
  

ER
D

C/
G

SL
 S

R-
09

-3
 

  

 

Constitutive Analysis of Polyurethane 
Foam Composite Mixtures: A Literature 
Review  

  

Lucy P. Priddy and Wayne D. Hodo April 2009

 
 

  

G
eo

te
ch

ni
ca

l a
nd

 S
tr

uc
tu

re
s 

La
bo

ra
to

ry
 

Approved for public release; distribution is unlimited. 



 

 ERDC/GSL SR-09-3 
April 2009

Constitutive Analysis of Polyurethane Foam 
Composite Mixtures: A Literature Review 

Lucy D. Priddy and Wayne D. Hodo  
Geotechnical and Structures Laboratory 
U.S. Army Engineer Research and Development Center 
3909 Halls Ferry Road 
Vicksburg, MS  39180-6199 

 

Final report 
Approved for public release; distribution is unlimited.  

  

Prepared for U.S. Army Engineer Research and Development Center 
Geotechnical and Structures Laboratory, Technical Directors Office 

  3909 Halls Ferry Road, Vicksburg, MS  39180-6199 

 



ERDC/GSL SR-09-3 ii 

Abstract: Cellular materials such as polyurethane foam composites 
have many military applications because of their reduced logistical 
footprints relative to other structural materials. This report provides a 
detailed literature review concerning the current usage, chemistry, 
analytical methods, and shortcomings for predicting the performance of 
polyurethane foam composites. This report also provides an outline of 
basic research methodologies needed to relate microscale phenomena to 
macroscale performance. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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Preface 

This literature review was performed to fulfill a request of the U.S. Army 
Engineer Research and Development Center (ERDC), Technical Directors 
Office, led by Dr. David Horner. The literature review was conducted to 
assess the performance of cellular materials (specifically rigid polyure-
thane foam composites) when used as a structurally competent material.  

This publication was prepared by personnel of the ERDC Geotechnical and 
Structures Laboratory (GSL), Vicksburg, MS. The findings and recommen-
dations presented in this report are based upon a literature review that 
was conducted by Lucy P. Priddy and Wayne D. Hodo, Airfield and Pave-
ments Branch (APB), Engineering Systems and Materials Division 
(ESMD). Priddy and Hodo prepared this publication under the supervi-
sion of Dr. Gary L. Anderton, Chief, APB; Dr. Larry N. Lynch, Chief, 
ESMD, Dr. William P. Grogan, Deputy Director, GSL; and Dr. David W. 
Pittman, Director, GSL. 
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Unit Conversion Factors 

Multiply By To Obtain 

inches 0.0254 meters 

kips per square inch 6.894757 megapascals 

pounds (force) per square inch 6.894757 kilopascals 

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter 
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Executive Summary 
Problem statement 

Polyurethane foams and foam composite materials have several potential 
military applications because of their reduced logistical footprints relative 
to other structural materials. A basic understanding of the constitutive 
relationships of composite foam materials via a multiscale analysis is lack-
ing. Existing foam models assume the materials behave elastically and do 
not consider the predominant effects of the nonlinear phases of deforma-
tion within the foam microstructure. This assumption hampers the 
development of innovative foam materials for other unique engineering 
applications. 

Objective 

The objective of this literature review is to provide a base of information 
concerning the use, performance characterization, and prediction of a path 
forward for polyurethane composite foams. 

Scope 

This report is a review of existing and recently developed information on 
polyurethane foams, including the following: 

• Current applications of polyurethane foam materials 
• Chemical formulation of specific cellular materials (i.e., 

flexible versus rigid polyurethane foam composites) 
• Mechanical properties used to relate microscale phenomena to 

macroscale performance of rigid polyurethane foam composites 
• Description of existing numerical models used to predict the 

response of cellular materials 
 
Methodologies are discussed for the optimization of polyurethane compos-
ite foams for specialized military engineering applications, such as force 
projection and sustainment of infrastructure. This report also provides an 
outline of recommended basic research needs that can be used to relate 
microscale phenomena to macroscale performance.  
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Background 

Research is needed to develop lighter, stronger, innovative composite 
materials to support force projection and sustainment of infrastructure. 
Polyurethane foams offer the ability to rapidly repair damaged roads and 
airfields, which are crucial to the military’s mission of maintaining oper-
able airfield surfaces and lines of communication.  

The rapid repair of damaged roads and airfields, while crucial to military 
missions, is limited due to inadequate materials and procedures. Recent 
research at the U.S. Army Engineer Research and Development Center 
(ERDC) Geotechnical and Structures Laboratory (GSL) showed that rigid 
polyurethane foams used alone or in combination with native aggregate 
extenders produced strengths comparable to high-quality compacted 
aggregate-soil mixtures. However, uncontrollable volumetric expansion 
may occur in the foam composite due to the addition of aggregate parti-
cles, regardless of size. 

