Research

Structural analysis and experimental strain measurement
of T700/epoxy composite solid rocket motor casings

Bui Van Am”", Dinh Van Hien, Tran Ngoc Thanh

Institute of Missile, Academy of Military Science and Technology, 17 Hoang Sam, Nghia Do, Hanoi,
Vietnam.

*Corresponding author: kimam1994offich@gmail.com

Received 15 Jun. 2026, Revised 18 Aug. 2026; Accepted 04 Sep. 2026, Published 16 Sep. 2026.

DOI: https://doi.org/10.54939/1859-1043.j.mst. FMC.2026.53-60

ABSTRACT

Filament-wound composite casings are widely used in solid rocket motors because of their high
specific strength and superior pressure resistance. This study presents a casing design method
based on the geodesic winding technique and applies it to a solid rocket motor casing made of
T700 carbon fiber/epoxy composite, designed to operate at a maximum pressure of 12 MPa. The
mechanical properties of the composite material were experimentally determined and used as the
basis for the design calculations. Strain responses under internal pressure loading were measured
using strain gauges aligned with the fiber reinforcement directions. Experimental results showed
good agreement with analytical predictions for stress and strain distributions, and the critical
load-bearing regions of the structure were accurately identified. Based on the validated design
methodology, a motor casing employing the propellant grain as the winding mandrel was
manufactured and successfully tested in a static firing experiment. The results demonstrate the
feasibility and effectiveness of filament-winding technology for the design and manufacture of
composite solid rocket motors in Vietnam.

Keywords: Measuring stress and strain of composite motor casings; Critical locations of the casing.
1. INTRODUCTION

Solid rocket motors (SRM) are widely used in launch vehicles and missiles due to their high
thrust-to-weight ratio and simple structure. Fiber-reinforced polymer composites are preferred for
motor casings because of their lightweight and high specific strength. Burst pressure is a key
parameter for evaluating the load-bearing capacity of filament-wound composite structures.
Accurate prediction of burst pressure requires stress analysis to identify critical failure regions.
Differences between predicted and experimental burst pressures may result from factors such as
stacking sequence, winding layers, mandrel material, curing process, and winding path. Therefore,
validating analytical or numerical predictions against experimental results is essential to ensure
the reliability and safety of SRM.

Current research on the burst pressure and mechanical behavior of filament-wound composite
structures has mainly focused on composite pressure vessels for hydrogen storage [1]. However,
significant differences exist between composite pressure vessels and rocket motor casings in terms
of manufacturing conditions. Pressure vessels are typically fabricated with aluminum alloy liners
possessing high stiffness, whereas rocket motor casings are wound on thermal protection layers or
resin-sand mandrels with much lower stiffness. This difference leads to variations in stress and
strain distributions, making it difficult to directly apply the results obtained for pressure vessels to
rocket motor casings. For composite motor casings, existing studies have mainly focused on
numerical simulations of stress and strain [2, 3], as well as investigating the effects of the number
of winding layers and fiber tension on burst pressure [4]. However, given the stringent safety and
reliability requirements for rocket motors, experimental measurement of the casing stress and
strain, together with comparison between theoretical predictions and experimental results, is
essential for validating the analytical model and accurately assessing the load-bearing capability
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of the structure.

This study presents a method for determining the structural parameters and predicting the
stress—strain behavior of filament-wound composite casings along geodesic winding trajectories.
A propellant-free casing was fabricated and experimentally tested for stress, strain, and burst
pressure, and the results were compared with analytical predictions to validate the model and
identify critical regions. Finally, a firing test was conducted to assess the casing’s structural
integrity and operational performance.

2. STRESS-STRAIN MODEL OF THE SRM CASING

2.1. Assumptions and forces acting on SRM casing

During operation, the SRM case is subjected to both mechanical and thermal loads. In the
present study, the following assumptions are adopted for the dome design:

- The internal pressure (p) is uniformly distributed over the inner surface.

