FSPs at lower velocities, 4-ply 

panels made of 1027 style fabric (7.5 cm X 7.5 cm in size) were tested at 250 m/s (34.4 

J), and 8-ply panels made of the same fabrics (25 cm X 25 cm in size) were tested at 

300 m/s (i.e. 49.5 J). All the panels used in these tests were composed of single 

component ballistic material, i.e. either all neat fabrics or all STF impregnated fabrics 

with STF add-on varied depending on the purpose of the investigation. 

For ballistic impact tests (V50) with 5.56mm FSPs at velocities above 430 m/s (i.e. 

111~220 J), the panel size was fixed at 38 cm X 38 cm and either the areal density or 

occasionally, the number of layers was also fixed. Most of the panels in the test were 

composed of single component ballistic materials while few of them were composed of 

multi-materials (i.e. combination of UD fabrics, neat woven fabrics and STF 

impregnated woven fabrics). In hybrid (i.e. multi-materials) panels, the layering 

sequence of each component material was varied in the order of either increasing or 

decreasing stiffness. 

For ballistic impact tests either with 9mm round or .44 Magnum round at around 436 

m/s (in BFS test) or above (in V50 test), the panel size was fixed at 38 cm X 38 cm and 
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either the areal density or the number of layers was also fixed. These tests were 

conducted either with single component panels or hybrid panels, and the layering 

sequence in the hybrid panels was varied depending on the purpose of the investigation.  

For the panels with fabric layers 38 cm x 38 cm in size, each layer was cut using a 

CO2 laser cutter, and for the panels smaller in size, each layer was hand-cut using a pair 

of scissors. All the layers in every panel were interconnected either at the four corners 

or rarely at the four edges using a high tenacity nylon/cotton spun blend yarn. Some of 

the panels were stitched either cross-diagonally (i.e. diamond pattern) or along the 

yarns within the fabric, where the stitch intervals were varied. The areal density of each 

panel which is used in describing the panel specification was measured in dry state. 

Detailed description of each panel will be given in the ‘results and discuss’ section.  

 

- Projectiles and ballistic test setup 

The projectiles used in this study include 5.56mm fragment simulating projectile 

(FSP), 9mm full metal-jacketed (FMJ) round nose (RN) and .44 Magnum semi-

jacketed hollow point (SJHP). The 5.56mm FSP which is made of AISI4340 steel has a 

chisel shaped nose and weighs 1.1 g (NATO STANG 2920). Figure 3-4 shows the FSPs, 

FSP-sabot assemblies, a propellant cartridge and a 7.62mm barrel. Each FSP was sabot 

launched from the 7.62mm rifled powder gun barrel, and the projectile velocity was 

controlled by varying the loading position of the FSP-inserted sabot in the gun barrel 

(Figure 3-5).  
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Figure 3-4 FSPs, FSP-sabot assemblies, propellant and 7.62mm barrel 

 

 

Figure 3-5 Velocity control principle in 5.56mm FSP test 

 

The 9mm FMJ bullet (POONGSAN) has a round nose and weighs 8.0 g. Figure 3-6 

shows a 9mm FMJ cartridge, its projectile and the 9mm powder gun barrel. The .44 

Magnum SJHP bullet (Remington) has a scallop shaped, i.e. notched, jacket and 

weighs 15.6 g. Figure 3-7 shows a .44 Magnum SJHP cartridge, its projectile and a 44-

caliber gun barrel. Each projectile was launched from the rifled powder gun barrel, and 

the projectile velocity was controlled by varying the amount of propellant. 

Figure 3-8 shows the schematic layout of the firing site for the ballistic impact test. 

All the velocities described are target measured velocities calculated using the equation 

shown at the bottom of the figure. Figure 3-9 shows velocity measuring screens. 
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Figure 3-6 A 9mm FMJ cartridge, its projectile and the gun barrel 

 

       

Figure 3-7 A .44 Magnum SJHP cartridge, its projectile and the gun barrel 

 

 

Figure 3-8 Schematic layout of the firing site for the ballistic impact test 
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Figure 3-9 Velocity measuring screens 

 

Each target panel was mounted on a backing material fixture (50 cm x 50 cm X 13 cm, 

Height X Width X Depth) that was filled with conditioned oil-based clay (Roma 

Plastilina No.1, Sculpture House) and backed with removable plywood, and the 

backing plane (i.e. reference plane) of the clay was flattened before mounting the target. 

To validate the test results, both pre- and post-drop tests were conducted on the 

conditioned clay with a 1.043 kg steel sphere at the height of 2 m (NIJ standard-

0101.04). Figure 3-10 shows the drop weight test results for clay calibration with a 

1.043 kg steel ball, each of which was within the range of 19± 2 mm (NIJ standard-

0101.04). The removable plywood was used only in the BFS tests, and it was removed 

in the V50 tests (NIJ standard-0101.04). Just after the drop weight test, each target panel 

was held to be in full contact with the backing material surface and secured to the 

backing material fixture using mounting straps. Figure 3-11 shows a secured target 
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sample (38 cm X 38 cm in size) on clay backing surface with mounting straps. The 

same mounting method was used for the 8-ply panels (25 cm X 25 cm in size) as well. 

 

 

Figure 3-10 Clay calibration with a 1.043 kg steel ball 

 

 

Figure 3-11 Target securing 

 

For 4-ply panels (7.5 cm X 7.5 cm in size), each target panel was mounted on a 

conditioned clay block (6 cm X 7 cm X 13 cm, Height X Width X Depth) and then 

secured, where a rectangular supporter with 5 cm X 5cm opening was inserted between 
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the clay surface and the specimen (Figure 3-12). 

 

 

Figure 3-12 Assembly of the target including clay and a 4-ply panel 

 

For the 7.5 cm X 7.5 cm panels, each panel was shot at the center of the panel with a 

5.56mm FSP at around 250 m/s. Figure 3-13 shows the shot locations within the target 

panel (38 cm X 38 cm in size) in the V50 tests with 5.56mm FSPs, where each shot is 

100 mm apart from the adjacent shots. Figure 3-14 shows the shot locations within the 

target panel (38 cm X 38 cm in size) in the V50 and BFS tests with 9mm bullets. The 

shot location for both BFS and V50 measurements were over 8 cm away from the edges 

(figure 3-14(a)) in the preliminary test. In the main test, the shot locations for BFS 

measurement were between 51 and 70 cm from the edge of the panel and those for V50 

measurement were the center of the panel or 11 cm from the edge (figure 3-14(b)). 

Figure 3-15 shows the shot locations within the target panel (38 cm X 38 cm in size) in 

BFS tests with .44 Magnum bullets. 
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Figure 3-13 Shot locations (5.56mm FSP) 

 

 

Figure 3-14 Shot locations (9mm FMJ) 

 

 

Figure 3-15 Shot locations (.44 Magnum SJHP) 
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3.2.4 Assessment of kinetic dissipation in ballistic tests 

To assess the amount of energy transferred to the backing oil-based clay (i.e. kinetic 

dissipation) in ballistic tests of soft body armor panels, a drop weight test on the clay 

(50 cm x 50 cm X 13 cm, Height X Width X Depth) with a series of steel balls at low 

impact velocities, and a direct shooting test on a small clay block (6 cm X 7 cm X 13 

cm, Height X Width X Depth) with a 5.56mm FSP at high impact velocities were 

carried out. 

In the drop weight test, five steel balls that differ in size and weight were used. The 

diameters of the steel balls were 30.163, 38.0, 47.625, 60.0 and 63.5 mm and they 

weighed 0.1119, 0.2241, 0.4412, 0.8822 and 1.043 kg, respectively. Each of the five 

steel balls was dropped from the heights of 1.0, 1.5 and 2.0 m on the oil-based clay that 

was conditioned and calibrated. In case of the 1.043 kg steel ball, a drop height of 0.5 

m was added. Each test was repeated three times and the penetration depth was 

measured using a specially modified vernier caliper. 

In the direct shooting test, a 5.56mm FSP was sabot launched from the 7.62mm rifled 

barrel and shot in the center of a conditioned cuboid of oil-based clay. The four sides of 

the clay block perpendicular to the shooting direction were covered with wooden 

blocks to avoid bulging from high velocity shooting. The penetration depth was 

measured using a vernier caliper depth probe (plus the length of the FSP, 6.3 mm) and 

the entrance diameter (and in some cases the exit diameter) of each hole was also 

measured to calculate the dent volume. 
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4. Results and discussion 

 

4.1 Rheological properties of dense colloidal suspensions 

- Effect of particle volume fraction and size on the rheological properties of STFs 

Figure 4-1 shows viscosity vs. shear rate curves and shear stress vs. shear rate curves 

of STFs with different weight fraction of 100 nm silica particles, each in logarithmic 

and linear scale, respectively. The viscosity and shear stress of each STF jumped by 

approximately ten to a few tens of times and around a hundred times, respectively, in 

the very narrow range of shear rate from the onset point. As the content of silica 

nanoparticles in STF was increased, typical shear thickening behavior was observed, 

i.e., STF with higher silica content gave a lower onset value of shear rate. The onset of 

shear thickening for STFs with 65, 67.5 and 68 wt% silica was exhibited at shear rates 

around 225, 118 and 98 s-1, respectively, which are much lower than the reported shear 

rate of a bullet (i.e. > 105 s-1). Also, a second shear thinning regime was observed, 

which shows a similarity to the yield and failure of a solid material. 

Figure 4-2 shows viscosity vs. shear rate curves and shear stress vs. shear rate curves 

of STFs which contained silica nanoparticles with different particle sizes, where the 

particle content of each STF was fixed at 65 wt%. As the particle size in STF was 

increased, the onset of shear thickening for STF shifted towards a lower value of shear 

rate. For particles 45 nm in size, failure stress reached the upper limit of the value 

measurable in the apparatus. 



66 

 

   

Figure 4-1 Particle volume fraction and rheological property (100 nm silica) 

 

   

Figure 4-2 Particle size and rheological property (65 wt% silica) 

 

Figure 4-3 shows onset shear rate vs. particle volume fraction and onset shear stress 

vs. particle volume fraction curves of STFs which contained 100 nm particles and 45 

nm particles. The onset shear stress was definitely dependent upon particle size while it 

was independent of particle volume fraction in the range of tested volume fraction. 

Figure 4-4 shows the onset stress vs. particle size curves of STFs, where the onset 
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stress of each STF was more or less inversely proportional to the second power of the 

particle size. 

 

   

Figure 4-3 Particle size, volume fraction and onset point 

 

 

Figure 4-4 Onset shear stress vs. particle size 

 

Figure 4-5 shows the extent of discontinuity of shear thickening with increasing 

particle volume fraction of STFs of 45 nm and 100 nm silica particles. The extent of 
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discontinuity increased exponentially as the particle volume fraction approached the 

critical value of 0.58. 

 

 

Figure 4-5 Discontinuous shear thickening vs. particle volume fraction 

 

Table 4-1 summarizes the results of STFs tested in this study. With the exception of 

STFs containing 15 nm particles, all showed shear thickening behavior. A probable 

reason for the exception is that the surface free energy is large enough to induce 

particle agglomeration within the STFs of the very small sized particles. As another 

and a more plausible reason, Brownian motion in the system is too strong for the 

particles to form force chains or the time for the force chains to sustain is too short, 

resulting in no observable shear stress jump, which seems very similar to a granule 

transport system or a dense suspension system where an additional, external vibration 

action prevents the jamming of the particles [191]. 
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Table 4-1 Summary of rheological test results  

Particle 
diameter 

(nm) 

Particle 
content 
(wt%) 

Onset 
shear stress

(Pa) 

Onset 
shear rate 

(s-1) 

Onset 
viscosity

(Pa·s) 

15 
65.0 - - - 
70.0 - - - 

45 

65.0 1800 343  5.2 
67.5 1800 210  8.6 
68.0 1800 188  9.6 
70.0 2000  78 25.5 

100 

62.5  450 608  0.7 
65.0  450 225  2.0 
67.5  450 118  3.8 
68.0  450  98  4.6 
70.0  400  60  6.7 

300 65.0   67 118 0.5-0.6 
500 65.0   31  50  0.6 

 

(Table 4-1 continued) 

Particle 
diameter 

(nm) 

Particle 
content 
(wt%) 

Failure 
shear stress

(Pa) 

Failure 
normal stress

(Pa) 

1/24.56 times surface 
tension divided by 
particle radius (Pa) 

15 
65.0 - - - 
70.0 - - - 

45 

65.0 ≈ 100k > 70k 78.8k 
67.5 > 100k > 100k  
68.0 > 100k > 100k  
70.0 > 100k > 100k  

100 

62.5 15~16k -  
65.0 40k - 35.4k 
67.5 58k 20k  
68.0 67~68k 60k  
70.0 67~68k 70k  

300 65.0 18k - 11.8k 
500 65.0 10k -  7.0k 
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From table 4-1 and previous figures 4-1 and 4-2, a second shear thinning regime for 

each STF was observed, where the failure stress was dependent upon particle size as 

well as particle volume fraction. The failure stresses of STFs increased with decreasing 

particle size. For STFs with 100 nm particles, failure stress gradually increased with 

particle weight fraction and then converged to a critical value. The same phenomenon 

is expected for STFs with 45 nm particles (figure 4-6). 

 

 

Figure 4-6 Particle size, volume fraction and failure 

 

For STFs with 45 nm or 100 nm particles, failure normal stress (i.e. normal stress 

around failure regime) abruptly increased to a value close to the failure shear stress 

(table 4-1). From these results, one can conclude that the unusual behavior observed 

with these STFs, where the particle volume fraction is very close to the critical value, 

is somewhat different from the existing mechanism of a typical shear thickening fluid. 

Brown and Jaeger [60] proposed that the confining stress at liquid-air interface is 
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roughly proportional to the value of the surface tension of the medium in an STF 

divided by the particle radius. If we adopt their opinion and simultaneously consider 

the geometry of the system (figure 3-2), a probable explanation for the second shear 

thickening and failure shear stress will be as follows.  

From the system dimension used in this study (figure 3-2), the cone surface area in 

contact with STF is calculated to be 24.56 times larger than that of the liquid-air 

interface boundary. Surface tension is a measure of the increase in surface free energy 

with increasing surface area of a liquid, and has a dimension of J/m2, i.e. N/m. If we 

assume that the curvature of a liquid-air interface changes from zero (i.e. flat surface) 

to 1/R, where R is the radius of the curvature of interstices in the densely packed 

spherical particle system when the positions of particles and liquid exchange due to 

dilation (i.e., particles at the liquid-air interface boundary protrude while the liquid 

recede from the initial flat surface), and the value of R is close to the particle radius, 

then the value of surface tension divided by the radius of the curvature will have a 

dimension of N/m2, which is the same dimension as that of stress.  

 

 

Figure 4-7 Curvature of liquid-air interface at interstices 
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 If we compare the failure shear stress of each STF with 1/24.56 times the value of 

surface tension of PEG 200 divided by particle radius, there exists a strong correlation 

between the two (figure 4-8). The failure shear stress of STFs with 100 nm particles 

increased with the increase of particle weight fraction, which is presumed to be due to 

the decreased inter-particle distance and accompanying decrease in the curvature of a 

liquid-air interface at interstices. 

 

 

Figure 4-8 Confining stress vs. failure shear stress 

 

From the global viewpoint, the behavior of shear thickening fluid after the onset of 

shear thickening will be dependent upon the confining stress at the boundaries and the 

innate material properties (i.e. compressional behavior) of the particles. In a closed 

system such as STF perfectly sealed with very strong boundaries, the shear stress will 

reach up to that of the base material, i.e. compressional yield stress of the particles, at 

high enough shear rate. Meanwhile, in an open system such as STF placed between 
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cone and plate with an open liquid-air interface or STF impregnated in a fabric having 

many open channels for flow, squeeze-flow will occur far below a hundred MPa (i.e., 

surface tension (43.5 mN/m) divided by particle radius (22.5 nm) equals 1.93 MPa), 

which is assumed to be much lower than the strength of Kevlar fiber and the 

compressional yield stress of the particles, resulting in a failure of the system (figure 4-

9). Thus, the behavior of a shear thickening fluid in an open system will be determined 

by the confinement, which is further determined by the surface tension of the medium 

and particle related parameters such as particle size and inter-particle distance (i.e. 

particle volume fraction).  

 

 

Figure 4-9 Global viewpoint of the behavior of shear thickening fluid 

 

Figure 4-10 shows a schematic drawing of the plausible scenario of shear thickening 

and second yielding with the increase of shear stress. When shear thickening occurs, 

shear stress jumps to a critical value due mainly to the increased normal stress which is 
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caused by the formation of force chain and particle jamming, i.e. dilation, and when the 

normal force exceeds the confining force in the system, the system begins to yield, 

which is very similar to the fracture of a solid. 