The broader problem highlighted by the research performed at ERDC–
GSL is that there is a basic lack of knowledge regarding the use of foam 
composites. A thorough understanding of such composite systems on 
multiscale lengths would provide a basis for its optimization. Research in 
the foam composite area will lay the groundwork for the development of 
new materials for specialized engineering applications. 

Conclusions 

This literature review addresses issues concerning the current usage, 
chemistry, analytical methods, and shortcomings for predicting the 
performance of polyurethane foam composites. A synopsis of the literature 
review is as follows: 

• Artificial solid cellular structure materials have many different applica-
tion areas, with one of the most versatile being polyurethane foams. In 
most cases, polyurethane foams generally exhibit the highest tensile 
and compressive strengths of the foam types.  Mechanical properties of 
polyurethane foams can be tailored to meet design applications by 
altering formulations. Extensive research has been conducted in meas-
uring the mechanical properties of both polyurethane foams and other 
cellular materials. Few studies have focused on closed-cell, rigid, high-
density foams.   
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• Determining the appropriate way to accurately model the nonlinear 
phases of deformation within the foam composite microstructure pre-
sents unique challenges. Existing foam models assume the materials 
behave elastically and do not consider the predominant effects of the 
nonlinear phases of deformation within the foam microstructure. In 
addition, current models do not adequately address the micromechani-
cal response due to the addition of fillers to the foam system. 

Recommendations 

Basic research is needed to better describe the physics and to characterize 
the mechanical behavior of foam and foam composites. This work will 
allow the development of fundamental theories for relating microscale 
phenomena to macroscale performance. Results of the research will 
advance ERDC’s modeling predictive capabilities of foam-based composite 
materials. Furthermore, this research will enhance the effectiveness of 
rigid polyurethane foam composite mixtures for force projection and 
sustainment of infrastructure. 

Polyurethane research should begin with a characterization of the foam 
microstructure with and without fillers. Image analysis techniques such as 
scanning electron microscopy, optical microscopy, and infrared spectro-
scopy can provide microstructure geometry and filler disbursements 
within the foam composites. 

In addition to understanding the cellular geometry and filler disbursement 
within the foam composites, microscale performance must be quantified. 
The observed behavior at the microscale will help identify parameters that 
can be used to relate microscale phenomena to macroscale performance of 
rigid polyurethane foam composites. The microscale performance will be 
observed using mechanical testing to include unconfined static compres-
sion, creep, and repeated load testing. These and other laboratory tests 
will be conducted at multiple strain levels during mechanical testing to 
determine constitutive responses and bond strengths at interfacial transi-
tion zones.  

Existing models are not capable of appropriately simulating the influence 
that fillers have on foam composite system performance. The parameters 
obtained from imagery analysis and mechanical testing will be used to 
modify existing models, or if required, develop new models that can more 
accurately predict the path forward for polyurethane composite foams. 
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1 Introduction 
History of artificial cellular materials 

An artificial solid cellular structure has many different application areas, 
including thermal insulation, cushioning, flotation, dampening of vibra-
tion, and packaging. The first attempt to create an efficient artificial cel-
lular structure was in the 1920s using rubber foam. Since 1970, nine types 
of foam have been made commercially available. These include polyethyl-
ene, silicone, phenolic, vinyl, cellular cellulose acetate, urea formaldehyde, 
and polyurethane. Few of these foams have reached major production 
despite each having specific applications (Doyle 1971). Currently, poly-
meric foams, such as polyurethane and polyethylene, are most commonly 
used. However, in the past 30 years, other materials such as metals, 
ceramics, and glasses have also been successfully foamed.  

Polyurethanes are one of the most versatile foams because they generally 
exhibit the highest tensile and compressive strengths of the foam types. 
Additionally, polyurethane can be manufactured with a wide variety of 
properties ranging from very soft and flexible to very strong and rigid 
through simple formulation changes. Finally, polyurethane foams can be 
easily obtained, transported, and formed in place. For these reasons, poly-
urethane foams have been the material of choice for military and civil 
applications (Priddy et al. 2007).  

Applications of polyurethane foams 

There are many new application opportunities for cellular materials, 
especially in lightweight and ultra lightweight structural foams 
(Christensen 1979, 2000). Simple changes in chemistry can tailor these 
materials for specific applications. One of the most important areas of 
emerging research is now focused on developing an understanding of 
controlling the microstructure to obtain desired material performance 
properties.  

The military sector has been especially attracted to foams for expedient 
repair of damaged airfields and roadways and the retrofitting of buildings 
or vehicles for blast-effects reduction caused by bombs and improvised 
explosive devices (Priddy et al. 2007; Smith 1978; Woodfin 1997). In 
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addition to structural reinforcement applications, past research has been 
conducted to determine the applicability of injecting polyurethane foam 
into soil as a soil stabilizer.  