- The glass transition temperature of aerospace-grade composite matrices typically ranges from
T, = 200-260 °C [S]. For short-duration thermal exposure below T <0,57,, the mechanical

properties in the fiber direction are only marginally affected [6]. In composite SRM casing, a
thermal protection layer is usually designed to maintain the casing temperature below the matrix
glass transition temperature 7" <0,57, [7] throughout motor operation. Consequently, thermal

effects are generally considered secondary to those induced by internal pressure. Therefore, SRM
casing design is commonly based on an increased design pressure rather than an explicit thermo-
mechanical analysis. The design pressure is expressed as p = kP qx, Where k = 2 — 3 is safety
factor [7] and p,,qy is the maximum internal pressure within the motor.
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Figure 1. Forces acting Figure 2. The geometry of a dome profile
on the SRM casing. of the SRM casing.

Consider the motor casing with inner radii 7,; and 7,, as shown in Figure 1, in which one dome
is connected to the nozzle section, while the other dome is sealed by the igniter. Consider the end
connected to the nozzle as shown in Figure 2. Some geometric and physical characteristics of the
first dome in Figure 1 are as follows:

- R the radius of the cylindrical section; 7, is the radius of the nozzle throat section, 7 =0 - for
the remaining dome, 4- SRM casing’ thickness.

- fis the winding angle, which is the angle formed by the tangent of the fiber trajectory with
the tangent of the shell meridian.

- T; and T are the internal forces in the meridional and parallel directions; R; and R; are
respectively the radii of curvature in the meridional and parallel directions [8].
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where 7,7 are respectively the first and second derivatives of r with respect to z.

- p is the calculated pressure in the engine, and ¢ is the force distribution at the polar hole.

Under pressure p, internal force components appear as the meridional force 77 and the parallel
force 7> [8]:
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2.2. Stress-strain model of the SRM casing

- Determine the dome profile of the SRM casings: To determine the deformation of the SRM
casing, it is first necessary to determine the dome profile that satisfies the condition of uniform
stress distribution. According to [8], the system of equations describing the dome profile of the
SRM connected to the nozzle, following a geodesic winding roving trajectory:

2.2 1+7"
r Q)

"n__ 2
r'—(tan B——

2
r-=C,r,

rsin B =r, = const
2 . .
where C, = (”1 / rp) - Coefficient nozzle radius.

For the dome closed by the igniter case (7, =0 ), the system of equations describing the dome
profile becomes [8]:

1+7r"%

r":(tan ,8—2) . ©)

rsin f=r, = const

The boundary conditions for solving the system of equations describing the dome profile are:
z(0)=0,7(0)=R,r'(0)=0, 5(0) = B, , where S - The winding angle at the equator.

- Determine the thickness of casings: Based on netting theory, the structural integrity of the
pressure is assessed using the maximum fiber tensile stress criterion, whereby the structure is
deemed safe when the tensile stress in the reinforcing fibers remains below the material's allowable
tensile strength:

o, < [O'd]
where [ad ] - Longitudinal tensile strength composite materials.
Therefore, the thickness at the equator of the dome is determined by the following formula:
___pR(O-7)
o 2.[Gd].COSZ(ﬂm,) )

In determining the composite thickness at the dome, we assume a constant fiber count across
any section; thus, the thickness of the dome is determined by:

2.7.Rh ,.cos B, =2mr.h.cos B 8)
From equation (8), we obtain the thickness of the helical winding layer:
heh .R.cosﬂxd ©)
r.cos
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To ensure the structural integrity of the casing, a hoop winding layer with a thickness of 4, is added
to the cylindrical section. In this case, the forces in the parallel directions are defined as follows:

T, zad.(hxd.sinz B +h,.cos’ ﬂxd) (10)
By combining equations (9) and (10), we obtain the thickness of the hoop winding layer:
3 pR—[O'd].hxd.sin2 B

h, (11)
o]
Longitudinal tensile strength is determined by the following formula:
T,

1
Oy =——>5— 12
‘" h.cos? g (12)
According to the mechanics of composite materials [8], the stress—strain relationship in the
casing can be expressed as follows:

g, =0,1E, (13)

where oy, & are the stress and strain in the direction longitudinal to the fiber axis; Fq is the elastic
modulus of the composite material in the longitudinal direction.