 

 

Figure 4-10 Plausible scenario of shear thickening 
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4.2 Mechanical properties of STF impregnated fabrics 

4.2.1 Yarn pullout properties 

Figure 4-11 shows the effect of particle volume fraction in STF on the maximum yarn 

pullout force. Single yarn pullout test specimens were prepared from neat Kevlar fabric 

and STF impregnated Kevlar fabric with fixed STF add-on of 22~23 %owf (on the 

weight of fabric) while the silica (45 nm in size) content in the STFs was varied from 

65 to 69 wt%. The maximum pullout force of a single yarn in the STF impregnated 

fabrics increased as the particle weight fraction increased, coinciding with the results 

from the prior rheological test where the failure shear stress increased with the increase 

of silica content. A slight deviation observed with 69 wt% silica STF is presumed to be 

due to over-packing of particles (i.e., STF over-packed with particles is weaker than 

the STF with appropriate silica content). The maximum pullout force of a single yarn 

in STF treated fabrics exhibited a sudden increase at a critical pullout rate while the 

neat fabric showed no change regardless of the pullout rate. This critical pullout rate 

decreased with the increase of silica content in the STF, coinciding with the results 

from the prior rheological test where the shear thickening onset values decreased with 

increased silica content. The enhancement of maximum pullout forces of STF treated 

fabrics compared to neat Kevlar at pullout rates below the critical pullout rate is due to 

the occupation of interstitial volume within the fabric by STF, not the shear thickening 

effect. The increase in pullout force by STF impregnation was maximum 25N, which 

corresponds to 25 kPa (i.e., the contact area of a single yarn 10 cm in length is 10-4 m2). 
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Figure 4-11 Particle content, pullout rate and the maximum pullout force 

 

 

Figure 4-12 STF add-on, pullout rate and the maximum pullout force 

 

Figure 4-12 shows the effect of STF add-on on the maximum pullout force. The shear 

thickening effect was clearly observed in samples with 10 and 23 %owf add-on. On the 

other hand, the behavior of samples with 5 %owf add-on seems to be dominated by the 
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effect of decreased interstitial volume within the fabric by STF impregnation rather 

than the shear thickening effect. Since the silica content within the STF was the same 

for all the samples, the critical pullout rates of the samples were all identical.  

From the pullout data, the force constant for neat fabric and STF impregnated fabric 

was estimated to be around 2.5 N/m and 25 N/m, respectively. 

 

4.2.2 Tensile properties (elongation of a single yarn in the fabric) 

Figure 4-13 shows the single yarn tensile test results of neat and STF impregnated 

fabrics (left-1027 style; right-1025 style) in both the warp and weft directions. A single 

yarn in a fabric, having a gauge length of 100 mm, was elongated at the rate of 1,000 

mm/min with a primary load of max. 0.5 % (0.75 N/yarn) of its tenacity. As shown in 

the left figure, the warp has a slightly higher crimp ratio than the weft, both in the neat 

and STF treated 1027 style fabrics. The existence of crimp delays the linear 

relationship between tension and elongation in the tensile test of a single yarn in a 

fabric, and the extent of the delay is related to the crimp ratio. Due to the opening 

motion of warp and the insertion of a straightened weft during the weaving process, the 

warp generally has a higher crimp ratio. Although the as received 1027 style fabric has 

very low warp and weft crimp values (1.67 and 1.36 %, respectively), the average of 

the two corresponds to 40 % of the strain to failure value (3.8%) of KM-2 Kevlar 600 

denier yarn. The crimp effect (i.e. retardation in tension increase with elongation) of a 

single yarn in the STF impregnated fabric was smaller than that in the neat fabric due 

to the increased friction at crossover points and occupation of interstitial volume by 



78 

 

STF within the fabric. 

 

    

Figure 4-13 Load-elongation curves of warp and weft yarns within neat and STF 

impregnated fabrics (left-1027 style; right-1025 style) 

 

As can be seen in figure 4-13(right), the warp has a much higher crimp ratio than the 

weft, both in the neat and STF treated 1025 style fabrics. As indicated by the wider 

plateau at the early stage of elongation, the difference in crimp ratios of warp and weft 

was much larger for 1025 style fabrics compared to that for 1027 style fabrics. 

Generally, the crimp ratio of warp increases with the increase of weave density, while 

that of weft is less affected. The difference in the warp and the weft crimp ratios of as 

received 1025 style fabrics was 2.5~3.0 %, which was much higher than that of 1027 

style fabric (i.e. 0.3%). The most notable phenomenon shown in the right figure was 

the suppression of the crimp effect by STF impregnation. Although the decrease in the 

difference between warp and weft crimp ratios by STF treatment was higher for 1025 



79 

 

style fabric, the absolute value of difference between warp and weft crimp ratios was 

still higher for 1025 style fabric. Thus the elongation and tension of facing warp and 

weft yarns in a single layer of 1025 style fabric will be less synchronized when a 

projectile hits the layer compared to 1027 style fabric. 

From the test results of single yarn elongation in the fabric, it is expected that STF 

impregnation in a fabric has both positive and negative effects. As positive effects, it 

reduces crimp effect, i.e. less retardation in tension increase (faster stress wave 

propagation) and decreased total elongation till it fails (decreased BFS), and it also 

reduces crimp difference between the warp and weft yarns in a single layer and thus, 

more coupled or synchronized in-plane elongation is expected. Meanwhile, as a 

negative one, it may reduce the toughness of the fabric due to stress localization. From 

this, further discussion will be made in the following to analyze the ballistic test results 

of panels made of each fabric. 

 

4.2.3 Representation of the change in the mechanical properties of aramid fabrics 

by STF impregnation 

If we consider the stress distribution along the fiber axis when impacted based on the 

single yarn pullout and elongation data, the stress distribution in neat and STF 

impregnated fabric can be presumed as figure 4-14. If we further consider the stress 

distribution of a single facing yarn under the assumption that the longitudinal wave 

velocities in both fabrics are identical and elongation mode is dominant upon impact, 

the change of stress distribution with time is presumed as figure 4-15. 
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Figure 4-14 Stress distribution along the yarn direction 

 

 

Figure 4-15 Stress distribution along the yarn direction with time 
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From figures 4-14 and 4-15, the stress in STF impregnated fabric is expected to be 

more localized compared to neat fabric, which will result in an earlier failure of the 

layer, decreased toughness and increased apparent modulus of the facing yarns when 

impact velocities in both fabrics are identical, i.e. at the same strain rate or elongation. 

The stress distribution of a single yarn in a fabric was determined as follows. From 

the single yarn pullout data (figures 4-11 and 4-12), we obtained the frictional force 

acting on each crossover point of a single yarn in the fabric, which is the ratio of the 

maximum pullout force to the number of crossover points. The stress distribution by 

frictional forces can be determined using the method shown in figure 4-14. The stress 

distribution will affect the total elongation of a single yarn in a fabric whether neat or 

STF impregnated. The total elongation of a single yarn in a fabric can be calculated as: 

∑ ∑∑ ⋅=
⋅

=Δ i
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l      (4-1) 

where Δli is the displacement of the i-th interval from the impact point; Fi is the 

elongational force acting on the i-th interval; li is the initial length of the i-th interval, 

which is the spacing between adjacent parallel yarns and 0.9 mm for the 1027 style 

fabric (constant); E is Young’s modulus of the yarn (constant). 

 

Then, the apparent modulus of a single yarn can be defined as:  

layers) failed(for         , ∑ Δ
⋅

=
i

failapparent l
GLBFE   (4-2) 

where Eapparent is the apparent modulus of a single yarn in a fabric; BF is the breaking 
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force of a single yarn (constant); GL is the gauge length of the elongational event (i.e. 

shot-to-edge distance); Δli is the displacement of the i-th interval from the impact 

point; ∑Δli is the total elongation of a single yarn in a fabric. 

 

Since a single yarn in the STF treated fabric will be subjected to less elongation 

compared to that in the neat fabric, the apparent modulus of a single yarn in the STF 

treated fabric would be higher than that of a single yarn in a neat fabric. Figure 4-16 

shows the relative amount of increase in the apparent modulus of a single yarn within 

the 1027 style fabric by STF treatment, which increases with the gauge length. From 

the figure, one can estimate the relative amount of increase in the apparent modulus of 

a single yarn to be around 10% when the shot-to-edge distance is 125 mm. 

 

 

Figure 4-16 Relative amount of increase in apparent modulus of a single yarn within 

the 1027 style fabric by STF 
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4.3 High velocity impact resistance of STF-assisted fabric panels 

4.3.1 Ballistic impact resistance against 5.56mm FSP 

- Lower velocity ballistic impact test with 5.56mm FSP 

First, the ballistic impact test results of the 4-ply panels with 5.56mm FSP at around 

250 m/s are as follow. In this test, ballistic test results were presented in terms of 

energy dissipation percentage (E.D.P.), which was calculated as: 

100.(%).. ×=
i

d

E
E

PDE ,      (4-3) 

where Ei is initial kinetic energy of projectile and Ed is dissipated energy of projectile. 

Ei and Ed were calculated from the following two equations. 

2
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ii vmE ⋅⋅=  ,      (4-4) 

where m is the mass of the projectile and iv  is the initial velocity of the projectile. 

)(
2
1 22
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where rv  is the residual velocity of the projectile after penetrating the target, which 

was calculated from the following linear equation obtained by preliminary blank test. 

xvr ×+= 43.251.10 ,      (4-6) 

where x is the penetration depth of projectile through a backing clay. 

 

Figure 4-17 shows the energy dissipation values of neat and STF treated fabrics 
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where the STF add-on was fixed at 50 %owf and the silica (100 nm) content in STF 

varied from 45 to 65 wt%. As shown in the figure, STF with higher silica content 

showed higher energy dissipation. 

Figure 4-18 shows energy dissipation value of neat and STF treated fabrics where the 

STF add-on was varied from 0 to 400 %owf and the silica (100 nm) content in STF 

was fixed at 65 wt%. As shown in the figure, energy dissipation increased with STF 

add-on while the rate of the increase in energy dissipation decreased with increasing 

STF add-on. Considering the weighting effect of STF impregnation, i.e. increase in the 

weight of the panel, and the increase in the energy dissipation of the panel, the add-on 

of below 50 %owf was recommendable. 

Photographs of the 4-ply panels after ballistic tests with 5.56mm FSP at 250 m/s are 

shown in figure 4-19. The early stage of the ‘wedge through’ was clearly observed in 

the neat fabric panel that was small sized and had low in-plane constraint. 

 

 

Figure 4-17 Silica content vs. energy dissipation (4-ply panel, 5.56mm FSP) 
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Figure 4-18 STF add-on vs. energy dissipation (4-ply panel, 5.56mm FSP) 

 

 

Figure 4-19 Photographs of the 4-ply panels after ballistic test (5.56mm FSP) 
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- High velocity ballistic impact test with 5.56mm FSP  

The ballistic test results of 8-ply panels with 5.56mm FSP at around 300 m/s, and 

those of 24-ply panels at above 430 m/s are as follow.  

Figure 4-20 shows the effect of particle size on the V50 of 8-ply panels, where the 

silica content in STF was fixed at 65 wt% and the STF add-on of the specimens is 

similar (41~45 %owf). Contrary to the results of 4-ply panels by Lee et al.’s [20] and 

ours, all the STF impregnated panels showed lower V50 values compared to a neat 

fabric panel. The decrease in V50 value with decreasing particle size coincided with the 

results from the rheological test, where the dense suspension with smaller particle 

showed higher shear stress, and thus increased pullout force and more stress 

localization.  

Figure 4-21 shows the effect of STF add-on on the V50 of 8-ply panels where the 

particle size in STF was fixed at 100 nm and the silica content in STF was 65~68 wt% 

while the STF add-on of the specimens was varied from 17 to 47%owf. The decrease 

in V50 value with increasing STF add-on coincided with the results from the single yarn 

pullout test where the higher STF add-on resulted in higher pullout force and more 

stress localization. 

The effect of silica content in the colloidal suspensions (i.e. particle volume fraction) 

on the V50 is shown in figure 4-22. In this test, the STF add-on and the particle size in 

STF was fixed at 20 %owf and 45 nm, respectively, and 24-play panels were impacted 

at velocities over 430 m/s. All the colloidal suspension impregnated fabric panels 

showed lower V50 values compared to the all neat fabric panel having the same number 
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of layers. This also coincided with the above results. Meanwhile, the V50 of the panels 

increased with the increase in particle weight fraction from 40 to 68 wt%, which is 

presumed to be due to a different reason from the above. 

 

 

Figure 4-20 Particle size vs. the V50 (8-ply, 5.56mm FSP) 

 

 

Figure 4-21 STF add-on vs. the V50 (8-ply panel, 5.56mm FSP) 
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The colloidal suspensions with higher liquid fractions can show filtration effect during 

squeezing flow of suspensions [192, 193]. This will induce a lubrication effect between 

the panel and the projectile, which may further induce the decreased V50 of the panels 

which contain more liquid. Thus, a denser suspension is presumed to be more 

appropriate if applied in ballistic field. 

 

 

Figure 4-22 Particle volume fraction vs. the V50 (24-ply panel, 5.56mm FSP) 

 

If we compare the results of 4-ply panels with those of 8-ply panels (or 24-ply panels), 

there exists an obvious contradiction in ballistic performance of STF impregnated 

fabric panels compared to all neat fabric panels. A probable reason for this 

contradictory phenomenon can be explained as follows.  

To begin with, we need to quote Cheeseman and Bogetti’s review paper [127], 

“Loosely woven fabrics are more susceptible to having a projectile 'wedge through' the 
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yarn mesh. When a projectile strikes a layer of fabric, the fabric deflects transversely 

and the mesh of yarns is distended, resulting in the enlargement of the spaces between 

the yarns. Other factors, in addition to a loose weave, can contribute to this 

phenomenon. Specifically, if the projectile is relatively small and/or impacts at an 

angle and/or a few yarns ahead of the projectile break, the projectile can slip through 

the opening or wedge through by pushing yarns aside instead of breaking them.” 

 

In a ballistic event where a loosely woven fabric is impacted by a small caliber round, 

the probable energy absorption capability of the fabric vs. the impact velocity can be 

expressed in one graph as it is in the following. To describe the ‘wedge through’ effect 

mentioned above, we need to define an imaginary value of ‘bullet pass-by length (LBP)’, 

which is an imaginary displacement (i.e. elongation or pullout) above which a bullet 

may pass through the fabric without breaking the elongated or pulled-out yarns, 

whereas below which the bullet may pass through the fabric only by breaking the 

facing yarns within the fabric. We also need to suppose that a critical velocity, Vh, 

exists in the energy absorption capability curve where the energy absorption capability 

reaches a maximum. The critical velocity Vh may vary with the amount of in-plane 

constraint present within a fabric as well as the projectile geometry. Thus, the projectile 

geometry will be held constant for further reasoning. The change in tensile (also 

including pullout) energy of a facing yarn with increasing velocity of the projectile is 

illustrated in figure 4-23, where LBP is the upper boundary of integration for the 

calculation of energy absorption capability of the yarn. Projectile ‘wedge through’ will 
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take place in situations as of figure 4-23(a) and (b), and an example of ‘wedge through’ 

in an actual ballistic event is shown in figure 4-19(top). Because the frictional force 

between the intersecting yarns is lower in neat Kevlar panels when compared to STF 

impregnated Kevlar panels, the in-plane constraint of a neat Kevlar panel is very low. 

And thus, the neat Kevlar panel clearly showed the ‘wedge through’ phenomenon. 

 

 

Figure 4-23 Schematic drawing of the change in tensile dissipation of a loosely woven 

fabric with velocity 
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If we consider the change in energy absorption capability (shaded triangular area in 

figure 4-23) of a facing yarn with increasing impact velocity, in the low impact 

velocity range, it will increase with the impact velocity (figure 4-23(a) to (c)) and after 

reaching a maximum at critical velocity, Vh (figure 4-23(c)), it will start to decrease 

(figure 4-23(c) to (e)). For UD fabrics or large sized fabrics densely woven with fine 

yarns, the ‘wedge through’ effect may not be observed, and the energy absorption 

capability will decrease with increasing impact velocity. 

For single ply fabric panels or panels containing a few layers, two typical types of 

energy absorption curves can be found in the literature. Tan et al. [12] and Lim et al. 

[158] show good examples. As shown in figure 4-24, the shape of the observed energy 

absorption curve (yellow lines) is dependent on the relative positions of V50 and Vh. 

Note that the actual amount of energy absorbed is not necessarily equivalent to the 

energy absorption capability at below V50, and the x-position of the point where the 

energy absorption capability curve and the impact energy (i.e. kinetic energy of the 

bullet) curve meets is the V50 of the panel. If we assume the projectile to be a certain 

type of bullet (such as one having a spherical nose) to disregard the effect of bullet 

geometry, and only the tensile dissipation in the ballistic event is considered, further 

analogy can be carried out as follows. The energy absorption capability curve of a 

single layer fabric is the sum of the energy absorption capability of all facing yarns 

within the fabric. Since the number of facing yarns can be determined from the bullet 

diameter, and the bullet mass is generally proportional to the 3rd power of its radius, if 

the total number of facing yarns is normalized by the bullet mass, the relative number 
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of facing yarns to the bullet mass will decrease in a ballistic event if the mass of the 

bullet is larger. Thus, if the mass of the projectile is increased, the relative position of 

V50 and Vh can be reversed, and that will cause the shape of the energy absorption curve 

to change from type II to type I (figure 4-25). 

 

 

Figure 4-24 Energy absorption curves in single ply fabric panels 

 

 

Figure 4-25 Bullet mass vs. energy absorption curve 
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To graphically determine the V50 velocity of a double layered panel from the energy 

absorption curve of each single layer panel component, first, the master curve of each 

single layer (i.e. the energy absorption curve, not necessarily the energy absorption 

capability curve) must be experimentally acquired. Three cases are considered; 1) both 

component layers have the same relative positions of V50 < Vh, 2) both component 

layers have the same relative positions of V50 > Vh, and 3) the position of V50 and Vh are 

reverse for the two component layers. Figure 4-26 shows ‘case 1’, where the V50 of 

each component layer is lower than Vh. In this case, the V50 of AB-sequenced panel can 

be determined as follows.  