Vinson (1970) describes the application of polyurethane foam for soil 
stabilization. Results of his research indicate that foam could be used to 
stabilize soil through injection or mixing the foam with an aggregate. 
Today, many slab-jacking companies inject rigid polyurethane foams to 
raise in-place concrete slabs in highway pavements and concrete building 
foundations. This process requires injecting rigid foam through holes 
drilled in concrete slabs or foundations to fill voids and stabilize soil.  

Barber et al. (1979) concluded that compaction requirements for backfill-
ing crater repairs could be eliminated using a synthetic backfill material 
such as expanding foams. The expanding foam backfill method was not 
successful due to safety hazards at the time. Today, a material such as 
expanding polyurethane foam could be mixed by hand and expanded 
many times its original volume, to potentially provide adequate load-
bearing capacity for the structural cap. This concept is especially useful 
when quality backfill materials such as well-graded crushed aggregates are 
not available and soldiers must use poor-quality backfill materials that are 
difficult to compact.  

Using foams as backfill material has also been investigated by Priddy 
et al. (2007) through laboratory and field investigations to determine the 
minimum free rise density of expanding foam. Results of this work indi-
cate that an 8 to 15 lb/ft3 free rise density, rigid polyurethane foam could 
perform satisfactorily for a backfill replacement material. The polyure-
thane foam material is applicable when placed under a rigid cementitious 
material. Priddy et al. (2008) define that, for backfill replacement, the 
foam must provide a minimum unconfined compressive strength of at 
least 200 psi when measured at a strain rate of 2%. 

In an effort to reduce costs of using large volumes of foam for backfill, a 
foam composite system can also be created consisting of foam with aggre-
gate filler. The concept is to improve the overall strength of lower density 
foams by adding aggregate filler to the foam matrix. A secondary objective 
of this concept is to reduce the amount of foam required to complete the 
repair. Laboratory results indicate that the addition of aggregate does not 
provide a significant increase in unconfined compressive strength. In this 
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work, field-testing results indicate problems with the placement of foam 
composites in the field. Uncontrollable volumetric expansion in the foam 
composite due to the addition of aggregate particles prevents proper field 
placement. Also, in further laboratory testing, the addition of aggregate 
fillers required twice as much foam to create the foam composite structure 
than an equal volume of neat foam (Priddy et al. 2008). 
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2 Description of Polyurethane Foams 

A fundamental description of neat foam materials (i.e., no filler material) 
is presented in the following sections. This information is vital to under-
standing and predicting the mechanical behavior of neat foams and foam 
composites. 

Polyurethane foam definition 

Polyurethanes are polymers obtained as the products of a reaction of 
isocyanates and alcohols (polyols). Polyurethane foams at the basic level 
are the expanded form of a polymer having a uniform dispersion of gas 
bubbles (cells) throughout the mass. These cells are either open (allowing 
continuous void spaces) or closed (not allowing continuous voids) (Gibson 
and Ashby 1997; Randall and Lee 2002). 

Foam structure description 

Conventional methods describe the smallest structural unit of cellular 
materials, such as foam, in terms of the gas bubbles or cells. In foams, 
these cells are polyhedral with flat faces and straight edges that are defined 
by struts and walls. The foam structure is composed of an interconnected 
network of solid struts or plates that form the edges and faces of the cells. 
Typically, the cells are interspersed by voids or pockets of entrapped gas. 
The distribution of the solid material within this cellular structure is 
determined by the shape and size and packing of these polyhedrons. The 
distribution of solids and voids is important because the cellular structure 
of foam controls its properties.  

The cellular structure of foams is divided into two types: open-cell or 
closed-cell. If the solid material of which the foam is made is confined only 
in the cell edges so that the cells connect through the cell edges only, then 
the foam is an open-cell foam. If the solid is contained in the faces of the 
cells so that each cell is sealed off from the surrounding cells, the foam is a 
closed-cell foam (Gibson and Ashby 1997).  

Flexible foams are open-cell in nature. Up to 95% of the foam will be open 
cells in an interconnected network. Gases are released when cells open 
during the reaction process. These foams are made from a lightly 
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cross-linked polymer. There are no barriers between adjacent cells (as 
shown in Figure 1), resulting in a continuous path in the foam through 
which air can flow. These materials are used primarily as padding 
materials (such as cushions or pads) and are typically molded (Randall 
and Lee 2002). 

Figure 1. Scanning electron micrograph (left) showing the open cells of a flexible foam 
(www.corporate.basf.com/) and (right) sketch of open cells of a flexible foam 

(www.sprayfoaminsulate.com/SprayFoamInsulation/ClosedCellOpenCellSPF/). 