3. STRESS-STRAIN MEASUREMENT TEST OF THE ROCKET MOTOR CASING

3.1. Determination of the mechanical properties of the composite material for SRM casing.

Composite materials are multiphase systems composed of two or more insoluble constituents,
with their mechanical properties depending strongly on constituent type and ratio. Therefore,
accurate determination of these properties is essential for designing solid-propellant SRM casings.
For filament-wound fiber-reinforced composites, ring specimens are commonly used to evaluate
properties along the fiber direction in axisymmetric structures [9]. According to GOST 25603-82,
these specimens are fabricated using a steel mold consisting of two semicircular disks with a
diameter of 150.5 £ 0.1 mm and a thickness of 20 + 0.1 mm. Tensile testing determines the
composite’s tensile strength, elastic modulus, and relative elongation.

, ol
Figure 3. Testing to determine the mechanical Figure 4. Ring specimen before
properties of composite materials. and after failure.

The materials used for manufacturing the SRM casing and the test ring are presented in the
following table.

Table 1. Materials for manufacturing the composite SRM casing.

No | Name and function Material code Origin Physical form
1 . ED20 Russia Liquid
R E
2 esin (Epoxy) EDG-1 Russia Liquid
3 Polyester P9-14 Viet Nam Liquid
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4

Curing agent

m-Phenylenediamine

China

Flakes

5

Carbon fiber T700

T700 12K

China

Solid

After testing, the mechanical properties of the composite material T700 carbon fiber/epoxy
used for casing fabrication are presented in Table 2.

Table 2. The mechanical properties of the T700 carbon fiber/epoxy composite.

. Material Tensile Elastic Relatiye
No. Material sample strength, modulus, elongation,
MPa GPa %
1 T700 carbon No. 1 1994 132,4 2,5
2 fiber/epoxy No. 2 1991 1323 2,5
3 composite No. 3 1996 132,1 2,5
Average value 1993,7 132,2 2.5

3.2. Design and fabrication of SRM casing

The authors selected a design burst pressure of p = 3pmax = 36 MPa corresponding to a safety
factor of n = 3. The resulting motor casing geometry and thickness distribution are shown in Figure
5. In addition, the winding angle distribution in the dome section was determined, as illustrated in
Figure 6.
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Figure 5. Drawing of the SRM casing. Figure 6. Winding angle of the casing dome

along the height z.

Figure 7. SRM casing.

3.3. Stress—strain test of the composite material used for the SRM casing

To validate the reliability of the mathematical model, strain measurements of the composite
rocket motor case were conducted using electrical resistance strain gauges. A total of eight strain
gauges were installed on the motor case surface along the fiber direction, including six gauges
located on the two dome sections and two gauges positioned on the cylindrical section.
Measurements were performed under internal pressures of 12 MPa, 18 MPa, and 36 MPa. The
arrangement of the strain gauges is shown in Figure 8.

The stress and strain distributions obtained from the calculation and experimental
measurements are presented in Figures 10, 11. The results show good agreement between the
predicted and measured values, confirming the reliability of the calculation in predicting the stress—
strain behavior of the composite motor case under internal pressure. At the nominal operating
pressure of 12 MPa, the maximum strain of the motor case was approximately 30 x 107¢ (%),
corresponding to a maximum stress of 483 MPa, which is significantly lower than the allowable
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strength of the composite material. When the internal pressure increased to 36 MPa, the maximum
stress reached approximately 1450 MPa, while still remaining below the structural strength limit.

The analysis results indicate that both stress and strain gradually increase from the polar
opening toward the dome equator, where the maximum values are observed. This behavior can be
attributed to the smaller radius and, consequently, greater wall thickness near the polar opening,
resulting in lower stress and strain levels compared with those in the equatorial region. The
cylindrical section, reinforced with three hoop-winding layers, exhibits lower stress and strain
levels than the transition regions. The most critical location of the structure was identified at the
equatorial region of the aft dome, where the dome is connected to the nozzle assembly. Among all
measurement locations, the maximum discrepancy between the calculation and experimental
results was 5.6%, observed at the equator of the front dome under an internal pressure of 36 MPa.
This discrepancy remained within the acceptable error range.
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Figure 8. The location of strain gages attached. Figure 9. Schematic diagram
of the experimental setup.
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Figure 10. Comparison of longitudinal tensile ~ Figure 11. Comparison of longitudinal strain
between calculated and experimental results.  between calculated and experimental results.

x ® - experimental tensile in 36 MPa, x ® - experimental strain in 36 MPa,
18 MPa, 12 Mpa. ===- calculated tensile 18 MPa, 12 MPa, = = —- calculated strain
in 36 MPa, 18 MPa, 12 MPa. in 36 MPa, 18 MPa, 12 MPa.