 

 

Figure 4-26 Graphical determination of the V50 of AB-sequenced 2-ply panel with both 

component layers having V50 < Vh 
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The point where the energy absorption capability curve of single layer B (i.e. the 2nd 

layer) crosses the kinetic energy curve of the projectile is the ballistic limit velocity of 

layer B. Thus, the V50 of AB-sequenced panel will be the velocity where the difference 

between the kinetic energy curve of the projectile and the energy absorption capability 

curve of layer A equals the energy at the ballistic limit of layer B.  

 

 

Figure 4-27 Graphically determined V50s of double-layered hybrid panels with both 

component layers having V50 < Vh 

 

The V50 of BA-sequenced panel can be determined likewise (figure 4-27). Figure 4-28 

illustrates the other two cases. 
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Figure 4-28 Graphically determined V50s of double-layered hybrid panels; (top) with 

both component layers having V50 > Vh, (bottom) V50,A > Vh,A and V50,B < Vh,B 
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By studying figures 4-27 and 4-28, one can notice that sequencing effect is most 

notable in ‘case 3’. This demonstrates that a loosely woven layer (V50 < Vh) backed by 

a tightly woven layer (V50 > Vh) will be more perforation resistant than a reversely 

sequenced panel. ‘Loosely woven’ fabric represents a fabric that has small in-plane 

constraint (such as small panel size, small pullout force, etc.) and thus, in which the 

‘wedge through’ effect can easily occur. Especially, in a type I energy absorption curve 

as shown in figure 4-29, when the mass of the projectile is very small (i.e. the 

difference between the bullet kinetic energy and energy absorption capability in the 

range of ‘V50 ~ Vh’ is very small) and at the same time, the value of ‘Vh – V50’ is large, 

the ordering effect on V50 will be great. 

 

 

Figure 4-29 Presumed energy absorption curve (type I) which may show remarkable 

ordering effect when hybridized with a single layer having type II energy absorption 

curve 
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We have proposed a graphical method to predict the V50 velocity of a double layered 

panel from the master curves of each component layer under the assumption that no 

interlayer constraint exists. In addition, the effect of ordering of the component layers 

on V50 was also discussed. A conceptual approach was adopted rather than a systematic 

and scientific approach, to simply compare the results of our study to that reported by 

Cunniff [5]. At the areal densities for practical level of protection (i.e. field applied 

areal density levels), most multi-layered panels have a type II shape energy absorption 

curve shown in figure 4-24, which one can easily envisage by multiplying single layer 

energy absorption capability by number of layers. Moreover, further increase in areal 

density (i.e. number of layers within the panel) will inhibit the ‘wedge through’ effect, 

and the ordering effect in panels consisting only a few layers can be reversed due to the 

increased out-of-plane restraint. 

As an alternative explanation, STF impregnation changes in-plain constraint in the 

panel (i.e., in-plain constraint increases), which is similar to the change in the shape of 

energy absorption curve from type I to type II (i.e. Vh shifts to a lower velocity). Thus, 

it shows a higher V50 in lower velocity regime, but a lower V50 at higher velocity 

regime compared to neat fabric panel. 

The above discussions were further confirmed by very high velocity impact test with 

the same projectile, and the results are shown in table 4-2. The fabric used in this test 

was 1025 style KM-2 Kevlar fabric. As shown in the table, energy absorption per ply 

value (Eabs/ply, in J) decreased with increasing STF add-on, where the decreasing rate 

was 4.5 and 6.3% in the STF add-on range from 15 to 20 %owf, respectively. The 
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decrease in specific energy absorption value (Esp, in J/kg·m-2) was more notable, i.e. 

16.8 and 21.7 %, respectively, considering the increased weight of the panel with STF 

impregnation. 

 

Table 4-2 The 5.56mm FSP test results of panels having field applied areal density 

Fabric ply Areal density
(kg/m2) 

V50 
(m/s)

Impact energy
at V50 (J) 

Esp 
(J/kg·m-2) 

Eabs/ply 
(J/ply) 

Neat 
41 7.34 643 227.18 30.96 5.54 

36 6.44 603 200.05 31.04 5.56 
STF 

15%owf 36 7.41 590 191.20 25.80 5.31 

STF 
20%owf 36 7.73 584 187.71 24.27 5.21 

 
Esp; specific energy absorption (impact energy at V50 divided by areal density)  

Eabs/ply; energy absorption per ply (impact energy at V50 divided by number of plies) 

 

From the test results with 5.56mm FSP which is undeformable, one can conclude that 

the decrease in V50 for STF impregnated fabric panels is inevitable, and that minimal 

(i.e. appropriate) STF add-on is recommended for ballistic application. 
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4.3.2 Effect of laminating sequence (9mm FMJ) 

From the ballistic impact study with 5.56mm FSP, it was observed that the V50 value 

of STF impregnated fabric panels using an undeformable projectile slightly decreased 

with the increase of STF add-on, especially when it comes to a practical protection 

level (i.e. > 300 m/s). This phenomenon can be attributed to the infrangibility of the 

FSP and increased stress localization upon impact due to the increased friction by STF 

impregnation. Thus, in this section, the ballistic performance of p-aramid fabrics 

impregnated with shear thickening fluid against a frangible and more widely used 

bullet (i.e. 9mm FMJ RN) will be described, especially focusing on the laminating 

sequence in hybrid panel. In the following sections, the effect of fabric count and crimp, 

and the effect of shot location for the evaluation of practical performance will be 

discussed using the same projectile. 

 

- Number of laminated plies necessary to prevent perforation 

Target panels of 27 and 30 plies of 1027 style neat fabric, with an areal density of 

4.02 and 4.47 kg/m2, respectively, were pretested to investigate whether the panels 

could stop a 9mm bullet at 436 m/s. Two 30-ply panels were prepared where one was 

stitched in 7.62 cm intervals and the other was not. Table 4-3 shows the V50 values of 

the three panels and the specific energy absorption value (Esp) of each panel where the 

Esp was defined as: 

densityArealvmAbsorptionEnergySpecific  
2
1  2

50 ÷⋅⋅= ,  (4-7) 
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where m is the mass of a 9mm bullet (8.0 g) and 50v  is the ballistic limit of the panel.  

 

Table 4-3 The V50 and specific energy absorption (1027 style fabric) 

Number of 
laminated plies 

Areal 
density 
(kg/m2) 

Stitching 
interval 

V50 
(m/s) 

Specific Energy 
Absorption 
(J/kg·m-2) 

27 4.02 × 445.0 197.04 

30 4.47 
× 468.8 196.67 

7.62 cm 473.7 200.80 
 

 

The total impact energy dissipation includes the energy needed to destruct a panel 

(tensile dissipation, ET) and the energy transferred to the backing material (kinetic 

dissipation, EK) during the deformation and destruction of the panel (equation 4-8). 

KT EEvm     
2
1 2

50 +=⋅⋅       (4-8)  

In order to investigate the effect of laminating sequence on BFS value, we needed to 

prevent perforation of target panels from a 9mm bullet at 436 m/s. And since the 

ballistic performance depends greatly on the areal density of the panel, panels for the 

BFS tests were designed to maintain an areal density above 4.5 kg/m2. 

 

- Effect of laminating sequence 

To investigate the effect of laminating sequence, three types of panels were prepared; 

an all neat 32-ply panel (N-panel), and two 29-ply hybrid panels of 15-ply STF 
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impregnated Kevlar and 14-ply neat Kevlar, where the neat plies were either placed in 

the front of the panel (N/S-panel) or the back of the panel (S/N-panel). All three types 

of panels were either unstitched or stitched together. The stitched panels were cross-

diagonally stitched in a specified interval using a high tenacity nylon/cotton spun blend 

yarn. The stitched N-panel was prepared by stitching 18 plies (frontal) and 14 plies 

(rear) separately, in 7.62 cm stitch intervals, and then interconnecting the two parts at 

the four corners. The stitched S/N-panel was prepared by stitching 15 plies of STF 

impregnated Kevlar (frontal) together and 14 plies of neat Kevlar (rear) together, 

respectively, in 7.62 cm stitch intervals, and then interconnecting the two parts at the 

four corners. The stitched N/S-panel was prepared likewise but with 5.08 cm stitch 

intervals, and the neat Kevlar layer was placed in front of the STF treated layer.  

The test results of six different panels having the same areal density of 4.768 kg/m2 

are given in table 4-4 and the results of one-way analyses of variance (ANOVA) on this 

data are given in table 4-5. As shown in figure 4-30, the N-panel showed the largest 

BFS value, and the N/S-panel showed the smallest. In case of N-panel, it is obvious 

that stitching significantly lowered the BFS, but at the expense of the flexibility [7, 

194]. Stitching of S/N- and N/S-panels did not show significant decreases in BFS value. 

From this result, one can conclude that stitching is unnecessary for hybrid panels 

containing STF impregnated Kevlar fabrics, and as a result, production of a thinner and 

more flexible panel is possible. Figure 4-31 shows the perforation ratio of each panel. 

The average number of perforated layers within unstitched N-, S/N- and N/S-panel was 

9, 11 and 7, respectively, and the perforation ratio of each panel was calculated as: 



102 

 

Table 4-4 Ballistic performance vs. laminating sequence (9mm FMJ) 

Panel Stitching 
Interval 

Velocity 
(m/s) 

BFS 
(mm)

Perforation
Ratio a (%) 

Bullet 
Expansion b 

(mm) 

Neat 32 ply 
(N-panel) 

× 

442.08 39.5 28.1 16.5 
443.64 44.5 34.4 16.0 
444.13 43.5 31.3 15.5 
445.16 42.5 18.8 16.0 

( avg. ) ( 443.75 ) ( 42.5 ) ( 28.2 ) ( 16.0 ) 

7.62 cm 

436.75 31.5 18.8 19.0 
439.09 31.0 18.8 17.0 
441.60 37.0 28.1 17.0 
443.60 35.0 21.9 17.0 

( avg. ) ( 440.26 ) ( 33.6 ) ( 21.9 ) ( 17.5 ) 

STF 15ply 
+ 

Neat 14 ply 
(S/N-panel) 

× 

441.25 33.0 34.5 18.0 
446.86 40.0 51.7 17.0 
447.16 30.5 27.6 17.0 
438.12 34.5 37.9 16.0 

(avg.) ( 443.35 ) ( 34.5 ) ( 37.9 ) ( 17.0 ) 

7.62 cm 

439.45 32.0 27.6 16.0 
438.27 33.0 31.0 16.0 
437.48 43.5 51.7 17.0 
441.94 34.0 34.5 17.0 

( avg. ) ( 439.29 ) ( 35.6 ) ( 36.2) ( 16.5 ) 

Neat 14 ply 
+  

STF 15ply 
(N/S-panel) 

× 

443.10 33.0 24.1 20.0 
450.37 34.0 27.6 19.0 
439.49 30.0 20.7 18.0 
444.01 33.5 24.1 16.0 

(avg.) ( 444.24 ) ( 32.6 ) ( 24.1 ) ( 18.3 ) 

5.08 cm 

446.43 32.0 27.6 18.0 
437.81 32.0 20.7 18.0 
440.94 33.0 27.6 17.0 
441.48 32.0 27.6 17.5 

( avg. ) ( 441.67 ) ( 32.3 ) ( 25.9 ) ( 17.6 ) 
 

Perforation Ratio a ; (No. of perforated plies ÷ No. of laminated plies) × 100 (%) 

Bullet Expansion b ; Forward diameter of expanded bullet after the impact 



103 

 

 

Figure 4-30 Laminating sequence vs. backface deformation 

 

 

Figure 4-31 Laminating sequence vs. perforation ratio 
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100
PliesLaminatedofNumber 
Plies Perforated ofNumber  (%) Ration Perforatio ×=  (4-9) 

 

As the average number of perforated layers of stitched N-panel was 7 and the total 

number of laminated plies was 32, the stitched N-panel had the lowest perforation ratio. 

Based on the perforation ratio data, we can assume that S/N-panel, which had the 

highest perforation ratio, will have the lowest V50 value.  

The bullet expansion value of each panel is shown in figure 4-32. Bullet expansion 

value is the diameter of the expanded bullet after the impact. Unstitched hybrid panels 

with STF impregnated fabrics were more effective for bullet expansion than the 

unstitched N-panel, where the N/S-panel showed higher values than the S/N-panel. 

 

 

Figure 4-32 Laminating sequence vs. bullet expansion (9mm FMJ) 
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As can be seen in figure 4-33, on average, the perforation ratio of the S/N-panels were 

the highest, although S/N-panels showed lower BFS values at 27~28 % perforation 

ratio. It is presumed that in early stages of impact, the S/N-panel dissipates the impact 

energy mainly through tensile dissipation, and therefore, more layers of the panel have 

been perforated compared to the other panels. 

 

 

Figure 4-33 Perforation ratio vs. back face deformation 

 

The relationship between perforation ratio and bullet expansion of each panel is 

shown in figure 4-34. Although much scatter exists in the data, the perforation ratios of 

S/N-panels were considerably higher than those of the others. On the other hand, N/S-
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panels were more resistant to perforation and at the same time brought about more 

bullet expansion than S/N-panels. With increased bullet expansion, a higher fraction of 

impact energy was presumed to be dissipated through the tensile dissipation route due 

to the increased number of facing yarns in each layer, thus, decreasing the perforation 

ratio. The increase in the number of survived layers will again favor the tensile 

dissipation route other than the kinetic dissipation route. Figure 4-35 shows the 

relationship between bullet expansion and BFS value, where we can see that when the 

bullet expansion increased, the BFS value decreased. 

 

 

Figure 4-34 Perforation ratio vs. bullet expansion (9mm FMJ) 

 

As shown in table 4-5, the hybridization with STF impregnated layers (S/N- and N/S-

panels) affected both bullet expansion and BFS values compared to the N-panel, where 
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the N/S-panel showed more significant difference. And the laminating position of STF 

impregnated layers affected the perforation ratio value of hybrid panels. 

 

 

Figure 4-35 Bullet expansion vs. back face deformation (9mm FMJ) 

 

Table 4-5 One way analysis of variance of the data in table 4-4 (unstitched) 

 p-value 

 N- vs. S/N- N- vs. N/S- S/N- vs. N/S- 

BFS 0.0127 0.0004 - 

Perforation Ratio - - 0.0394 

Bullet Expansion 0.0710 0.0428 - 
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- Analysis of energy dissipation in each panel 

From the experimental results, the energy dissipated by each panel was analyzed. It 

was assumed that the given impact energy is dissipated through two routes; one, the 

kinetic dissipation (EK) route in which some portion of the impact energy is transferred 

to the backing material resulting in backface deformation, and two, the tensile 

dissipation (ET) route in which the impact energy directly elongates and/or breaks the 

facing yarns. 

Failure mechanism in a ballistic event includes the combined effect of tension, 

compression, and shear. The main parameters concerning such failure mechanism are 

the microstructure of the ballistic material, the areal density of the ballistic panel 

(flexural rigidity or out-of-plane constraint), the frictional force on cross-over points 

(in-plane stress localization) and the type of bullet (weight, frangibility, nose shape and 

velocity). In our study, the same type of ballistic material without much variation in 

areal density, and the same type of frangible bullet at the same velocity were used. And, 

as shown in figure 4-36, elongation failure was confirmed to be dominant over shear 

failure even in the frontal layers. Thus, approximating the tensile dissipation to a 

simple elongation-breakage is possible. 

First, the possible maximum amount of tensile dissipation of each panel was 

estimated. For this estimation, we need to know the number of yarns facing a bullet, 

and the gauge length and the stress distribution in a single yarn. The number of yarns 

facing a bullet is mainly related to the initial diameter and following expansion of the 

bullet. The gauge length of a single yarn is related to the contact time between the 
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bullet and each layer, i.e. the product of longitudinal wave velocity and contact time 

equals to the gauge length [86, 128], and its maximum value will be the distance 

between the shot location and the edge of the panel (shot-to-edge distance). Figure 4-

36 shows pullout marks at the edges of a frontal layer (circled area), which supports the 

assumption that the 1st layer and all the following layers have the same gauge length 

that equals to the shot-to-edge distance in this case. The stress distribution in a single 

yarn within a fabric was determined in the previous section (section 4.2.3). From the 

results and discussion in the previous section, we could estimate the relative amount of 

increase in the apparent modulus of a single yarn to be around 10% when the shot-to-

edge distance (i.e. gauge length) is 125 mm. 

 

 

Figure 4-36 Photograph of strained yarns in the 1st layer (1027 style) 

 

The following describes how we combined the data from this study to calculate the 

possible maximum tensile dissipation of a multilayer panel. Chocron et al. [124, 125] 
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has experimentally shown that the local strain in the yarn depends on the impact 

velocity while it is much less dependent on the layer number. They have also shown 

that the initiation of an elongational event at early time of impact occurs at a regular 

interval of time, which may be the time needed for the compression wave created by 

the bullet to reach the adjacent layer. Such time is thought to be related to the thickness 

of a single layer.  