In a closed-cell structure, most of the foam bubbles (cells) remain closed, 
and the gases remained trapped. Closed-cell foams do not have intercon-
nected pores, and the individual cells in these foams are isolated from each 
other by thin polymer walls, which stop the flow of air (as shown in 
Figure 2).  

Figure 2. (Left) Scanning electron micrograph showing the closed cells of a rigid foam 
(www.polymers-ppi.org/foam/) and (right) sketch of closed cells of a rigid foam 

(www.sprayfoaminsulate.com/SprayFoamInsulation/ClosedCellOpenCellSPF/). 

 

http://www.corporate.basf.com/
http://www.sprayfoaminsulate.com/SprayFoamInsulation/ClosedCellOpenCellSPF/
http://www.polymers-ppi.org/foam/
http://www.sprayfoaminsulate.com/SprayFoamInsulation/ClosedCellOpenCellSPF/
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The closed-cell structure produces rigid foams with desirable qualities for 
structural applications, and the trapped cells of gas attributes to high 
thermal insulation performance. In addition, closed-cell foams have 
higher dimensional stability, lower moisture absorption coefficient, and 
higher strength than the open-cell foams. Because of this, these foams 
have applications for use in the construction industry for creating compos-
ite thin-walled shells, plates, and for insulation purposes. In addition, 
these foams can be molded, sprayed, or poured in place (Randall and 
Lee 2002). 

Summary 

The foam geometry is separated into two structures: closed-cell and open-
cell. For rigid applications, the closed-cell structure is ideal for construc-
tion purposes. For flexible applications such as cushions, the open-cell 
structure is more useful. The formation of geometry, or microstructure, of 
foam is dependent upon the chemistry of the foam. The general chemistry 
of foam formulation is presented in Chapter 3 of this report. Chapter 4 
describes how the foam microstructure relates to the mechanical 
properties of the foam. 
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3 Polyurethane Foam Formulation 
Foaming process 

Mixing is essential to the foaming process. Mixing is accomplished in a 
variety of ways, including mixing by hand, mixing by high-speed drill with 
a shearing paddle, meter mixing, or through spray nozzle attachments. 
Lower density foams (<4 lb/ft3) tend to be better suited for spraying, 
although both low and high (>4 lb/ft3) density foams can be mixed using 
the other methods. The majority of polyurethane foams can be mixed and 
poured by hand or injected under pressure. 

The foaming process is divided into three stages: cream time, tack-free 
time, and end-of-rise time. Cream time is the time from initial mixing until 
initial foaming. The tack-free time is the time from initial mixing until 
when the surface is no longer tacky to the touch. The end-of-rise time is 
the point when the foam reaches maximum height. 

Polyurethanes foams are produced by the exothermic reaction of mole-
cules containing two or more isocyanate groups with polyol molecules 
containing two or more hydroxyl groups. The reaction between the 
isocyanate and a polyol typically occurs in the presence of additives such 
as catalysts and surfactants for controlling the cell structure when each 
component is mixed. Once the isocyanate and polyol blend are mixed, 
there is a volume increase upon reaction. This volume change is the result 
of the reaction products. 

General chemistry 

The generalized polyurethane reaction is presented in Figure 3. 

Figure 3. Generalized polyurethane reaction. 

Urethanes are produced by reacting an isocyanate group (-N=C=O) with a 
hydroxyl (alcohol) group (-OH). Polyurethanes are thus produced by the 
polyaddition reaction of a polyisocyanate with a polyalcohol (polyol) in 
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the presence of a catalyst and other additives. In this equation, a poly-
isocyanate is a molecule with two or more isocyanate functional groups 
(R-(N=C=O)n ≥ 2), and a polyol is a molecule with two or more hydroxyl 
functional groups (R'-(OH)n ≥ 2). The reaction product is a polymer 
containing the urethane linkage (-RNHCOOR'-). Isocyanates will react 
with any molecule that contains an active hydrogen. Importantly, iso-
cyanates react with water to induce foaming (Vinson 1970). 

Component A – isocyanate 

Isocyanates with two or more functional groups are required for the for-
mation of polyurethane polymers. In commercial packaging, the isocya-
nate component is referred to as the “A-side.” The two most important 
isocyanates are toluene diisocyanate (TDI) and diphenylmethane diisocya-
nate (MDI). TDI is mainly used for making flexible foams; it is toxic, and 
exposure can cause respiratory problems. MDI, developed specifically for 
rigid foams, does not have the exposure risks. Polymeric MDI (PMDI) is 
used in rigid pour in place, spray foams, and molded foam applications. 