As the internal pressure increased to 38 MPa, a pressure drop and oil leakage occurred near the
equatorial region of the aft dome at the nozzle connection, corresponding to the maximum stress
and strain predicted by calculation. This indicated the initiation of localized composite damage,
followed by rapid propagation due to stress concentrations and fiber breakage, ultimately causing
loss of load-carrying capacity. The measured burst pressure was 5.2% higher than the design
pressure because the calculated helical winding thickness did not correspond to an integer number
of layers. Consequently, two helical layers were applied during manufacturing, resulting in a
greater actual wall thickness and, therefore, a higher burst pressure.

3.4. Firing test SRM

Following the experimental evaluation of the stress-strain behavior of the SRM casing, five
rocket motors were fabricated using the propellant grain as a winding mandrel. Static firing test

58 B. V. Am, D. V. Hien, T. N. Thanh, “Structural analysis and ... solid rocket motor casings.”



Research

results demonstrated that the two composite motor casings operated stably for a duration of 20 s.
Visual inspection of the external surface post-testing revealed that the structural integrity was
maintained, with no evidence of cracking, blistering, or thermal deformation. Based on these
findings, it can be concluded that the SRM casings fabricated from composite materials fully
satisfy the design requirements, structural strength, sealing integrity, and operational conditions.

Figure 12. Composite SRM casing before and after the firing test.
4. CONCLUSIONS

This study developed and validated a methodology for designing composite solid rocket motor
(SRM) casings using geodesic filament winding. Based on calculated results and experimental
testing, the main conclusions are:

- The calculated results and experimental stress—strain distributions showed consistent trends,
with maximum values concentrated in the equatorial region, identifying it as the critical region of
the casing.

- At 38 MPa, pressure loss and oil leakage occurred near the equatorial region of the aft dome
at the nozzle connection, coinciding with the predicted maximum stress and strain and confirming
the model’s ability to identify the critical failure location.

- Firing tests of five propellant-loaded motors confirmed adequate structural strength, pressure
tightness, stability, and operational safety, with no critical damage or failure observed.

Overall, the results demonstrate the reliability of the proposed design and analysis methodology
and provide a scientific and technological basis for the further development and application of
composite SRM casing manufacturing technology in Vietnam.
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TOM TAT

Phén tich két ciu va do ting suit -bién dang ciia vo6 dong co nhién li¢u rin
lam tir vat liéu composite sgi carbon T700/epoxy.

Thdn vo dong co nhién li¢u ran bc%ng vt liéu composite ché tao theo cong nghé qudn SO
digre tng dung rong rdi trong linh viee hang khong vii tru nho khoi heong nhe, dg bén riéng
cao va kha nang chiu dp sudt Iom. Nghién cieu ndy trinh bay phiong phdp thiét ké than vé theo
ky thudt quan trdc dia va dp dung cho than vo dong co sur dung composite soi carbon T700
trén nén epoxy lam viéc o dp sudt cwe dai 12 MPa. Cac dic trung co hoc cua vt liéu dwoc
xdc dinh bang thirc nghiém va sir dung lam co so tinh toan thiét ké. P¢ tin cdy ctia mo hinh
dwoc danh gid thong qua so sanh bién dang do bang cam blen bién dang bé tri theo phwong
doc truc spi voi két qua tinh todn dudi téc dung cua dp sudt trong. Két qua cho thdy s tirong
dong cao giita thuc nghiém va tinh todn vé > phdn bé vmg sudt, bién dang ciing nhu vi tri chiu
tai téi han cia két cau. Trén o 50 m6 hinh da dwoc kiém chitng, than vo dong co s dung
khéi thube phong lam 16i quan dwoc ché tao va thir nghiém dot thanh cong. Ket qua nghién
cieu khang dinh tinh kha thi ciia phwong phép thzet ké va tiém néng g dung cong nghé quan
SQi trong ché tao than vé dong co nhién li¢u rin bang vt ligu composite tai Viét Nam.

khoa: Po tng suit bién dang than vé dong co tir vt liéu composite; Vi tri nguy hiém than vé.
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