Thus, it is possible to combine each layer in a multilayer panel by drawing successive 

line segments which represent the load-displacement of facing yarns in each layer at an 

interval of the thickness of each layer. Since the apparent modulus of yarns within STF 

impregnated fabrics is larger, the line segments representing the facing yarns in STF 

impregnated fabrics should have a steeper slope than those representing the facing 

yarns in neat fabrics. Simplified examples are shown in figure 4-37, where the dashed 

line segments represent the elongation of all facing yarns in each layer of neat fabrics, 

and the solid line segments represent that of all facing yarns in each layer of STF 

impregnated fabrics. The nose shape of the bullet was not considered here to avoid the 

complexity of the calculation, i.e., the elongation of all facing yarns in a single layer 

was assumed to occur simultaneously. The interval between each successive line 

segment is the thickness of a compressed single layer in the panel, which would be 

slightly thinner than the nominal thickness. The starting position of the first line 

segment reflects the crimp of the yarn within the fabric, which is up to 40 % of the 

strain to failure of a yarn within a neat fabric (figure 4-13(left)). Thus, the starting 

point of the S/N-panel comes before the N-panel since a single yarn in the STF 
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impregnated fabric has a lower apparent crimp ratio. In figure 4-37, the width of each 

sloped line segment equals to the product of the gauge length and the strain to failure, 

i.e. elongation. The height of each line segment equals to the sum of breaking forces of 

all facing yarns in a single layer, and the sum of the height of each line segment at a 

certain point of x-axis equals to the total tension of yarns facing the bullet at the 

corresponding point of time under an assumption of no bullet expansion.  

 

 

Figure 4-37 Representation of the load-elongation curves of the facing yarns in 

multilayered N-, S/N- and N/S-panels excluding the effect of bullet expansion 
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Since the 9mm FMJ bullet is expandable, the tension required to expand the bullet 

was also considered. The pressure acting on a bullet to expand it can be determined by 

the tension and the conical angle (or pyramidal angle). Chocron et al. [124, 125] has 

reported that the semi-angle of pyramid at apex was constant (65o ~ 70o) during an 

early time (~ 100 ㎲) of impact, so we assumed the conical angle to be 65o in our 

calculation. If the bullet hits the center of each yarn, the tension of both sides of the 

yarn will work as shown in figure 4-38. 

 

 

Figure 4-38 Tension vs. pressure acting on a bullet 

 

The compressional yield stress of the bullet was determined to be 0.36 GPa, which 

showed a good agreement with the bullet expansion data. Since the initial cross-

sectional area of the bullet is 6.36×10-5 m2 and the pressure necessary to expand the 

bullet should be 22.9 kN, and thus, the minimum tension (2T in figure 4-38) to initiate 

the expansion of the bullet should be around 27.1 kN. For each step of tension 

increment, the expanded cross-sectional area of the bullet was calculated under an 

arbitrary fixed value of yield stress for bullet compression, and the number of facing 

yarns in the survived layers was accordingly increased to the number corresponding to 
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the expanded diameter of the bullet. The bullet did not expand any further after a 

certain point where the pressure acting on the bullet fell below the fixed yield stress. 

Among the arbitrary fixed values of yield stress for bullet compression used in prior 

calculations, 0.36 GPa best matched the experimental results. 

Thus, the possible maximum tensile dissipation of each multilayer panel was 

calculated with the following assumptions: 125 mm gauge length, 10% increase in 

tensile modulus by STF, 0.15 mm compressed thickness (one layer), 1.6 % warp and 

1.3 % weft crimp ratio, 3.8 % strain to failure, and 160 N/yarn breaking strength. If the 

N-panel is represented as in figure 4-37, there will be 32 dotted lines for the warp and 

32 dotted lines for the weft where each line segment denotes initial 10 yarns (i.e. 10 

yarns/9 mm). Due to the difference in crimp ratio, the starting positions of the line will 

slightly differ. Each dotted line will have a maximum y-value of 3.2 kN (i.e. 10 yarns x 

160 N/yarn x 2) and a maximum displacement of 4.75 mm (i.e. 125 mm x 0.038). The 

S/N- and N/S-panels that consist of 29 layers can be represented with 15 solid lines for 

each warp and weft in STF treated layers and 14 dotted lines for each warp and weft in 

neat layers, and the solid and dotted lines will be in reverse position in the S/N- and 

N/S-panels. The increase in apparent modulus of a single yarn by STF treatment (solid 

line) will lead to a maximum displacement 10% lower than the above value of 4.75 

mm. 

Figure 4-39 shows the tension-displacement curve of each panel including the effect 

of bullet expansion. The down-arrows in the figure indicate the boundary between the 

perforated (failed) layers and layers that survived in each panel, which were obtained 
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from the experimental results. Each local peak in a curve indicates the failure of all 

facing warp or weft yarns in a single layer. 

 

 

Figure 4-39 Presumed tension-displacement curves of the sum of all facing yarns in 

each panel including the effect of bullet expansion (The locations of down arrows are 

determined from the experimental results of perforation ratio, and the geometry of 

triangles are determined from the equation of ET, R= IE - EK - ET, L) 

 

An earlier onset of both bullet expansion and perforation of frontal layers were 

observed with the S/N-panel, while the N/S-panel showed the highest maximum 
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tension value. If each curve in figure 4-39 is divided into two parts at the down-arrow, 

the area under the left curve equals to the tensile dissipation (ET, L) when the bullet has 

just stopped perforation, and the area under the right curve equals to the possible 

maximum tensile dissipation (ET, R, max) by the survived layers from the time that no 

further perforation occurred. 

For the calculation of the total tensile dissipation of each panel at a given impact 

energy (IE), the kinetic dissipation (EK) of each panel should be considered as well. We 

have found that the kinetic dissipation for BFS value of 32 mm and 44 mm 

corresponds to 50 J and 90 J, respectively. The details will be described in later section 

4.4.3. 

Figure 4-40, which is the integrated area under each curve in figure 4-39, shows the 

tensile dissipation and kinetic dissipation of each panel. Under the fixed impact energy 

value of 774.4 J (at 440 m/s), the kinetic dissipation (EK) of N-, S/N- and N/S-panel 

was 81.5, 57.0 and 52.5 J, respectively, with which we can calculate the total tensile 

dissipation (ET) of each panel as approximately 692.9, 714.7 and 721.9 J, respectively. 

With the results from above, it is possible to calculate the tensile dissipation of the 

post-failure region (ET, R = IE - EK - ET, L). The tensile dissipation at the post-failure 

region (ET, R) is assumed to be the area of the triangles shown in figure 4-39. The height 

of the triangle will be just below the tension value at the down arrow, so the length of 

the base-line can be determined. As shown in figure 4-39, the triangle hypotenuse does 

not exceed the possible maximum tension value, thus the survived layers did not fail 

and the right end of the triangle base line does not exceed the displacement limit. 
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Figure 4-40 Presumed energy dissipation curves of the panels from the ballistic 

experiment 

 

The N/S-panel gave the best protective performance against a ballistic impact owing 

to the optimum arrangement of the neat and STF impregnated layers. At a certain point 

early on in the impact, the ‘highly-elongated/high-tensioned’ facing yarns within the 

neat frontal layers coupled efficiently with the ‘less-elongated/high-tensioned’ facing 

yarns within the STF impregnated rear layers, and such a better coupling resulted in 

superior ballistic protection. 

This method of analysis, though it is conceptual, can be partly supported by the fact 
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that unidirectional (UD) fabrics are generally more effective in expanding a frangible 

bullet than woven fabrics. The ratio of areal density to thickness is related to how 

closely the fibers or yarns are packed together. The theoretical packing density of yarns 

in a UD fabric is over 75 vol% (tetragonal packing), while that in a woven fabric is less 

than 55 vol%. Therefore, a UD fabric will have smaller intervals between adjacent line 

segments if modeled as in figure 4-37, which will bring about a similar result to our 

experiment. Our additional work with UD/woven hybrid panels against a .44Magnum 

SJHP gave a similar result in terms of laminating sequence. 

Note that inserting or eliminating a few layers to or from each panel described above 

can bring about very different results, which are occasionally observed in other studies 

and can be induced from figure 4-39, especially when the areal density of a panel is 

designed to have ballistic limit very close to the test velocity of BFS.  

 

If we indicate a problem with this analysis, the wave velocity in z-direction (i.e. 

compressional wave velocity) should be determined through experiment, because the 

p-aramid yarn is an anisotropic material. Compressional waves, also referred to as 

mechanical longitudinal waves, are those which are propagated by the elastic 

compression of the medium at a wave velocity which depends on the elastic and 

inertial properties of that medium. These include sound waves and seismic P-waves 

(created by earthquakes and explosions).  

To estimate the compressional wave velocity in a ballistic fabric panel, we need to 

know the transverse mechanical properties the component fiber. As mentioned in 
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section 2.3.2, Cheng et al. [138] studied the transverse mechanical properties of Kevlar 

KM-2 fibers and determined the transverse elastic modulus of the fibers to be 

1.34±0.35 GPa using two Poisson’s ratios and longitudinal Young’s modulus. From 

this value, the transverse compressional wave velocity (Vc) in a Kevlar KM-2 fiber is 

calculated to be around 965 m/s (lower limit 829 m/s, upper limit 1,083 m/s) from the 

relationship between wave velocity and elastic modulus (i.e., ρ/Ec = , where 

E=1.34 GPa and ρ=1.44 g/cm3). 

 

 

Figure 4-41 Schematic drawing of polymeric matters with different packing fraction 

(a) and (b) in a confined space, and the wave travel velocity in through-the-thickness 

direction when pressed at velocity Vi (c) 
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Unfortunately, we cannot directly use the above calculated velocity, because the 

Kevlar KM-2 fabric has a fiber volume fraction (ф) that is much lower than 1. The 

value ф can be calculated from the ratio of ‘areal density divided by thickness of a 

single layer of a fabric’ to the mass density of the fiber (e.g. ф ≈0.52 for the Kevlar 

KM-2 fabric with areal density of 149 g/m2 and thickness of 200 ㎛). As shown in 

figure 4-41, the compressional wave will travel at the velocity calculated above in a 

perfectly packed polymeric matter (i.e. ф =1) which is deformable but unshrinkable. 

However, the compressional wave will be much retarded during the early stage of 

compression when the fiber packing fraction is much lower than 1. Thus, we should 

very roughly estimate the velocity under the assumption that the position of the plane R 

(rear wall in figure 4-41(c)) is fixed and the wave travels at the initial velocity Vi 

during the early stage of compression of the fabric. Then, the total time for the wave to 

reach the rear wall R can be approximated as: 
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where d is the distance from the front wall F to the rear wall R; Vavg is the average 

velocity of the wave; ф is the fiber packing fraction in the fabric; Vi is the initial 

velocity; Vc is the compressional wave velocity when ф≈1. 

Thus, the average velocity of the wave can be calculated as: 
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The initial velocity Vi in the equation 4-11, can be roughly assumed as follows. When 
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a projectile of mass m1 at a velocity v1 hits a stationary target of mass m2, and both the 

bullet and the target move together at a velocity Vi just after the collision (i.e. perfect 

inelastic collision), then we can roughly assume Vi from the equation 4 of conservation 

of momentum. 

iVmmvm ⋅+=⋅ )( 2111       (4-12) 

We need to assume m2 to obtain Vi. The m2 can be roughly assumed from the areal 

density of the panel and the transverse wave velocity (i.e. transverse deflection). For 

the early stage of the impact event, e.g. for 30 ㎲, the transverse wave (880 m/s for 

KM-2 fabric, [105]) will travel about 2.64 cm from the impacted point, thus the 

pyramidal area approaches to a 3.7 cm X 3.7 cm square (i.e. 2.64X 2 =3.7). Thus, a 

32-ply fabric panel, where the areal density of a single layer is 149 g/m2, will have the 

panel areal density of 4.768 kg/m2. Thus, the m2 value is calculated to be 6.64 g (i.e. 

4.768 kg/m2 X 3.7 cm X 3.7 cm). If the projectile is a 9 mm FMJ (8.0 g) round and its 

impact velocity v2 is 440 m/s, then the initial velocity Vi is calculated to be 253 m/s 

from equation 4-12. 

Now, we can calculate the average velocity of the wave Vavg from equation 4-11. 

Since Vi, Vc and ф are 253 m/s, 965 m/s and 0.52, respectively, Vavg is calculated to be 

around 410 m/s. This value (i.e. 410 m/s) is calculated under the assumption that the 

position of the plane R (rear wall in figure 4-41) is fixed. Meanwhile, when a projectile 

hits a fabric panel, each layer of the panel moves together with the projectile (i.e. at the 

same velocity Vi) at the early stage of compression. Thus, the relative wave velocity in 
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the fabric panel will be retarded by ‘Vi’. The actual compressional wave velocity in the 

moving target is estimated to be ‘Vavg - Vi’, i.e. 157 m/s. 

Figure 4-42 shows the relationship between the initial velocity Vi and calculated 

compressional wave velocity (‘Vavg - Vi’) in a moving target (i.e. fabric panel), where 

the fiber packing fraction ф is 0.52 (woven fabric) or 0.70 (UD fabric) and Ezz is 

1.34±0.35 GPa. From the calculation result, it is presumed that most p-aramid woven 

fabric panels show ‘Vavg - Vi’ maxima at initial velocity of 350~450 m/s. For most 

threat rounds categorized into the NIJ level IIA, II and IIIA, the initial velocity Vi will 

range from 250 m/s to 400 m/s. Thus, the compressional wave velocity ‘Vavg - Vi’ is 

assumed to be between 150~175 m/s when Ezz is 1.34 GPa.  

The actual compressional wave velocity in a UD fabric is expected to be higher than 

the calculated value because the interstices between the fibers are filled with condensed 

phase filler (i.e. polymeric resin). Likewise, any condensed phase filler, either a very 

soft polymer with very low Tg or a liquid such as dense colloidal suspension (i.e. STF), 

is expected to enhance the compressional wave velocity in a woven fabric panel, thus 

induce enhanced out-of-plane coupling. Also, the longitudinal wave velocity can be 

slightly enhanced by STF impregnation into the interstices of a fabric. STF 

impregnation can induce higher constraint of space when a yarn is straightened, thus a 

point which is equally apart from the impact point in a facing yarn within an STF 

impregnated fabric will feel the external stimulus (i.e. elongational wave) slightly 

earlier than that within a neat fabric, i.e., the longitudinal wave will travel slightly 

faster in the STF impregnated fabric. 
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Figure 4-42 Initial velocity Vi vs. compressional wave velocity 

 

 

Figure 4-43 Fiber packing fraction ф vs. compressional wave velocity 
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Figure 4-43 shows the variation of the calculated compressional wave velocity (‘Vavg - 

Vi’) in a fabric panel when the fiber packing fraction ф is varied, where the initial 

velocity varied from 150 m/s to 600 m/s. The compressional wave velocity increases 

with fiber packing fraction at all the initial velocities, and ac mentioned above, it shows 

its maximum when the initial velocity is 350 ~450 m/s.  

The above result needs to be experimentally verified. Fortunately, one experimental 

result on the transverse compressional wave velocity of a fabric (Kevlar 129 fabric, 

200 g/m2, assumed thickness 265 ㎛, ф≈0.51) can be found in figure 8 of Chocron et 

al.’s paper [124]. In the figure, one can see that the 7th layer and the 15th layer felt the 

external stimulus (i.e. transverse impact by a .357 Magnum round at 350 m/s, thus the 

initial velocity Vi of around 200 m/s) 10 ㎲ and 22 ㎲, respectively, after the 1st layer 

did. Thus, considering the thickness of 6 layers and 14 layers of the fabric, i.e. 1.59 

mm and 3.71 mm, the transverse compressional wave velocity of the fabric is 

estimated to be around 160~170 m/s. If we further consider the difference in elastic 

modulus of Kevlar KM-2 yarn and Kevlar 129 yarn (i.e. 80 GPa vs. 96 GPa for Exx, 

though not for Ezz), which is about 20%, the logitudinal wave velocity of Kevlar 129 

yarn is estimated to be around 10% higher than that of Kevlar KM-2 yarn. From the 

result shown in figure 4-43, and considering the slight higher modulus of Kevlar 129 

yarn, the measured value seems to match the calculated result within an allowable error. 

Anyway, this approximation method and result can be helpful for studying the 

coupling of each layer in a multi-layered fabric panel upon impact. 
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4.3.3 Effect of fabric count and crimp (9mm FMJ) 

This section deals with the effect of fabric count and crimp ratio on the ballistic 

performance of N/S-panels. To investigate the effect of fabric count on V50, target 

panels of 24 and 26 plies of 1025 style neat fabric panels (areal density of 4.34 and 

4.71 kg/m2, respectively) were tested and the results were compared to those of target 

panels of 27 and 30 plies of 1027 style neat fabric (4.02 and 4.47 kg/m2, respectively). 

In case of 26-ply 1025 style fabric panels, two sets of panels were prepared, where one 

was cross-diagonally stitched through all layers at a 7.62 cm (3 inch) interval using a 

high tenacity nylon/cotton spun blend yarn, and the other was not. To investigate the 

effect of fabric count on BFS value, 26-ply ‘N-’ and 24-ply ‘N/S(12 ply/12 ply)-’ 1025 

style fabric (4.71 and 4.78 kg/m2, respectively) panels were tested and the results were 

compared to those of 32-ply ‘N-’ and 29-ply ‘N/S(14 ply/15 ply)-’ 1027 style fabric 

(both 4.78 kg/m2). The shot location for these tests was at least 8 cm apart from the 

edges (figure 3-14(a)). 