Component B – polyols and additives 

Polyols. Polyols are polymers with multiple hydroxyl groups along 

the repeating structure. In foam production, the typical polyols are poly-
propylene glycol or polyester polyol. Commercially, the polyol component 
is referred to as the “B-side” in packaging; however, typically, this com-
ponent contains a blend of polyols, catalysts, and other additives. These 
additives include blowing agents, chain extenders, cross linkers, sur-
factants, and fillers. The addition of these additives will determine the 
properties of the foam structure and will determine what type of cellular 
structure is created (open or closed cell).  

Catalysts. Catalysts may also be necessary to increase the rate of reaction 

and reaction completion (cure) of the isocyanates and polyols. Most foam 
formulations require a catalyst system. 

Blowing agents. Blowing agents are essential in turning polyurethane into 

foam. Without the blowing agent, the polymerization reaction would result 
in a solid polyurethane rather than a foam. The most common blowing 
agent is water. Water reacts with the isocyanate to create CO2 gas, which 
fills and expands the cellular polymer matrix, creating the foam. Foam 
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cells are the result of blowing gas diffusing into bubbles that are stirred 
into the system at the time of mixing each component.  

Surfactants. Surfactants may also be added to the B-side to regulate cell 

size and stabilize the cell structure to prevent cell collapse. For rigid foams, 
surfactants are used to produce very fine cells and very high closed-cell 
content.   

Chain extenders and cross linkers. Chain extenders and cross linkers are 

low molecular weight hydroxyl and amine compounds. When added to the 
B-side, they play a role that contributes to high tensile strength, elonga-
tion, and tear resistance values. Chain extenders also determine the flex-
ural, heat, and chemical resistance properties (Randall and Lee 2002). 

Summary 

The choice of isocyanate, polyols, and additives has a great influence on 
the end foam product. Through changes in formulation, the end product 
can be a solid polyurethane or a flexible foam. The material properties and 
mechanical behavior of polyurethane foams are as dependent on the 
selection of additives as the reactions between the isocyanates and polyols. 
These mechanical properties of polyurethane foams are discussed in 
Chapter 4 of this report. 
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4 Mechanical Behavior of Polyurethane 
Foam 

As described previously, polyurethane foam materials have been widely 
applied to many structural applications. As a result, extensive research has 
been conducted in measuring the mechanical properties of polyurethane 
foams. Brezny and Green (1990) and Gibson and Ashby (1997) describe 
the use of micromechanical approaches to ascertain the correlation 
between the internal structure and mechanical behavior. However, most 
of this work has been conducted on open-cell, low-density, flexible 
polyurethane foams (Gong et al. 2005; Gong and Kyriakides 2005). A 
review of the literature found few studies focused on closed-cell, rigid, 
high-density foams greater than 12 lb/ft3 (Jin et al. 2007). The following 
sections present the limited information on the mechanical behavior of 
rigid polyurethane foams. 

Material properties 

The behavior of foam materials is defined by the microstructural behavior 
in terms of material properties, such as porosity or relative density, cell 
shape and size, strut length, and thickness. The behavior is also dependent 
on the properties of the material of which the cell walls are made.  

This section provides important solid material properties of polyurethane 
polymers in addition to the material properties of the foam materials 
themselves. The properties of the solids are described with the subscript 
“s.” Ratios of foam properties to cell wall properties are also important. 
The properties of the foam are described with the superscript “*.” 

Solid properties 

Gibson and Ashby (1997) describe the most important cell wall properties 
as density (ρs), Young’s modulus (Es), plastic yield strength (σys), fracture 
strength (σfs), thermal conductivity (λs), thermal expansion coefficient (αs), 
and the specific heat (Cps). For polyurethane foams, previous research has 
been used to establish typical solid properties for polyurethane polymers, 
shown in Table 1. For structural applications, density, Young’s modulus, 
and plastic yield strength are of greatest interest to researchers. 
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Table 1. Properties of solid polyurethane polymers (from Gibson and Ashby 1997). 

Material 
Density ρs 

lb/ft3 

Young’s 
Modulus Es 

ksi 

Plastic Yield
Strength σys  

ksi 

Fracture 
Strength σfs 

ksi 

Thermal  
Conductivity λs  
W/mK 

Thermal  
Expansion 
αs x 10-6  
K-1 

Specific 
Heat Cps 

J/kg K 

Rigid polyurethane 74.9 232 18.4 18.9 0.28-0.30 150-165 1700 

Flexible polyurethane 1.2 6.5 3.6-7.3 3.6-7.3 0.28-0.30 70-100 1650 

 

Mechanism of deformation 

The deformation of polyurethane foam is of significant relevance to the 
military and can be used in practical engineering applications. The mate-
rial is energy absorptive and resistant to crushing under heavy loading. 
Figure 4 presents a compressive stress-strain curve for a 15-lb/ft3 density, 
rigid, closed-cell polyurethane foam undergoing uniaxial compression. 
This figure presents the three phases of response for compression in the 
foam rise direction. Each phase corresponds to distinct failure 
mechanisms. 
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Figure 4. Stress-strain relationship for a polyurethane foam. 

Phase 1 is the linear elastic phase. In the initial linear elastic range at low 
stresses, the cell walls bend and cell faces stretch within the foam structure 
(the linear portion of the stress-stain curve labeled “1”). The gases within 
the closed cells are compressed. Any strain measured in this phase is small 
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(≤5%) and typically is uniformly distributed throughout the specimen. 
Young’s modulus, E*, is the initial slope of the stress-strain curve. 

Phase 2 is the plateau phase or collapse plateau (“2a” in the figure). In this 
phase, cell walls are compressed until they buckle, stretch, or crack. Defor-
mation in this stage is not uniformly distributed throughout and accounts 
for the major portion of the response. At this point, the load required to 
crush the material remains nearly constant (“2b” in the figure). This 
portion of Phase 2 is known as the collapse plateau. 

Some work has been accomplished to describe this collapse plateau. 
Tu et al. (2001) describes the failure of a rigid polyurethane foam as 
deformation of individual cell layers within the foam system. A foam 
sample can be thought of as hundreds of layers of cells, with each layer 
possessing slightly different yield strengths. When all voids within this 
layer are eliminated, and the cell walls are compacted against one another, 
the failure of the next layer can occur as adjacent layers are weakened. 
This continues until almost all of the cells have collapsed (final 
densification).  

Phase 3 (in Figure 4) is the final densification phase. As further strain is 
applied, all the cell walls collapse, and the collapsed cell walls are in 
contact. At this point, the mechanical properties resemble a solid 
polyurethane, and a sharp increase in measured stress will occur (“3” 
in the figure) until the foam approaches a value equal to the stiffness of 
a solid polyurethane (Gibson and Ashby 1997; Neilsen et al. 1995; 
Tu et al. 2001). 

Review of current deformation models for neat foams 

Much research has been conducted in properly describing and modeling 
the mechanism of deformation for polyurethane foam materials (Gong and 
Kyriakides 2005; Jin et al. 2007; Michel et al. 2006a, 2006b; Subhash 
et al. 2006; Tu et al. 2001) in both the linear and nonlinear ranges. Gen-
erally, the researchers cannot agree on the proper way to accurately model 
the nonlinear phases of deformation. The most commonly applied 
modeling methods are described in this section. 

Review of the literature on predicting behavior of polyurethane foam 
reveals many trials that have focused mainly on modeling the behavior of 
low-density and open-cell foams. To simulate the foams, the structure is 
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represented through a compact assembly of walls and struts. Michel et al. 
(2006a, 2006b) divides these models into two groups. The first group 
consists of numerous models that simplify the microstructure. The 
models, such as that of Gibson and Ashby (1997), are based on the 
assembly of geometric symmetric cells. These models analytically relate 
elasticity and yield stress to the foam’s relative density. The second group 
consists of more complex modeling approaches that are based on the finite 
element method and attempt to describe the foam microstructure. 

Simplification modeling approaches 

Michel et al. (2006a, 2006b) and other researchers have evaluated the 
usefulness of the Gibson and Ashby (1997) model for high-density closed-
cell foams within the linear range. In the Gibson and Ashby model, closed-
cell foam arrangements are described similarly to cubic cells constituted of 
struts and walls, as shown in Figure 5.  

Figure 5. Gibson-Ashby (1997) cell representation. 

For closed-cell foams, the polymer is distributed between the cell struts 
and the cell walls. The stiffness of the closed cells results from three com-
ponents. The first comes from cell-edge bending. The second component is 
due to the cell-edge stretching. The third component is the cell-edge 
contribution of the gas pressure inside the closed cell.  
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Taking into account all of these components, Gibson and Ashby (1997) 
express the elastic modulus for closed-cell foam as follows: 

 ( ) ( )
( )

2 ** * *
02

*

1 2
1

1 /s s s s s

E
E E

ρ νρ ρφ φ
ρ ρ ρ ρ

−⎛ ⎞
≈ + − +⎜ ⎟ −⎝ ⎠

 (1) 

where 

 Es = modulus of the polyurethane material  
 φ =  solid microparticles in the cell faces (typically 0.8 for 

rigid polyurethane foams) 
 ρ*/ρs = relative density 
 ν* = Poisson coefficient of the foam. 

The value of Es is rarely known with precision for polyurethane foams 
because it depends on the polymer chain alignment, chemical changes due 
to the blowing agent, or aging and oxidation of the polymer component. 
The third term can be neglected if ρ0 is equal to atmospheric pressure 
(Gibson and Ashby 1997).  

Gibson and Ashby (1997) also provide the following expression of the 
shear modulus of the foam (G) because it can provide a mathematical 
comparison using laboratory testing. 