 

- Effect of fabric count on V50 

Table 4-6 shows the V50 values of neat (‘N-’) Kevlar fabric panels with different 

fabric counts. From these values and the areal density of each panel, the specific 

energy absorption of each panel was calculated. The specific energy absorption values 

of N-panels of 1027 and 1025 style fabrics were estimated to be 195~200 and 174~180 

J/kg∙m-2, respectively. The specific energy absorption value of target panels made of 
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the more densely woven fabric (i.e. 1025 style) was about 12 % lower than those made 

of 1027 style fabric. 

 

Table 4-6 Fabric count vs. the V50 and Esp (9mm FMJ) 

Fabric 
style ply Areal density

(kg/m2) 
Stitching 
interval 

V50 
(m/s) 

Esp
* 

(J/kg∙m-2) 

1027 
27 4.02 × 445.0 197.04 

30 4.47 
× 468.8 196.67 

7.62 cm 473.7 200.80 

1025 
24 4.34 × 437.0 176.01 

26 4.71 
× 453.0 174.28 

7.62 cm 461.6 180.96 
 

densityArealvmAbsorptionEnergySpecificEsp  
2
1)  ( 2

50
* ÷⋅⋅=  

 

From the specific energy absorption value and areal density of each panel, the energy 

absorption value ( 2
502/1 vm ⋅⋅ ) of each N-panel having the same areal density of 4.77 

kg/m2 was calculated. The result was 835 J for the ‘N-’ 1025 fabric panel and 935 J for 

the ‘N-’ 1027 fabric panel, respectively. The possible maximum kinetic dissipation of a 

N-panel (32-ply, 1027 style) was estimated to be around 100 J in the previous section 

(i.e. BFS 48 mm), thus, that of a N-panel of the more densely woven fabric (26-ply, 

1025style), which showed a smaller BFS, will definitely be smaller than 100 J. 

Assuming that the possible maximum kinetic dissipation of the ‘N-’ 1025 fabric panel 

is around 80 J, then the tensile dissipation of the panel should be 755 J (∵ 835 (max. 
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energy absorption) – 80 (max. kinetic dissipation) = 755 (max. tensile dissipation)), 

which is 80 J less than that of the N-1027 panel. This means that either the number of 

facing yarns in a panel of a denser weave should be less than that in a panel of a 

coarser weave, or if the number of facing yarns is the same in both panels, then the 

gauge length of the tensile event should be shorter for an ‘N-’ panel of denser weave. 

The first presumption is related to bullet expansion, and the second is related to the 

speed of sound in the yarn within the fabric and the contact time with the bullet (∵ 

tcl Δ⋅= ). As will be shown in the following, the bullet expansions of ‘N-’ 1025 

fabric and ‘N-’ 1027 fabric panels were almost identical, thus the first presumption that 

the number of facing yarns in the panel of denser weave should be less than that in a 

panel of a coarser weave is not appropriate. Meanwhile, the speed of sound in the yarn 

is influenced by the crimp ratio [129]. 

As shown in figure 4-44, the pullout of warp yarns in several frontal layers of the ‘N-’ 

1025 fabric panel was restrained compared to that of the ‘N-’ 1027 fabric panel. Also, 

from the same figure, we can see that the longitudinal wave front of weft yarns has 

reached the edge of the panel, while that of warp yarns in the ‘N-’ 1025 fabric panel 

has not. Only after the 6th or 7th layer of the panel, wrinkles could be clearly observed 

in the warp direction.  

Along with the crimp ratio, which is related to the longitudinal wave speed, the 

stiffness of the panel also affects their ballistic behavior. Stiffer materials have a shorter 

contact time with a bullet, i.e., shear failure becomes dominant in several frontal layers.  
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Figure 4-44 Photographs of strained yarns in ballistic panels of 1027 and 1025 style 

fabrics  

 

The probable explanation to the given result is that the less dense and thus more 

flexible ‘N-’ 1027 fabric panel had a somewhat longer contact time with the bullet, 

causing the stress wave to travel farther in facing yarns of a few frontal layers, and at 

the same time, the kinetic dissipation increased. Therefore, it is thought that not only 

the retardation of the longitudinal wave in the warp direction due to its higher crimp 

ratio but also the shorter contact time due to its higher bending stiffness must have 

contributed in lowering the ballistic limit of the ‘N-’ 1025 style fabric panel. 
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- Effect of fabric count on BFS, perforation ratio and bullet expansion 

Table 4-7 shows the BFS test results of four different panels having similar areal 

densities between 4.71~4.78 kg/m2.  

 

Table 4-7 Fabric count vs. the BFS (9mm FMJ) 

Fabric 
style Panel (ply) Velocity 

(m/s) 
BFS 

(mm) 
Perforation
Ratioa (%) 

Bullet 
Expansionb 

(mm) 

1027 

 

N- (32) 

442.08 39.5 28.1 16.5 
443.64 44.5 34.4 16.0 
444.13 43.5 31.3 15.5 
445.16 42.5 18.8 16.0 

( avg. ) ( 443.75 ) ( 42.5 ) ( 28.2 ) ( 16.0 ) 

N/S- (14/15) 

443.10 33.0 24.1 20.0 
450.37 34.0 27.6 19.0 
439.49 30.0 20.7 18.0 
444.01 33.5 24.1 16.0 

( avg. ) ( 444.24 ) ( 32.6 ) ( 24.1 ) ( 18.3 ) 

1025 

N- (26) 

443.03 36.0 38.5 15.5 
441.35 36.0 30.8 15.5 
435.74 35.0 30.8 16.5 
440.83 35.5 34.6 16.0 

( avg. ) ( 440.24 ) ( 35.6 ) ( 33.7 ) ( 15.9 ) 

N/S- (12/12) 

440.43 29.0 37.5 16.0 
440.47 30.5 33.3 16.0 
442.11 30.0 25.0 16.5 
438.76 34.0 41.7 15.5 

( avg. ) ( 440.44 ) ( 30.9 ) ( 34.4 ) ( 16.0 ) 
 

Perforation Ratio a ; (No. of perforated plies ÷ No. of laminated plies) × 100 (%) 

Bullet Expansion b ; Forward diameter of expanded bullet after the impact 
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As shown in figure 4-45, the panels of more densely woven 1025 style fabric gave 

lower BFS values for both N- and N/S- panels. The lower BFS values are presumed to 

be due to the higher bending stiffness of the denser fabric. The reduction in BFS 

through the hybridization with STF impregnated fabric layers was smaller for 1025 

style fabric N/S-panels compared to 1027 style fabric N/S-panels, where the decrease 

in BFS value of N/S-panels compared to the N-panels of 1027 and 1025 style fabrics 

was 23.5% and 12.7%, respectively. 

 

 

Figure 4-45 Fabric count vs. back face deformation (9mm FMJ) 

 

Figure 4-46 shows the effect of fabric count on perforation ratio. As can be deduced 

from the higher BFS value, the more flexible 1027 style fabric panels dissipated a 

higher fraction of the given impact energy through kinetic dissipation. On the other 
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hand, the stiffer 1025 style fabric panels showed lower kinetic dissipation and higher 

perforation ratio. Although the perforation ratios of ‘N-’ 1025 fabric and ‘N/S-’ 1025 

fabric panels were similar when normalized by the number of layers, that normalized 

by areal density was slightly lower for the ‘N/S-’ 1025 fabric panel since the survived 

layers contained STF. When compared with the ‘N-’ panel, the larger mass of the 

survived layers in the ‘N/S-’ panel is presumed to have done its part in lowering the 

BFS value.  

 

 

Figure 4-46 Fabric count vs. perforation ratio (9mm FMJ) 

 

Figures 4-47, 4-48 and 4-49 show the effect of fabric count on bullet expansion, the 

relationship between the perforation ratio and bullet expansion, and that between the 

perforation ratio and the BFS value, respectively.  
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The bullet expansion values of the tested panels were similar except for the N/S-panel 

of 1027 style fabric. This is presumed to be due to the better synchronized elongation 

of the warp and weft yarns in a single layer of 1027 style fabric, and at the same time 

enhanced coupling of elongations of facing yarns in frontal and rear layers of N/S-

panel of 1027 style fabric.  

 

 

Figure 4-47 Fabric count vs. bullet expansion (9mm FMJ) 

 

The panels of densely woven fabric showed lower BFS values with less bullet 

expansion, which resulted in increased perforation ratio (figures 4-48 and 4-49). Thus, 

a higher fraction of the impact energy was presumed to be dissipated mainly through 

tensile dissipation early on in the event of impact for denser fabrics. Photographs of the 

expanded bullets from the test are shown in figure 4-50. 
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Figure 4-48 Perforation vs. bullet expansion (Fabric count, 9mm FMJ) 

 

 

 

Figure 4-49 Perforation ratio and BFS (Fabric count, 9mm FMJ) 
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Figure 4-50 Photographs of expanded bullets from each panel 
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4.3.4 Effect of shot location (9mm FMJ) 

The shot-to-edge distance is related to the actual effective covering area of soft body 

armor, and the edge limit described in NIJ Standard-0101.06 was considered in this test. 

To study the effect of shot location on BFS and V50, the shot location for BFS 

measurement was between 51 and 70 cm from the edge of a panel and that for V50 

measurement was the center of the panel or 11 cm from the edge as shown in figure 3-

14(b). Panels made of 1025 style fabric were used in this experiment since their blunt 

trauma performance was superior to those made of 1027 style fabric (section 4.3.3). 

For this test, two sets of each type of panel were prepared from 1025 style fabric, one 

stitched and the other unstitched. The 26-ply N-panel (4.71 kg/m2) was cross-

diagonally stitched at a 7.62 cm interval through all layers, while only the neat Kevlar 

layers were stitched likewise for the 24-ply N/S(14-ply/10-ply)-panel (4.77 kg/m2). 

The multi-layers of the panels were interconnected at the 4 corners for the ballistic 

impact test. 

Table 4-8 shows the BFS value of the panels when the shot location was 51~70 mm 

from the panel edge. BFS value of the unstitched N-panel (26-ply) increased from 35.6 

mm (in table 4-7) to 41.5 mm when the shot location was close to the edge of the panel, 

and both the perforation ratio and bullet expansion slightly decreased. The N/S-panels 

with slightly different hybridization ratio, i.e. 12/12 vs. 14/10, also showed a similar 

amount of increase (30.9 → 36.9 mm) in BFS value as the shot location was shifted 

outwards. 
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Table 4-8 BFS of near-edge shot (1025 style) 

Panel (ply) Stitching 
interval 

velocity 
(m/s) 

BFS 
(mm) 

Perforation 
Ratioa (%) 

Bullet  
Expansionb 

(mm) 

N- (26) 

× 

445.30 36.0 34.6 15.5 
449.85 44.0 30.8 15.0 
443.68 43.0 26.9 15.5 
445.72 44.5 32.5 15.0 

( avg. ) ( 446.14 ) ( 41.5 ) ( 31.6 ) ( 15.3 ) 

7.62 cm 

444.34 38.5 34.6 15.3 
450.09 34.5 30.8 15.2 
442.69 37.0 26.9 15.0 
443.80 35.0 38.5 14.8 

( avg. ) ( 445.23 ) ( 36.3 ) ( 32.7 ) ( 15.1 ) 

N- (24) 
× 

449.10 38.5 45.8 15.0 
435.93 40.0 33.3 14.5 
443.97 52.0 54.2 15.5 
445.47 39.0 41.7 15.0 

( avg. ) ( 443.62 ) ( 42.4 ) ( 43.8 ) ( 15.0 ) 

N/S- 
(14/10) 

× 

442.90 37.0 41.7 15.5 
436.73 34.5 41.7 16.0 
447.22 36.0 41.7 15.5 
441.31 40.0 50.0 16.0 

( avg. ) ( 442.04 ) ( 36.9 ) ( 43.8 ) ( 15.8 ) 

7.62 cm 

444.73 36.0 50.0 16.0 
448.85 34.5 37.5 16.0 
443.31 37.0 29.2 16.0 
446.50 35.0 50.0 15.5 

( avg. ) ( 445.85 ) ( 35.6 ) ( 41.7 ) ( 15.9 ) 
 

Perforation Ratio a ; (No. of perforated plies ÷ No. of laminated plies) × 100 (%) 

Bullet Expansionc ; Forward diameter of expanded bullet after the impact 

(or average of major axis and minor axis when elliptically expanded) 
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This is because a higher fraction of the given impact energy tends to dissipate through 

kinetic dissipation when the effective mass of the target decreases. Here, the effective 

mass is presumed to be related to the contact time of the bullet with a single layer and 

the number of survived layers at a certain point of time. If we assume that a bullet of 

mass m1 at a velocity v1 hits a stationary target of mass m2, and both the bullet and the 

target move together at a velocity v2 just after the collision (i.e. perfect inelastic 

collision), then the conservation of momentum and the difference of the kinetic energy 

( EΔ ) before and after the collision should be as follows.  

22111 )( vmmvm ⋅+=⋅       (4-13) 
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The difference of the kinetic energy ( EΔ ) may act as a driving force for destructing 

the target (i.e. tensile dissipation in case of a fabric panel), and this value increases 

with the increase of the ratio of m2 to m1. Thus, a target with smaller mass can store a 

higher portion of the impact energy in kinetic form (E2), which will result in a larger 

BFS and a higher V50 compared to a target with higher mass. This well agrees with the 

phenomenon where although the areal density is the same, small sized body armors 

tend to have larger BFS, and larger sized body armors tend to be more easily perforated. 

Though an actual ballistic event may not be a perfect inelastic collision, the probable 

reason for this phenomenon could be easily explained with equations 4-13 and 4-14.  

Stitching decreased the BFS value of the N-panel (26-ply), but it did not affect the 
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N/S-panel (24-ply). A similar result was shown in the previous section (4.3.2), where 

the stitching of ‘N/S-’ 1027 style fabric panel did not decrease its BFS value.  

When the shot location was closer to the panel edge, the expanded shape of the bullet 

became non-circular. Thus, the bullet expansion value was redefined as the average of 

the major axis and the minor axis when the bullet was elliptically expanded. 

Figure 4-51 shows the ballistic limit value (V50) of the same panels given in Table 4-8 

but shot at a different location, i.e. 11 cm apart from the panel edges. The V50 value of 

the unstitched N/S-panel (24 ply) was highest among all the panels. 

 

 

Figure 4-51 The V50 of 1025 style fabric panels (CP; complete perforation / PP; partial 

penetration) 
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The V50 value of the N-panel (26 ply) increased when it was stitched, while that of the 

stitched N/S-panel decreased. The most noticeable V50 value was that of the unstitched 

N-panel (24 ply), which was 436.8 m/s, meaning that there is a 50% probability that 

every single layer in the panel will be perforated at the impact velocity of 436.8 m/s. 

The perforation ratio of this panel with shot-to-edge distance of 51~70 mm was 43.8% 

on an average at the velocity of 436.7~447.2 m/s. This also confirms that the shot 

location not only affects BFS, but also V50. 

Table 4-9 shows the specific energy absorption values of panels of 1025 style fabric 

and the energy absorption per layer of each panel, where the latter can be an important 

criterion in concealable soft body armor. As shown in figure 4-51 and tables 4-8 and 4-

9, by backing STF impregnated Kevlar fabric to unstitched neat Kevlar, both the 

perforation resistance and the blunt trauma resistance increased in terms of areal 

density and thickness. 

 

Table 4-9 Energy absorption capability (1025 style, 9mm FMJ) 

Panel (ply) Stitching Interval Esp (J/kg∙m-2) Eabs/layer (J/layer) 

N- (26) 
× 174.42 31.57 

7.62 cm 181.11 32.78 
N- (24) × 175.69 31.80 

N/S- (14/10) 
× 184.10 36.10 

7.62 cm 173.27 33.98 
 

Esp; Specific energy absorption 

Eabs/layer; Energy absorption per layer 
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Meanwhile, the reduced shot-to-edge distance (or reduced panel size) may slightly 

decrease the total tensile work of the panel due to the unsymmetrical elongation of the 

facing yarns as shown in equations 4-15~4-18 and figure 4-52.  
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where ET is the tensile dissipation of a single yarn; Fi is the force in the i-th interval 

from the shot location; Δli is the displacement of the i-th interval, which is proportional 

to Fi; k is a proportional constant; c is the number of crossovers in a single facing yarn 

from the center to the edge; a is the number of crossovers in a single facing yarn from 

the center to the shot location; ET,center is the tensile dissipation of a single facing yarn 

involved in a center shot; ET,edge is the tensile dissipation of a single facing yarn 

involved in a near-edge shot. 

 

Thus, as shown in equations 4-19~4-21, the increase in kinetic dissipation (ΔEK) 

should be larger than the decrease in tensile dissipation (ΔET) when a panel is shot 

closer to the edge of the panel because of the increased V50. 

2
502

1 vmEEE KTtotal ⋅⋅=+=      (4-19) 
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Figure 4-52 Schematic diagram of stress distribution along the yarn direction (top) and 

the difference in tensile dissipation with varied shot location (bottom) 
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0)()( ,,,,,, >−+−=− centerKedgeKcenterTedgeTcentertotaledgetotal EEEEEE   (4-20) 

0)()( ,,,, >−>−∴ edgeTcenterTcenterKedgeK EEEE     (4-21) 

 

The calculated result of the amount of kinetic dissipation of each panel is given in 

table 4-10. When shot near the center of the panel, hybridization (i.e. backing of STF 

impregnated fabrics to neat fabrics in 1027 and 1025 style panels) decreased the kinetic 

dissipation by 29.6 and 12.7 J (25.6 and 20.9 % decreases), respectively. When shot 

closer to the edge of the panel, hybridization of 1025 style panel decreased the kinetic 

dissipation by 14.7 J (18.6 % decrease). With the shot location shifted outwards, the 

kinetic dissipation of N-1025 and N/S-1025 panels increased by 18.3 and 16.3 J (30.1 

and 34.0 % increases), respectively. 