 ( )
2* *

2 1
*
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G
G

ρ ρφ φ
ρ ρ
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⎝ ⎠
 (2) 

This model has been used by many researchers in describing the elastic 
portion of the stress-strain curves (Phase 1). Additional descriptions of 
Phases 2 and 3 of the compressive stress-strain curves may not be as 
useful for closed-cell foams, as indicated by Gibson and Ashby (1997), 
but are more applicable for open-cell foams. 

To describe the nonlinear elasticity collapse plateau and initial densifica-
tion of cells under compression (Phase 2), the following equation was pre-
sented by Gibson and Ashby (1997): 
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where  is collapse stress caused by the elastic collapse of closed cells 

and 

*
elσ

atρ  is the atmospheric pressure. As with Equation 1, the third term is 

neglected if the pressure within the cells is small and equal to the 
atmospheric pressure. 

To describe the final plastic deformation or final densification phase under 
compression (Phase 3), the following equation is presented: 

 ( )
ys
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ssys
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ρ
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⎝

⎛
≈ 0

*2/3**

13.0  (4) 

where σ  is the plastic stress caused by the rupture of membranes of the 

cell faces and σ  is the yield stress of cells. This model is limited by few 

data for comparison of the plastic collapse of closed-cell foams (Gibson 
and Ashby 1997). 

*
pl

ys

Michel et al. (2006a, 2006b) and other researchers also investigated the 
usefulness of the 2+1 phase modeling presented by Christensen (1979; 
2000) for high-density foams within the linear range. In the 2+1 phase 
model, a rigid polyurethane foam can be thought of as a composite made 
of void inclusions in a polymer matrix (Figure 6).  

Figure 6. Representative volume element used in 
2+1 phase modeling (Michel et al. 2006a, 2006b). 
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In comparison to the Gibson and Ashby (1997) model, which is based on 
bending of cell walls, the 2+1 phase model is based on the assumption that 
deformation states are uniform through the cell wall or member addressed 
as “membrane effects” by Christensen (1979, 2000). Michel et al. (2006a, 
2006b) provide a derivation of the 2+1 model resulting in the following 
equation: 

 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−≈

ssG
G

ρ
ρ **

187.11  (5) 

For the linear region, Michel et al. detail that this was a better model 
because the Gibson and Ashby φ  parameter depends on the density range 
studied. This parameter is considered adjustable and does not provide 
clear significance. 

For the nonlinear domain, the behavior is approximated using secant 
modeling of stress-strain curves. This approach cannot adequately model 
the nonlinear behavior or rigid foams because the model does not take into 
account the microstructure of the foam or any deformation of the cells. 

Complex modeling approaches 

As previously discussed, there are three main stress-strain behavior zones 
(or phases) for foams: the linear portion, the plateau portion, and the 
densification portion (see Figure 4). Because foam materials have a highly 
nonlinear behavior, complex material models are available to better 
approximate their behavior at the particle size. The ABAQUS computer 
software provides two commonly used constitutive models. The available 
constitutive models are the volumetric hardening model and the isotropic 
hardening model as described by Hibbitt et al. (2006).  

The volumetric hardening model assumes a perfectly plastic behavior in 
hydrostatic tension, and the development of the yield surface is controlled 
by the volumetric plastic strain experienced by the material: compactive 
inelastic strains produce hardening while dilatant inelastic strains lead to 
softening. In compression, the ability of the material to deform volumetri-
cally is enhanced by cell wall buckling processes, as described by Gibson 
and Ashby (1982); Gibson et al. (1982); Maiti and Smith (1983); and Vera 
(2008). It is assumed that the foam cell deformation is not recoverable 
instantaneously and, thus, can be idealized as being plastic for 
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short-duration events. On the other hand, cell walls break readily in 
tension. As a result, the tensile load bearing capacity of crushable foams 
may be considerably smaller than its compressive load bearing capacity.  

The isotropic hardening model, originally developed for metallic foams by 
Deshpande and Fleck (2000), assumes symmetric behavior in tension and 
compression. The development of the yield surface is governed by an 
equivalent plastic strain that has contributions from both the volumetric 
plastic strain and the deviatoric plastic strain. 

Models for composite foams 

Adding to the complexity of modeling neat foams is the extension of this 
research into composite foams reinforced by the addition of fibers, metal-
lic and mineral particles, and aggregates. Work in the area of foam 
composite testing has been described by Barma et al. (1978); Cotgreave 
and Shortall (1977); Goods et al. (1999); Priddy et al. (2007); Siegmann 
et al. (1983); and Vaidya and Khakhar (1997). Modifying the polymer 
matrix through the addition of these materials can increase the matrix 
rigidity and density. Thus, the granularity, surface state, and filler type are 
all important new parameters to consider when describing the mechanism 
of foam deformation. Additional parameters that must be taken into 
consideration include the dispersion of the filler and the difference in 
filler particle size compared with the cell wall width.   

Barma et al. (1978) showed that the reinforcement level of the foam 
depends on the interaction of the filler and the polymer matrix. Research 
by Goods et al. (1999) and Priddy et al. (2007) showed an increase in the 
elastic modulus of foam composites when the density is greater than 
8 lb/ft3. However, Priddy et al. (2007) stated that the addition of filler 
does not significantly increase the strength of rigid foams within the linear 
elastic range when 0.125- to 0.75-in. angular limestone filler is added to 
the polymerization reaction. Instead of increasing the strength of the com-
posite material in the linear elastic range, these fillers lead to the rupture 
of the polymer matrix instead of elastic deformation of the composite. As 
further strain is applied, the composite material strength more closely 
resembles that of the aggregate filler. 

Some work is presented by Goods et al. (1999) and Siegmann et al. (1983) 
in modeling metallic and mineral particle foam composites, but in this 
research, no microstructural characterization of the foam is presented nor 
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any discussion is provided on the influence of the filler size on the micro-
structural response to load (Michel et al. 2006a, 2006b). As with previous 
foam models, most of the work in modeling composite foams is not 
successful beyond the linear range. These studies are useful, however, as 
they identify shortfalls in current modeling methods for these composite 
materials. 

Summary 

To date, limited research is focused on describing the mechanism of defor-
mation for polyurethane foam composite materials reinforced by fillers 
(large or small) beyond the elastic range. The research of Michel et al. 
(2006a, 2006b) concludes that at strains beyond the linear domain, 
deeper experimental and theoretical work is needed to correctly simulate 
the large deformation behavior of foam composites such as that in the 
nonlinear domain. Currently, this behavior cannot be defined by the sim-
ple numerical models typically used to express the deformation behavior 
of the foam under these phases. Furthermore, current models do not 
address the micromechanical response due to the addition of fillers to the 
foam system. Accounting for the filler presence presents new difficulty in 
modeling composite foam behavior. Therefore, new methods for describ-
ing the new phases within a foam-filler or other foam composite structures 
need to be developed. 
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5 Conclusions and Recommendations 
Conclusions 

This literature review has addressed issues concerning the current usage, 
chemistry, analytical methods, and shortcomings for predicting the per-
formance of polyurethane foam composites. This report also provides an 
outline of recommended basic research methodologies needed to relate 
microscale phenomena to macroscale performance. A synopsis of the liter-
ature review is as follows: 

• Artificial solid cellular structure materials have many different applica-
tion areas, with one of the most versatile being polyurethane foams. In 
most cases, polyurethane foams generally exhibit the highest tensile 
and compressive strengths of the foam types. Mechanical properties of 
polyurethane foams can be tailored to meet design applications by 
altering formulations. Extensive research has been conducted in meas-
uring the mechanical properties of both polyurethane foams and other 
cellular materials. Few studies focused on closed-cell, rigid, high-
density foams.  

• Determining the appropriate way to accurately model the nonlinear 
phases of deformation within the foam composite microstructure pre-
sents unique challenges. Existing foam models assume the materials 
behave elastically and do not consider the predominant effects of the 
nonlinear phases of deformation within the foam microstructure. In 
addition, current models do not adequately address the micro-
mechanical response due to the addition of fillers to the foam system. 

Recommendations 

Basic research is needed to better describe the physics and to characterize 
the mechanical behavior of foam and foam composites. Basic research will 
allow the development of fundamental theories for relating microscale 
phenomena to macroscale performance. Results of the research will 
advance the ERDC’s modeling predictive capabilities of foam-based com-
posite materials. This will enhance the effectiveness of rigid polyurethane 
foam composite mixtures for force projection and sustainment of 
infrastructures. 
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Polyurethane research should begin with a characterization of the foam 
microstructure with and without fillers. Image analysis techniques such as 
scanning electron microscopy, optical microscopy, and infrared spectros-
copy can provide microstructure geometry and filler disbursements within 
the foam composites. 
 
In addition to understanding the cellular geometry and filler disbursement 
within the foam composites, microscale performance must be quantified. 
The observed behavior at the microscale will be used to identify parame-
ters that relate microscale phenomena to macroscale performance of rigid 
polyurethane foam composites. The microscale performance will be 
observed using mechanical testing to include unconfined static compres-
sion, creep, and repeated load testing. These and other laboratory tests 
will be conducted at multiple strain levels during mechanical testing to 
determine constitutive responses and bond strengths at interfacial transi-
tion zones.  

Existing models are not capable of appropriately simulating the influence 
of fillers on foam composite system performance. The parameters 
obtained from imagery analysis and mechanical testing will be used to 
modify existing models or, if required, to develop new models that can 
more accurately relate microscale phenomena to macroscale performance. 
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