 

Table 4-10 Kinetic dissipation vs. shot location and fabric count 

Panel (ply) Shot location BFS (mm) Kinetic dissipation (J) 

N-1027 (32) Near-center 42.5 81.5 

N-1025 (26) Near-center 35.6 60.7 
Near-Edge 41.5 79.0 

N/S-1027 (14/15) Near-center 32.6 51.9 

N/S-1025 (12/12) Near-center 30.9 48.0 

N/S-1025 (14/10) Near-Edge 36.9 64.3 
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4.3.5 Effect of bullet expandability and laminating sequence 

Improving the penetration resistance of a target by layering it with materials having 

different properties has been known since the late 1800’s when armor plating was first 

improved by hardening its surface [195]. Since then, the use of multi-layered armor 

plating has increased and further attracted the interest of researchers. The works by 

Larsson and Svenson [167], Grujicic et al. [168] and Cunniff [5] were briefly reviewed 

in section 2.3.2. To explain the experimental result of Cunniff [5], Porwal and Phoenix 

[196] developed a theoretical and computational model using typical mechanical 

properties (i.e. modulus and mass density) of Kevlar and Spectra layers, but the 

calculation result was unsatisfactory. 

To reduce the cost and weight of soft body armor by using the hybridization method 

where materials with different properties are layered, determining the proper order of 

the layers is critical. Once produced, the protective performance of such body armor 

will be direction dependent, and thus, if worn the wrong way, there is a large chance 

that the panel would fail to protect the wearer. Therefore, the strike face and wear face 

of the panel must be carefully labeled in this type of body armor. 

In this section, the effect of layering sequence of unidirectional (UD)/woven fabric 

hybrid panels on 1) the perforation resistance against a 5.56mm FSP, and 2) the 

backface deformation by a .44 Magnum SJHP bullet was investigated at the field 

applied levels of protection.  

Table 4-11 shows the composition and layering sequence of the hybrid panels used in 

the ballistic test for perforation resistance performance (V50) against a 5.56mm FSP 
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which is undeformable. Table 4-12 shows the composition and layering sequence of 

the panels used in the ballistic test for trauma resistance performance (i.e. BFS) against 

a .44 Magnum SJHP bullet which is easily deformable (or frangible) and the extreme 

case of blunt trauma threat among various handgun shots. 

 

Table 4-11 Hybrid panels used in the V50test (5.56mm FSP) 

 H-1F H-2F H-3F H-3FR H-6F 

UD-11) 
(A) 

Number of plies 22 22 16 16 - 
Weight fraction (%) 43.58 43.58 32.02 32.02 - 

UD-22) 
(B) 

Number of plies - - - - 13 
Weight fraction (%) - - - - 44.81 

H34N3) 
(C) 

Number of plies 15 15 17 17 15 
Weight fraction (%) 40.30 40.30 46.13 46.13 39.89 

H34S4) 
(D) 

Number of plies 5 5 7 7 5 
Weight fraction5) (%) 16.12 16.12 21.85 21.85 15.29 

STF add-on (%owf) 20 20 15 15 15 
Fabric in panel (kg/m2) 6.48 6.48 6.41 6.41 6.60 

STF in panel (kg/m2) 0.18 0.18 0.19 0.19 0.13 
Total areal density (kg/m2) 6.66 6.66 6.60 6.60 6.73 

Layering sequence (FMR)6) ADC CDA ADC ACD BDC 
 

1)UD-1; SB-31® 

2)UD-2; Gold Flex® 

3)H34N; neat p-aramid woven fabric 

4)H34S; STF impregnated p-aramid woven fabric 

5)Weight fraction; weight of component layers divided by total weight of the panel 

6)FMR means the sequence of ‘Face-Middle-Rear’, where ‘Face’ is the strike face 
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Table 4-12 Hybrid panels used in the BFS tset (.44 Magnum SJHP) 

 H-1M H-2M H-3M H-4M SW-M SU-M 

UD-11) 
(A) 

Number of plies 22 22 16 11 - 51 

Weight fraction4) (%) 43.58 43.58 31.71 21.92  100.00 

H34N2) 
(C) 

Number of plies 15 15 17 22 37 - 

Weight fraction4) (%) 40.30 40.30 45.70 59.44 100.00 - 

H34S3) 
(D) 

Number of plies 5 5 7 6 - - 

Weight fraction4) (%) 16.12 16.12 22.58 18.64 - - 

STF add-on (%owf) 20 20 20 15 - - 

Fabric in panel (kg/m2) 6.48 6.48 6.41 6.46 6.62 6.73 

STF in panel (kg/m2) 0.18 0.18 0.25 0.16 - - 

Total areal density (kg/m2) 6.66 6.66 6.66 6.63 6.62 6.73 

Layering sequence (FMR)5) ACD CDA ACD ACD all C all A 
 

1)UD-1; SB-31® 

2)H34N; neat p-aramid woven fabric 

3)H34S; STF impregnated p-aramid woven fabric 

4)Weight fraction; weight of component layers divided by total weight of the panel 

5)FMR means the sequence of ‘Face-Middle-Rear’, where ‘Face’ is the strike face 

SW-M and SU-M; single component panels (i.e. non-hybrid) 

 

- Effect of layering sequence on the perforation resistance of hybrid panels against 

an infrangible (or undeformable) projectile 

Figure 4-53 shows the V50 test result of each hybrid panel against a 5.56mm FSP. From 

this result, the specific energy absorption (Esp) value of each hybrid panel was 
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calculated and is shown in Figure 4-54. From the figure, we can see that the panels 

which were layered in the order of decreasing stiffness (H-1F, H-3F and H-6F) 

possessed relatively higher perforation resistance compared to those that were layered 

differently (H-2F and H-3FR). ‘Stiffness’ here is a comprehensive term, implying the 

modulus of the component yarn, the apparent modulus as well as the flexural rigidity 

of the fabric. As UD fabrics are generally not crimped and STF treatment reduces the 

‘crimp effect’ of the woven fabric, the modulus of the fabrics used in this study 

decreases in the order of UD > STF treated woven fabric > neat woven fabric. For 

simplification, we will express UD fabrics as HM (high modulus), STF treated woven 

fabric as IM (intermediate modulus), and neat woven fabric as LM (low modulus). 

 

 

Figure 4-53 The V50 of hybrid panels (5.56mm FSP) 
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Figure 4-54 The Esp of hybrid panels (5.56mm FSP) 

 

Since the projectile was sabot-launched, thermal effect on PE frontal layers would be 

negligible due to the insulation effect of sabot on an FSP from the exploding gas and 

direct touch with the gun rifling. 

In attempt to visualize the effect of hybridization and layering sequence more clearly, 

we measured the V50 and calculated the Esp (specific energy absorption) of each 

component material under the same clay backed condition, and the results are given in 

table 4-13. Since the Esp value may vary with the areal density of the panel, the average 

Esp value of non–hybrid panels with different areal densities (which were varied to 

obtain the field applied levels of protection) was considered the Esp value of each 

component material. In figure 4-55, the scale of y-axis is the normalized Esp value of 

each hybrid panel obtained by summing the contributions of each component material.  
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Hybrid panels H-1F, H-3F and H-6F had y-values larger than unity, meaning the 

hybridization enhanced the perforation resistance of the component fabrics. These 

three panels were all layered in the HM-IM-LM sequence. On the other hand, judging 

from the y-values smaller than unity, for H-2F and H-3FR panels, hybridization 

decreased the perforation resistance of the component fabrics. Between the two 

negatively affected panels, H-2F, which was layered in the exact opposite sequence of 

the positively affected three panels, showed a higher decrease in perforation resistance.  

 

Table 4-13 The Esp of each component materials (5.56mm FSP) 

Fabric ply 
Areal 

density 
(kg/m2) 

V50 
(m/s) 

Impact 
energy at 

V50 (J) 

Esp 
(J/kg∙m-2) 

avg. Esp 
(J/kg∙m-2) 

UD-11) 
49 6.47 625 214.84 33.22 

32.83 
26 3.43 450 111.38 32.45 

UD-22) 
31 7.19 620 211..45 29.40 

29.81 
20 4.64 505 140.26 30.23 

H34N3) 
41 7.34 643 227.18 30.96 

31.00 
36 6.44 603 200.05 31.04 

H34S154) 36 7.41 590 191.20 25.80 25.80 

H34S205) 36 7.73 584 187.71 24.27 24.27 
 

1)UD-1; SB-31® 

2)UD-2; Gold Flex® 

3)H34N; neat p-aramid woven fabric 

4)H34S15; STF impregnated p-aramid woven fabric, add-on of 15%owf 

5)H34S20; STF impregnated p-aramid woven fabric, add-on of 20%owf 
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Figure 4-55 Perforation resistance presented as a normalized value by the sum of the 

contributions of each component materials (5.56mm FSP) 

 

If we compare the two panels H-1F and H-2F, which had the same composition but 

were layered in reverse sequence, there is a 13.5% difference in perforation resistance. 

On the other hand, only 4% difference in perforation resistance was observed between 

the two hybrid panels, H-3F and H-3FR, which had the same composition and 1st 

component layers, but reversed 2nd and 3rd component layers. The decrease in 

perforation resistance of H-2F and H-3FR panels is presumed to be due to the 

comparatively large resisting force of the successive rear layers. The following is our 

reasoning of this interpretation. 

A well known relationship between the tension and the pressure acting on a bullet 

induced by the tension was already shown in figure 4-38 (section 4.3.2). Analogously, 

the i-th layer in an N-layered panel will be restrained by the force proportional to the 
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sum of the tensions from the (i+1)-th layer to the N-th layer. The last layer (i.e. the N-

th layer) that does not have successive rear layers is restrained by the drag force of the 

backing material which may be clay or air. A schematic illustration showing the 

magnitude of such restraints in panels made of three layers of different components is 

given in figure 4-56. The double-sided longer arrow represents the restraint that will 

act on component F by components M and R, when component F fails. The double-

sided shorter arrow represents the restraint that will act on component M by component 

R, when component M fails. If we further expand this concept to an N-layered single 

component panel, each layer will be affected by the restraint of the rear layers, 

eventually forming a curve shown in figure 4-57. Thus, when the elongation of yarns 

in each layer is better coupled (i.e. when a panel is LM-HM sequenced), the rear layer 

restraint acting on the i-th layer will be higher than the reverse case. 

 

 

Figure 4-56 Schematic drawing of the magnitude of out-of-plane restraint in panels 

composed of three components and with reverse stacking sequence  
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Figure 4-57 Rear layer restraint in single component multi-layered panel 

 

The reason we observed different hybridization effects among panels with different 

layering sequences is presumed to be due to this difference in restraining force of 

successive rear component layers. The restraining force of the rear layers will 

contribute to shortening the contact time of the preceding layer with a bullet. In other 

words, an impulsive force larger than the breaking force of the facing yarns can be 

reached in a shorter time if the rear layer restraining force is large, and as a result, the 

longitudinal wave front in the facing yarns will not travel so far. We may say this is a 

similar phenomenon to so called ‘shearing’ or ‘shear plugging’. The kinetic dissipation 

by the hybrid panel with LM-IM-HM layering sequence will also be diminished 

likewise, leading to decreased perforation resistance. For protecting soldiers from high 

velocity fragments which have relatively low energy (below a few hundred joules) and 

negligible blunt trauma threat, layering materials in the order of decreasing modulus 

can contribute to weight-lightening a vest. 



151 

 

- Effect of layering sequence on the trauma resistance of hybrid panels against a 

frangible bullet 

 In section 4.3.2, we concluded that hybridization of neat woven fabric and STF 

impregnated woven fabric has an ordering effect on BFS, and this was presumed to be 

related to the coupling of yarn elongation in the frontal and rear layers which may 

further affect bullet expansion. Based on the results, we have placed the neat woven 

fabric in front of the STF treated woven fabric in all hybrid panels for better trauma 

resistance. 

The experimental results with .44 Magnum rounds are given in table 4-14, which 

shows the results of four hybrid panels and two single component panels. Figure 4-58 

shows the BFS value of each panel.  

 

 

Figure 4-58 The BFS of hybrid panels (.44 Magnum SJHP) 
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Table 4-14 The BFS of a hybrid panels (.44Magnum SJHP) 

Panel Shot Location Velocity (m/s) BFS (mm) Perforation Ratio (%)1) 

H-1M 

CTE 442.2 40 25.8 
LBE 435.8 40 29.8 
RBE 443.7 38 15.9 
avg. 440.6 ±4.2 39.3 ±1.2 23.8 ±7.1 

H-2M 

CTE 440.3 37 26.9 
LBE 439.2 35 21.5 
RBE 440.0 35 21.5 
avg. 440.5 ±1.4 35.7 ±1.2 23.3 ±3.1 

H-3M 

CTE 438.8 33 19.8 
LBE 435.5 32 11.9 
RBE 439.2 33 21.8 
avg. 437.8 ±2.0 32.7 ±0.6 17.8 ±5.2 

H-4M 

CTE 439.2 39 21.9 
LBE 435.0 44 21.9 
RBE 440.9 43 27.3 
avg. 438.4 ±3.0 42.0 ±2.6 23.7 ±3.1 

SW-M 

CTE 439.74 50 29.7 
LBE 431.33 45 27.0 
RBE 435.79 47 29.7 
avg. 435.6 ±4.2 47.3 ± 2.5 28.8 ±1.6  

SU-M 

CTE 431.9 41 23.5 
LBE 436.1 42 19.6 
RBE 441.5 42 25.4 
avg. 436.5 ±4.8 41.7 ± 0.6 22.8 ±3.0  

 
1) 100

Plies Laminated Total ofWeight 
Plies Perforated ofFraction Weight  (%) Ration Perforatio ×=  

 

The result shows a substantial difference in trauma resistant performance between the 

two single component panels (i.e. all neat woven fabric panel (SW-M) and all UD 
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panel (SU-M)). When compared to the single component woven fabric panel (SW-M), 

all the hybrid panels showed lower BFS values. Generally, if a panel is composed of 

UD and neat woven layers, it will have a BFS value somewhere between those of each 

single component panel. Thus, this increase in trauma resistance performance of the 

hybrid panels is partly due to the 3rd component of STF impregnated woven fabric 

layers. The H-3M panel, which had a relatively higher STF content (i.e. 3.75% on the 

panel), showed the smallest perforation ratio and BFS value, while all the other hybrid 

panels showed similar values of perforation ratio. With an exception of the H-4M panel, 

where the perforation ratio exceeded the weight fraction of the 1st component UD 

layers, the bullet was stopped by the 1st component layers in all the other hybrid panels. 

If we compare the three panels having different compositions but the same layering 

sequence, i.e. H-1M, H-3M and H-4M, it seems probable that an optimal range exists 

for the content of strikeface UD component and/or for the amount of STF to effectively 

decrease the backface deformation caused by the impact. Although the perforation 

resistance (V50), against this frangible bullet, of these hybrid panels were not tested, it 

seems possible to enhance the perforation resistance at certain composition ranges of 

UD and STF. 

Meanwhile, the effect of layering sequence in hybrid panels could be clearly observed 

by comparing H-1M and H-2M. Although the two panels had the same composition, 

the panel that had the woven fabric component layers backed by UD component layers 

(H-2M) showed better trauma resistance than the panel that had the UD component 

layers backed by the woven fabric component layers (H-1M). The two panels were not 
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layered in the exact opposite sequence (i.e. ACD- and CDA-sequence as shown in 

table 4-12). However, we can analogously infer the performance of an ADC-sequenced 

panel (i.e. exact opposite sequence of H-2M), which we will name ‘H-XM’ for 

convenience. As previously mentioned, placing the neat woven fabric (component C) 

in front of the STF treated woven fabric (component D) is more effective in reducing 

backface deformation by frangible bullet shots. Thus, it is possible to predict that an 

ADC-sequenced panel (H-XM) would have inferior trauma resistance compared to the 

ACD-sequenced panel (H-1M). Moreover, from the previous section we have seen that 

the H-3FR panel (ACD-sequence) showed lower perforation resistance than the H-3F 

panel (ADC-sequence), which can be interpreted as; rear layer restraining forces are 

smaller for ADC-sequenced panels (i.e. less coupling takes place). Thus, if an H-XM 

panel (ADC-sequence) is constructed, its BFS value will be higher than that of the H-

1M (ACD-sequence) panel, and an apparent ordering effect will be observed between 

the H-XM (ADC-sequence) panel and the H-2M (CDA-sequence) panel, i.e. BFS; 

ADC(H-XM)>ACD(H-1M)>CDA(H-2M). 

The following content is included here to aid in the understanding of the results from 

this study. When a bullet hits a multi-layered panel, the initiation of elongation of 

facing yarns in each layer is time dependent, i.e., the initiation of elongation of facing 

yarns in the rear layers is presumed to be retarded by the time necessary for the 

compressive wave to reach the corresponding rear layers. Thus, the elongation of 

facing yarns in successive layers will occur sequentially rather than simultaneously. 

Schematic illustration of elongation a yarn bundle (solid line) composed of two yarns 
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(dotted lines) is shown in figure 4-59.  

 

 

Figure 4-59 Schematic illustration of elongation of a yarn bundle (solid line) composed 

of two yarns (each dotted line); (a) Simultaneous elongation of two yarns with the 

same modulus, (b) Sequential elongation of two yarns with the same modulus, and (c) 

Sequential elongation of two yarns with different modulus (i.e. with increasing 

modulus). 

 

As shown in the figure, cases (a) and (c) exhibit higher strength than case (b). However, 

case (a) cannot occur when the two yarns with the same modulus are located in 

different layers. In a one-component multi-layered panel, the elongation of two yarns 

located in different layers can be represented as case (b), while the elongation of two 

yarns in a hybrid multi-layered panel where the layers are sequenced to have increasing 

modulus can be represented as case (c). This phenomenon was expressed as ‘better 

coupling of yarn elongation in frontal and rear layers’ or ‘synchronized elongation’ in 

previous sections. Thus, the stronger yarn bundle (case (c)) will survive longer (or at 

higher stress) than the weaker yarn bundle (case (b)) and will bear higher stress. From 
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the tension-pressure relationship shown in figure 4-38 (section 4.3.2), one can expect 

the bullet to expand more at higher tension. And as the bullet expands, the number of 

facing yarns increases accordingly, thus, a larger fraction of the impact energy can be 

dissipated through the tensile dissipation route resulting in decreased BFS. 
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4.4 Kinetic dissipation in ballistic tests of soft body armor 

When a bullet hits a ballistic panel made of fabric, a portion of the impact energy is 

dissipated through tensile dissipation (ET) or projectile deformation (if it is expandable), 

and the left over impact energy is dissipated through kinetic dissipation (EK). In order 

to analyze the energy dissipation route and V50 of soft body armor panels, it is 

important to quantify EK in the ballistic event. Thus, this section deals with the 

assessment of the amount of energy transferred to the backing material of oil-based 

clay (i.e. EK) in ballistic tests of soft body armor panels. In this study, we mainly 

focused on the relationship between the impact energy and the dent volume of backing 

clay, where the impact energy was varied by changing the mass and the velocity of the 

impactor. Based on this relationship, we propose a method to assess the EK of soft body 

armor panels (against handgun threats, not assuredly against high velocity rifle threats), 

and the results of panels that were impacted with 9mm bullets are presented. 

 

4.4.1 The weight dropping test 

The free fall test results are given in table 4-15, where the dent volume was calculated 

from: 

∫ −
−⋅=

R

pR
dxxRVolumeDent  )(  22π ,    (4-22) 

where R is the steel ball radius (mm); p is the penetration depth (mm). 

Figure 4-60 shows the relationship between the penetration depth (or dent volume) and 

the impact velocity of each sphere which was calculated from: 
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Hgv ⋅⋅= 2 ,       (4-23) 

where v is the impact velocity (m/s); g is the gravitational acceleration (9.81 m/s2); H is 

the drop height (m).  

 

Table 4-15 Free fall test results 

Drop weight 
(kg) 

Drop height 
(m) 

Average penetration 
depth (mm) 

Calculated dent 
volume (mm3) 

0.1119 
1.0 7.0 1962.4 
1.5 8.0 2496.1 
2.0 8.5 2780.0 

0.2241 
1.0 9.0 4071.5 
1.5 10.0 4921.8 
2.0 11.0 5828.7 

0.4412 
1.0 10.5 7035.4 
1.5 12.0 8963.0 
2.0 13.5 11057.5 

0.8822 
1.0 13.0 13627.2 
1.5 15.5 18743.4 
2.0 17.5 23251.1 

1.0430 

0.5 10.0 8927.4 
1.0 15.0 18908.5 
1.5 18.0 26210.3 
2.0 20.0 31520.6 

 

 

From the results, we can see that in the low impact velocity range, the relationship 

between the impact velocity of a constant mass (i.e. specified mass of each sphere) and 

the penetration depth into (in 1-D analysis) or dent volume in (in 3-D analysis) the clay 

is linear. 
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Figure 4-60 Impact velocity vs. penetration depth (or dent volume) 

 

Figure 4-61 shows the force equilibrium of a point mass m when it is moved from its 

initial position x0 to its equilibrium position x by external force F1 (right direction). In 

the figure, F2 (left direction) is composed of the restoring force which is proportional 

to the displacement x-x0 and the resisting force (i.e. friction or drag force) which is 

proportional to the α-th power of velocity vα. The force equilibrium can be written: 

)( αbvkxxm −−=&& ,      (4-24) 

where 2

2

dt
xdx =&&  ; k and b are constants; α is generally known to be 1 at low velocity 

and 2 at high velocity. 

Multiplying each side of equation 4-24 by x&  )(
dt
dx

=  gives equation 4-25, which 

leads to equations 4-26 and 4-27.  
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xbvkxxxm &&&& ×−−=× )( α  ,     (4-25) 

where 
dt
dxx =& . 

122 )
2
1()

2
1( +−−= αbvkx

dt
dxm

dt
d

&      (4-26) 

0)
2
1

2
1( 122 ≤−=+ +αbvkxxm

dt
d

&     (4-27) 

 

 

Figure 4-61 Force equilibrium of a point mass m in straight line motion 

 

The physical meaning of equation 4-27 is that the mechanical energy (EM=EK+EP, 

where EK is kinetic energy and EP is potential energy) is conserved only when the 

resisting force is not a function of velocity (i.e. b=0; conservation field), while the 

conservation of the total energy in the opposite case (i.e. b≠0; non-conservation field) 

still holds good from the viewpoint of thermodynamic consideration. 

Oil-based clay is a plastic (or viscoplastic) material that does not elastically recover 

its shape over time, thus, it is capable of accurately recording the maximum 

displacement upon impact. Since the impact velocities of the weight drop test were 
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relatively low, we can assume that the resisting force in this medium is approximately 

proportional to velocity v. Therefore, the force equilibrium can be expressed as: 

bvxm −=&&        (4-28) 

The following is the equation of motion expressed without the time parameter: 

dvvdxa ⋅=⋅ ,  )(
a
dv

v
dxdt ==Q    (4-29) 

where a is acceleration. 

Equation 4-26 can be rewritten as follows: 

dvvdxv
m
b

⋅=⋅⋅−  )( v
m
bxa ⋅−== &&Q    (4-30) 

Integrating each side after dividing each side of equation 4-30 by v gives equation 4-31, 

which leads to equation 4-32. 

∫∫ =⋅−
0

00

)(
v

x

x
dvdx

m
b

      (4-31) 

00 )( vxx
m
b

−=−⋅−        (4-32) 

Thus, the impact velocity v0 has a linear relationship to the displacement x-x0 as shown 

in equation 4-32. Experimental results shown in Figure 4-60(left) well reflected this 

linear relationship.  

Meanwhile, equation 4-32 describes the relationship between the impact velocity and 

the displacement in straight line motion (1-D) of a point mass m. The calculated dent 

volume (3-D) also showed a linear relationship to the impact velocity as shown in 

figure 4-60(right). The empirical equation describing the relationship between the 
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impact velocity of each sphere and dent volume in clay has the following form: 

21 CvCeDent volum +⋅= ,     (4-33) 

where C1 and C2 are constants. 

The similarity between the equation forms for 1-D (equation 4-32) and 3-D (equation 

4-33) displacements is attributed to the fact that velocity is a vector quantity and 3-D 

displacement, volume. 

 

     

Figure 4-62 Effect of sphere mass (left; 1-D, right; 3-D) 

 

The effect of impactor mass on the slope of each regression equation in figure 4-60 is 

shown in figure 4-62. The 1-D results presented in figure 4-62(left) well reflect the 

relationship shown in equation 4-29, i.e., dx/dv is proportional to mass m. When 

expanded three dimensionally (figure 4-62(right)), the slope of each regression line in 

figure 4-60(right) was proportional, by rule of thumb, to the 1.5th power of the mass of 
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the impactor. This relationship can be confirmed as per the following equations 4-34 

and 4-35. From the empirical equation 4-33 where the dent volume is proportional to 

the impact velocity, the relationship between impact energy and dent volume can be 

approximated as follows: 

222

2
1

2
1 vVvmXK ⋅⋅⋅=⋅⋅≈⋅ ρ  ,    (4-34) 

where K is a proportional constant; X is dent volume; ρ is the mass density of the 

sphere (fixed value, ρsteel = 7.79 g/cm3); V is the volume of the sphere (4/3)·π·R3, where 

R is the radius of the sphere. 

 

Thus, the slope of the each regression equation in figure 4-60(right), i.e. the value of C1 

in the empirical equation 4-33, can be written as follows: 

 2/3R
v
X
∝

Δ
Δ

∴        (4-35) 

If we assume the infinitesimal elemental mass having the dimension of 1×1×1, a 

sphere will have (4/3)·π·R3 times elemental mass, so equation 4-35 holds good and the 

experimental results shown in figure 4-62(right) well reflects this relationship.  

 

The physical meaning of C2 in the empirical equation 4-33, i.e. the y-intercept values 

in figure 4-60(right) which consistently decrease with increasing impactor mass, can be 

demonstrated as follows.  
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Figure 4-63 Physical meaning of the y-intercept value in empirical equation obtained 

from drop weight test 

 

In a vertical drop test, zero velocity impact is achieved by ‘simply placing a sphere on 

the surface of the oil-based clay’, where the sphere is under the influence of 

gravitational force. If the mass of the sphere is small enough, the gravitational force 

will leave negligible indentation even after a long time. In other words, if the stress is 

less than the compressional yield stress, the clay will act as an elastic material. 

Meanwhile, if the mass of the sphere is large enough, the sphere will sink down to its 

equilibrium position (when time t→∞) where the force equilibrium is reached between 

the supporting force of the clay and the gravitational force acting on the sphere. From 
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the y-intercept values in the regression equations of spheres with relatively higher mass 

(0.4412, 0.8822, 1.0430 kg), we can calculate the loading area (i.e. the orthogonal 

projection of the surface in contact with the clay on the reference plane) of each sphere. 

The ‘sphere mass÷calculated loading area (i.e. compressional stress)’ values of all three 

spheres approached roughly 530 kgf/m2 (i.e. 5.2 kPa).  

Thus, we can consider the y-intercept value to correspond to the dent volume made by 

zero velocity impact when equilibrium is reached. Or similarly, we can consider the 

calculated value 530 kgf/m2 to correspond to the compressional yield stress of the 

conditioned clay at very low strain rate. The deviation from the regression line in low 

impact velocity ranges, i.e. zero dent volume at zero impact velocity, arises from the 

difference in the time of observation, i.e., whether or not the system was equilibrated. 

Note that we measured the indentation dimension right after the drop test and thus, the 

spheres were not allowed to further penetrate into the clay by gravitational force. 

However, the time necessary for equilibrium to be reached by gravitational force will 

be much shortened when an additional external force exists (i.e. equilibrium will be 

reached much faster under an additional external force such as an impact, which may 

be comparable to the role of a catalyst in a chemical reaction). Thus, the dent volume 

caused by a sphere at high impact velocity will include the volume caused by pure 

impulsive force as well as that caused by the force equilibrium position. Meanwhile, 

the dent volume caused by a sphere at low impact velocity will include only the 

volume caused by pure impulsive force. Thus, it can be said that the C2 value in 

equation 4-33 reflects the contribution of the equilibrium dent volume or quasistatic 
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compressional yield stress (i.e. elastic contribution) of the conditioned clay. 

Figure 4-64 shows the calculated energy absorption per unit dent volume as the 

impact energy increases. The experimental results are shown in the inset.  

In Figure 4-65, one can see the linear relationship between impact velocity and the 

energy absorption per unit dent volume, where the y-values have the same unit as 

pressure. The energy absorption per unit dent volume linearly increased with the 

impact velocity and the extent of increase was less with heavier (or larger) impactors. 

 

 

Figure 4-64 Impact energy vs. energy absorption per unit dent volume of the oil-based 

clay (Free fall test) 
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Figure 4-65 Impact velocity vs. energy absorption per unit dent volume of the oil-based 

clay (Free fall test) 

 

4.4.2 The direct shooting test 

As shown in figure 4-66, the linear relationship between the impact velocity and 

penetration depth became non-linear when the velocity range was expanded to higher 

velocities. This result differs from that obtained by Lee et al. [20] as well as and that 

obtained by Jordan et al. [197], where the latter used a recording/recovery medium 

made of cellulosic fiber board to calculate fragment impact velocity. 

If we assume that the resisting force in the clay is approximately proportional to the 

2nd power of velocity, because the velocity of this test is relatively high, then force 

equilibrium can be expressed as follows:  

2bvxm −=&&        (4-36) 

Thus, equation 4-29 can be rewritten as follows: 
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dvvdxv
m
b

⋅=⋅⋅− 2  )( 2v
m
bxa ⋅−== &&Q    (4-37) 

After dividing each side of equation 4-37 by v2, and subsequently integrating each side 

(equation 4-38), equation 4-39 is obtained. 

∫∫ =⋅− crf v

v

x

v
dvdx

m
b

00
)(       (4-38) 

0lnln vvx
m
b

crf −=− ,      (4-39) 

where xf is the final position and vcr is a critical velocity for penetration to occur. 

 

 

Figure 4-66 Penetration depth vs. impact velocity and energy (5.56mm FSP) 

 

Thus, the calculated relationship between displacement and impact velocity shows an 



169 

 

exponential increase in initial impact velocity v0 with increased displacement, and this 

is in good agreement with our experimental results. Equation 4-40 is a more 

generalized form of equation 4-39.  

)exp( 43 xCCv ⋅= ,       (4-40) 

where C3 is vcr and C4 is b/m. 

Figure 4-67 shows the variation in the drag coefficient of the FSP as the flying 

velocity is increased. 

From the energy loss value during the 1 m flight, 0.5·m·(v1
2- v2

2) / 1 m, the drag 

coefficient of the FSP was calculated using equation 4-41. 

221 )
2

(

2
vv

A

FC
FSPair

d +
⋅⋅

⋅
=
ρ

,     (4-41) 

where Cd is the drag coefficient of the FSP; F is the drag force acting on the FSP (in 

figure 3-8, F=ΔE/S=0.5·m·(v1
2-v2

2)/S, S=1 m); ρair is the density of air (1.29 kg/cm3 at 

15 oC); AFSP is the cross-sectional area of the FSP (2.428 x 10-5 m2); v1 and v2 are the 

velocities of the FSP at the center of two adjacent screens, each placed 1 m apart.   

The calculated drag coefficient of FSP was about 1.2~1.3 when the velocity was above 

the speed of sound in air, and 0.8~0.85 when the velocity was below 280 m/s. Since 

sound travels much faster in clay than in air (speed of sound in clay > 2,000 m/s), the 

value of 0.8 was used in equations 4-42~4-47 to calculate the penetration depth. The 

side and rear drag terms are negligible because the density of the facing medium, i.e. 

oil-based clay, is about 1,300 times higher than that of air. 
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Figure 4-67 Drag coefficient of 5.56 mm FSP 
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∑ Δ= tSPD ,       (4-47) 

where Er,Δt is the residual energy of a bullet after Δt (5 ㎲) has elapsed at a certain time 

step, and no further penetration occurs when Er,Δt reaches a critical value (about 2 J, 
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below which the bullet rebounds); Ei,Δt is the initial energy of a bullet at a certain time 

step; ΔEΔt is the energy loss of the bullet during Δt at a certain time step; mFSP is the 

mass of FSP (= 1.1 g); vr,Δt is the residual velocity of FSP after Δt has elapsed; FΔt is the 

drag force acting on FSP by oil-based clay at a certain time step; SΔt is the penetration 

depth during Δt at a certain time step; Cd is a drag coefficient of FSP in the medium of 

oil-based clay (= 0.8); ρc is the density of oil-base clay (906 g, 6×7×13 cm3, 1.66 

g/cm3); AFSP is the cross-sectional area of the bullet (= 3.1416×(5.56/2)2 mm2); vi,Δt is 

the initial velocity of the bullet at a certain time step; vr,Δt is the residual velocity of the 

bullet at a certain time step; tvΔ  is the average velocity of the bullet at a certain time 

step; PD is the total penetration depth. 

 

As shown in figure 4-68, the calculated penetration depth well matched the 

experimental value. Based on our calculations, the critical energy and critical velocity 

of FSP for penetration to occur was around 2 J and 60 m/s, respectively. The physical 

meaning of vcr can be interpreted as follows. In direct shooting tests, a projectile hits 

the clay horizontally. The peak load of impulsive force (figure 4-69) corresponding to 

the clay’s compressional yield stress (i.e. momentum change divided by time of 

collision and divided again by loading area), which is related to the projectile velocity 

and body mass, can be made at above a critical impact velocity when the FSP hits the 

clay. Below vcr, the impulsive force will be reduced due to the extended time of 

collision. Thus, the projectile will rebound rather than penetrate into the clay. 
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Figure 4-68 Curve fitting of penetration depth vs. impact velocity (5.56mm FSP) 

 

 

Figure 4-69 Impact velocity vs. impulsive force 
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Figure 4-70 Photographs of clay blocks used in the direct shooting test (top) and 

penetration profile of tapered shape (bottom) 

 

From the penetration profiles shown in Figure 4-70, one can see that the holes made 

in the oil-based clay were tapered in shape rather than cylindrical. The dent volume of 

each hole is the difference in volume of the two cones that converge at one point 

(figure 4-71). The entrance diameter and exit diameter of each hole (or bullet diameter) 

were used in this calculation. The calculated dent volume at various velocities of the 

FSP is shown in figure 4-72. The figure indicates that the relationship between the 
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impact velocity and the dent volume is almost linear even at high velocities.  

 

 

Figure 4-71 Schematic drawing of a tapered penetration into a clay block and the 

calculation method of the dent volume 

 

 

Figure 4-72 Impact velocity vs. dent volume of oil-based clay (5.56mm FSP) 

 

Figure 4-73, which shows the relationship between the impact velocity and energy 

absorption per unit dent volume of the oil based clay, presents a similar result as was 
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shown in the previous section with a series of spheres. Note that the deviation of the 

relationship in the low velocity range is similar to the result of the 0.5 m height drop of 

a 1.043 kg sphere shown in the inset of figure 4-64. Karahan et al. [173, 174] treated 

the value of energy absorption per unit dent volume as a constant in their calculation 

by averaging their test results. 

 

 

Figure 4-73 Impact velocity vs. energy absorption per unit dent volume of the oil-based 

clay (5.56mm FSP) 

 

Figure 4-74 shows the relationships between dent volume and kinetic dissipation of 

various impactors. The amount of kinetic dissipation depends not only on the impact 

velocity, but also on the diameter (or mass) of the impactor. From the results, one can 

conclude that kinetic dissipation cannot be estimated with the dent volume alone. Since 
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the resisting force of clay acting on a bulging panel is proportional to the cross-

sectional area of a bulging cone, hemisphere or pyramid, the trauma diameter should 

also be considered.  

 

 

Figure 4-74 Kinetic dissipation vs. dent volume of the oil-based clay 

 

4.4.3 Determination of the energy transferred to backing clay in ballistic tests 

Since it is clear that the dent volume of oil-based clay has a linear relationship to the 

impact velocity, it is possible to calculate the amount of kinetic dissipation in a ballistic 

event by measuring the dent volume and the trauma diameter. After the ballistic test of 
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soft body armor panels made of KM-2 Kevlar fabrics with a 9mm bullet (440 m/s, 774 

J), flattening on the reference plane prescribed in the NIJ standard was conducted 

(figure 4-75), and then the dent profile was measured. Figure 4-76 shows an example 

of a dent profile and its quadratic regression. Finally, the dent volume was calculated 

using equation 4-48. 

dy
a

bydyxVolumeDent
bb

 )(  
00

2 ∫∫
−

⋅=⋅= ππ    (4-48) 

The trauma diameter of the ballistic tests was mostly between the values of 60 and 65 

mm (figure 4-75). Thus the regression equation obtained from the 63.5 mm diameter 

steel ball (1.043 kg) was used to calculate the kinetic dissipation of the ballistic test. 

Firstly, the impact velocity of the 1.043 kg steel ball was calculated from the dent 

volume using equation 4-49 (from figure 4-60(right)).  

516,134254,73 −⋅= v. )e (mmDent Volum    (4-49) 

And then, the kinetic energy of the steel ball, which equals to the EK of the ballistic 

panel, was calculated using equation 4-47. 

2

2
1 vmEK ⋅⋅= ,       (4-50) 

where v is the calculated velocity of the steel ball from equation 4-49; m is the mass of 

the steel ball. 

Figure 4-77 shows the calculated kinetic dissipation of soft armor panels in ballistic 

tests with 9mm bullets. The panels showed BFS of 30~46 mm, which corresponded to 

the EK of 48~100 J. Thus, the EK was estimated to be 6~13% of the impact energy. This 
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result is similar to that of Karahan et al.’s [174]. 

 

     

Figure 4-75 Photographs of indented clay just after the ballistic test with 9mm bullet 

(left), flattened clay surface before measuring BFS and dent profile (middle), and 

schematic side view of indentation into the clay (right) 

 

 

Figure 4-76 Example of a BFS profile and quadratic regression 
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Figure 4-77 Kinetic dissipation vs. trauma depth and dent volume in the ballistic test 

(9mm bullet) 

 

Although the ‘EK/trauma depth’ slope was slightly steeper in their study, the difference 

in the EK between the two studies was not bigger than 10 J. Probable causes for such 

variation may be the difference in clay hardness and impactor shape. Clay calibration 

criteria of the U.S. Army and NIJ standard are 25±3 mm and 19±2 mm, respectively, 

and the dent volume of 25 mm depth by a cylinder and 19 mm depth by a sphere is 

calculated to be 27,348 mm3 and 28,825 mm3, respectively. There is only about a 5 % 

difference between the two dent volumes, and thus, both calibration criteria are 

considered to be almost equivalent to each other. The clay calibration result of our 

study was 20 mm, slightly higher than the mean value of criteria (19 mm in the NIJ 
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standard 0101.04), while that of Karahan et al.’s [174] was 22.5 mm, slightly lower 

than the mean value of criteria (25 mm in US army TOP 10-2-210). The slightly deeper 

indentation resulting from the same impact energy in calibration test brought about a 

somewhat lower calculated EK in our study compared to theirs. 

 

   

Figure 4-78 Photographs of indented clay just after the ballistic test (.44 Magnum 

SJHP) 

 

The kinetic dissipation assessment method using equation 4-49 should be changed if 

the threat round is.44 Magnum (15.6 g, 436 m/s, 1,480 J), which will result in a larger 

BFS of around 90~100 mm in diameter (figure 4-78). Thus, a drop test with a sphere 

having a matching diameter should be used to obtain a more accurate dent volume and 

kinetic dissipation relationship of a soft body armor panel. From the relationship 

between drop mass and C1 (slope) in equation 4-33 and taking into account the 

physical meaning of C2 (y-intercept) in the same equation, we can roughly predict the 

regression equation for .44 Magnum shots. If we assume a sphere having a radius of 44 
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mm, the mass of the sphere is calculated to be 2.78 kg from the mass density (ρ=7.79 

g/cm3). The C1 value of ’23,350’ can be calculated from the regression equation in 

figure 4-62(right), and the C2 value of ’85,384’ can be calculated from the 

compressional yield stress of 530 kgf/m2. Thus, the presumed regression equation 

for .44 Magnum shot will be ‘y = 23,350·x – 85,384’. To simplify the calculation, we 

will assume a hemispherical indentation having 44 mm penetration depth and 88 mm 

diameter. Then, the dent volume will be 178,409 mm3 and the impact velocity will be 

11.3 m/s. Thus, the calculated EK from equation 4-47 is around 177 J, which is about 

12% of the impact energy.  

Note that this method to assess the EK in a ballistic test can be useful in comparative 

studies of the performance of ballistic panels against NIJ level III-A or lower threat 

level rounds (< 440 m/s), but not assuredly against higher threat level rounds such as 

high velocity (~ 800 m/s) and high energy rifle shots. As Roberts et al. [188] and Gryth 

et al. [190] have reported, the impulsive force can be more important when the impact 

velocity is very high. 
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Conclusions 

 

The high-velocity impact resistance of shear thickening fluid-assisted soft body armor 

panels was investigated with 5.56mm FSP, 9mm FMJ and .44 Magnum SJHP bullets 

for soft body armor application. 

The STF which was composed of silica nanoparticles and PEG (with particle volume 

fraction just below the critical packing fraction 0.58) showed discontinuous shear 

thickening and global failure. The onset of shear thickening was dependent mainly 

upon particle size while the global failure of the shear thickened matter was dependent 

upon both particle size and particle volume fraction, where the latter was presumed to 

be related to the surface tension of the medium and the curvature of the interstice (i.e. 

particle size and inter-particle distance) in the unconfined boundaries. 

The impregnation of STF into p-aramid fabrics led to an increased pullout force 

through the occupation of interstitial volume within the fabrics and further shear 

thickening when the pullout rate was increased. The increased pullout force has 

positive effects such as less retardation in elongation of facing yarns and more 

synchronized elongation in the warp and weft directions in a single layer, as well as a 

negative effect, stress localization. 

For single component ballistic panels, STF impregnation improved the penetration 

resistance (i.e., showed higher V50) against an undeformable projectile, 5.56mm 

fragment simulating projectile (FSP), at lower impact velocities, but at increased 
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velocity, the V50 performance decreased even with the same number of layers. This was 

presumed to be due to the difference in the failure mechanisms involved; yarn pullout 

is dominant at low impact velocity and stress localization is dominant at high impact 

velocity. 

For hybrid ballistic panels which were composed of neat fabric layers and STF 

impregnated fabric layers, layering the STF impregnated fabric layers behind neat 

layers improved both blunt trauma resistance (i.e. smaller BFS) and penetration 

resistance against a deformable (i.e. expandable) projectile such as 9mm FMJ bullet 

compared to the all neat fabric panel with the same areal density. Such superior 

ballistic performance was presumed to be due to the better coupling of yarn elongation 

in the frontal neat and the rear STF impregnated fabric layers (i.e. increased out-of-

plane coupling), and thus, increased bullet expansion. This was confirmed by a 

conceptual analysis using accumulation of successive line segments to present the 

energy dissipation route of each panel during the impact. 

For another series of hybrid ballistic panels which were composed of UD fabric layers 

and woven fabric layers, the effect of layering sequence on the ballistic performance 

was further investigated with two different kinds of bullets; 5.56mm FSP which is the 

most widely tested projectile in the military field featuring penetrative threat, and .44 

Magnum SJHP bullet which is easily expandable and is an extreme case of blunt 

trauma threat among various handgun threats. When the layers with smaller in-plane 

constraint (neat woven fabric) were laminated behind the layers with larger in-plane 

constraint (UD or STF impregnated woven fabric), an increase in perforation resistance 
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against an FSP was observed due to the decreased out-of-plane constraint. When the 

layering sequence was reversed, an increase in both the blunt trauma resistance (i.e. 

smaller BFS) and the perforation resistance (i.e. smaller perforation ratio or larger V50) 

against the easily expandable bullet was observed due to the better coupling of yarn 

elongation in the frontal and rear layers. 

Fabric count and shot location both affected the ballistic performance of hybrid panels 

containing STF impregnated layers. Panels with higher fabric count (i.e. densely 

woven) dissipated a higher fraction of the given impact energy through tensile 

dissipation and this led to a lower BFS. The decrease in BFS value by the hybridization 

of neat and STF impregnated fabrics was smaller for panels of densely woven fabric 

due to a larger difference in the warp and weft crimp ratios. Shot location affected the 

ballistic limit value (V50) as well as the BFS value of the panels, where both values 

increased as the shot location approached the edge. 

Finally, the amount of energy transferred to the backing material of oil-based clay (i.e. 

kinetic dissipation) in ballistic tests of soft body armor panels was assessed. To 

determine the relationship between penetration depth (or dent volume) and impact 

velocity (or energy), weight dropping test with a series of steel spheres was carried out 

at low impact velocities, and direct shooting with a 5.56mm NATO fragment 

simulating projectile (FSP) was carried out at high impact velocities. At high and low 

impact velocities, the volume of the dent made in the oil-based clay was proportional 

to the velocity of the impactor. The change in dent volume per the change in impact 

velocity was found to be proportional to the 1.5th power of the mass of the impactor, 
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while the energy absorption per unit dent volume increased linearly with the impact 

velocity. The relationship between trauma depth (or dent volume) and kinetic 

dissipation of a soft body armor panel subjected to a 9mm bullet at 436 m/s is 

presented, where the trauma diameter approached that of a 1.043 kg steel ball. 
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Appendix 

A-1 Yarn pullout properties 

In section 4.2.1, it was presumed that a slight deviation (in figure 4-11) observed 

with STF composed of 69 wt% silica (45 nm in size) is due to over-packing of particles. 

Figure A-1 shows a similar result observed with STF composed of 67 wt% or 69 wt% 

silica (100 nm in size). The difference in the optimum particle weight fraction (i.e. 68 

wt% for 45 nm vs. 65 wt% for 100 nm) may be due to the difference in particle size 

distribution or more probably to the increased porosity of 100 nm particles which were 

synthesized in the alkaline condition. As also can be seen in the two figures (figures 4-

11 and A-1), STF having smaller particles showed similar maximum pullout force (i.e. 

30 N) at a lower STF add-on (i.e. 22 %owf vs. 33%owf). 

 

 

Figure A-1 Particle content, pullout rate and the maximum pullout force 

(100 nm particle, add-on 33% owf) 
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A-2 Compressional wave velocity 

In section 4.3.2 (pp.117~123), the initial velocity Vi vs. compressional wave velocity 

curves were presented in figure 4-42. In the calculation, we assumed that m2 in 

equation 4-12 has a fixed value of 6.64 g for the early stage of the impact event, i.e. for 

30 ㎲. In the strict sense, the mass m2 and the velocity Vi varies with time, and the 

equation 4-12 can be modified as )())(( 2111 tVtmmvm i⋅+=⋅ . Thus, the impact 

velocity Vi vs. compressional wave velocity curves may be more like those presented in 

figure A-2. As shown in the figure, the compressional wave velocity ‘Vavg-Vi(t)’ in a 

moving target slightly increases with time. 

 

 

Figure A-2 Impact velocity vs. compressional wave velocity curves 
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Korean Abstract 

 

전단농화유체를 함유한 방탄직물(연질방탄재)의 고속 충격 저항성에 관한 

연구를 수행하였다. 

연구에 사용된 전단농화유체는 액상의 폴리에틸렌글리콜에 고상의 경질 

실리카 나노입자가 임계치에 근접하게 충전된 연질의 혼합응축상 물질로서 

임계치 부근의 전단변형속도에서 전단응력이 가역적으로 급격히 변하는 거

동을 보인다. 전단농화의 개시점은 입자의 크기에 의존하며 글로벌한 항복

응력은 입자의 크기 및 부피분율에 의존한다.  

전단농화유체를 아라미드직물에 함침하여 구성사의 뽑힘성질 및 인장성질

을 조사한 결과 이 물질이 직물내부의 공극을 점유하는 효과 및 전단농화 

효과가 복합적으로 작용하여 구성사의 뽑힘저항성이 증가하고, 인장 시 크

림프에 의한 인장지연 현상을 억제하며 단일층에서 경위사 크림프율 차이에 

의한 경위사간 장력불균일 현상을 해소하는 긍정적인 측면을 보이는 반면 

응력집중의 부정적인 측면도 동시에 보였다. 이러한 효과들의 크기는 이 물

질의 유변특성 및 직물에 함침되는 양에 의해 결정된다. 

전단농화유체가 함침된 아라미드직물을 함유하는 연질 방탄재의 관통저항

성과 둔상억제력을 조사하였다. 단일성분으로 구성된 방탄재간의 성능을 비

교한 결과 비교적 저속의 영역에서는 전단농화유체를 함유한 아라미드직물
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로 이루어진 방탄재의 모의파편탄 방호성능이 상대적으로 우수하였으나, 속

도의 증가에 따라 성능의 우열이 바뀌는 현상을 관찰할 수 있었으며 이는 

방탄재의 주요 파단거동이 속도에 따라 변하는 데서 기인한다. 

미처리직물과 전단농화유체 함침 직물을 혼용한 방탄재의 경우 미처리직

물을 앞쪽에 적층한 경우 9밀리 볼탄에 대한 관통저항성과 둔상억제력이 

동시에 증가하는 현상을 관찰할 수 있었으며, 이는 앞쪽에 위치한 미처리직

물과 뒤쪽에 위치한 전단농화유체 함침 직물중의 탄자와 마주치는 구성사들

간의 장력결합이 좀 더 효율적으로 일어나는 점으로 인한 탄자의 뭉개짐 증

가에서 기인하는 것으로 보여진다. 

교차 일방향 직물을 보통의 제직물과 혼용한 방탄재에 대해서도 44구경 

매그넘 탄자로 실험한 결과 9밀리 볼탄과 유사한 결과를 보인 반면 모의파

편탄과 같이 뭉개짐이 없는 탄자의 경우는 정반대의 결과를 보였으며, 그 

이유는 다층적층물의 층간 간섭의 증가로 인한 파단거동의 변화에 의한 것

으로 보여진다. 

제직밀도가 높은 직물로 동일한 시험을 수행한 결과 경위사간의 크림프율

의 격차가 상대적으로 증가하여 혼성화에 의한 성능향상의 정도는 감소한 

반면 절대적인 성능에 있어서는 둔상억제력 측면에서 제직밀도가 낮은 직물

에 비해 좀 더 나은 결과를 보였다. 따라서 제직밀도는 높이되 경위사 크림

프율의 관리 (경위사간 크림프 격차를 줄이고 크림프율 자체를 낮게함)에 
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좀 더 세심한 노력을 기울일 필요가 있음을 확인할 수 있었다. 

또한 방탄복에 적용할 경우 유효 방호면적과 직접 관련되는 사격위치에 

따른 영향을 살펴본 결과 변부에서 가까운 위치일수록 관통저항성은 증가하

는 반면 둔상억제력은 감소함을 확인할 수 있었고, 전단농화유체 적용 시 

나타나는 현상들은 사격위치에 무관함을 확인하였다.  

끝으로 연질 방탄재의 방탄시험 시 후면재로 전달되는 에너지를 정량화 

하기 위해 강구의 자유낙하실험과 모의파편탄을 유점토에 직접 사격하는 방

법을 병행하여 충격자의 치수(중량)에 따른 실험식을 얻고, 운동방정식과 

탄성한계치를 이용하여 얻어진 실험식의 물리적 의미를 파악함으로써 이의 

확장응용 가능성을 제시하였다.  

 

 

주요어: 고속 충격, 연질 방탄재, 전단농화유체, 적층순서, 제직밀도, 크림프, 

사격위치, 관통저항성, 둔상억제력, 후면전달 에너지 
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